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CHAPTER 1

INTRODUCTION AND GENERAL DESCRIPTION OF THE PLANT

1.1 PURPOSE, SCOPE AND CONTENT OF PSID

1.1.1 Purpose

With NRC concurrence (Ref. 1), the Licensing Plan for the Standard HTGR

(Ref. 2) describes an application program consistent with 10CFR50, Appendix 0

to support a U. S. Nuclear Regulatory Commission (NRC) review and design

certification of an advanced Standard Modular High Temperature Gas-Cooled

Reactor (MH-TGR) design. Consistent with the NRC's Advanced Reactor Policy

(Ref. 3, also see Section 1.1.4), the Plan also outlines a series of

preapplication activities which have as an objective the early issuance of an

NRC Licensability Statement on the Standard MHTGR conceptual design.

This Preliminary Safety Information Document (PSID) has been prepared as one

of the submittals to the NRC by the U.S. Department of Energy in support of

preapplication activities on the Standard MHTGR. Other submittals to be

provided include a Probabilistic Risk Assessment, a Regulatory Technology

Development Plan, and an Emergency Planning Bases Report.

1.1.2 Scope

This PSID documents the licensing criteria and bases which have been

established for the Standard MHTGR, the conceptual design that has been

developed, and the analytical results which indicate that the criteria can be

met.

The design description is focused on the Nuclear Island portion of the plant

with the interfaces with the remainder of the plant (hereafter referred to as

the Energy Conversion Area) and a standard site identified. The Nuclear Island

is considered to be that portion of the plant that has within its boundaries

the standard reactor modules and "safety-related" (as defined in Section 3.2)

buildings, structures, systems and components dedicated to assuring reactor
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shutdown, decay heat removal, fission product retention, and prevention of

fuel chemical attack. Additionally, the Nuclear Island includes structures,

systems and components not "safety-related", but which directly support

reactor operation.

Accidents beyond the design basis for the Standard MHTGR are not addressed in

the PSID; such accidents are the subject of a Probabilistic Risk Assessment

(PRA) submitted to the NRC separately. (Ref. 4) This PRA will also support

the selection of the licensing bases identified within the PSID. In addition,

information on the base technology program that supports the design is

provided in a separate submittal entitled Regulatory Technology Development

Plan. (Ref. 5) Finally, the analysis required to support the approach to

emergency planning is not documented in the PSID; this will be the subject of

a separate Emergency Planning Bases Report. (Ref. 6)

1.1.3 Format and Content

The format of the PSID generally follows the outline previously documented and

agreed to by the NRC. (Refs. 7 and 8) Except for the key modifications noted

below, the format is generally consistent with that identified in Regulatory

Guide 1.70.

The chapter topics in the PSID are the same as the Regulatory Guide with one

exception, Chapter 6, which, in the PSID, is entitled "Buildings and

Structures". This modification has been made because plant safety features,

with the exception of buildings and structures, are discussed in Chapters 4,

5, and 7 and therefore no additional information, as in the Regulatory Guide

format, is necessary for Chapter 6 . This change also enables the discussion

of the buildings and structures usually in Chapter 3 to be combined into one

chapter.

Details within the chapters describing structures, systems, and components

have been modified so that information from the Standard M4HTGR design

documents (e.g. System Design Descriptions and Subsystem Design Descriptions)

can be included in th PSID. This change provides additional assurance that
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the licensing documention provided by the PSID is consistent with program

design documents.

Owing to the conceptual stage of the Standard MHTGR design, it should be

expected that the detail provided in the PSID is somewhat less than a

PSAR-type document. Furthermore, the level of detail and completeness of the

supporting analyses and assessments is representative of the stage of design.

Consequently, the focus of safety assessments in this document is on events

which have been identified as of greatest significance by PRA results to date

and experience based on detailed assessments of prior HTGR concepts. The

primary purpose of these assessments is to determine whether the Top-Level

Regulatory Criteria (Ref. 9) are met for the limiting conditions

investigated. It is to be expected that design evolution and more detailed

and complete analyses may lead to detailed modifications in the plant and

consequential improvement in the plant's response to Licensing Basis Events.

Also, intentionally less detail has been provided in areas where standard

industry practices are to be followed; otherwise, greater detail is provided.

Structures, systems, and components required for radionuclide control are

described in more detail than systems having little or no radionuclide control

requirements.

Another modification to the guidance provided by Regulatory Guide 1.70 is the

clear distinction given to structures, systems and components within the

Nuclear Island as opposed to those in the Energy Conversion Area (see Section

1.6). The discussion of the latter systems, which have no radionuclide

control functions, is limited to a functional description and an

identificatjon of-.interfaces with the Nuclear Island.

1.1.4 Consistency with NRC's Advanced Reactor Policy

The PSID is responsive to and consistent with the policy guidelines provided

in the NRC's Advanced Reactor Policy. (Ref 3) Key areas of consistency are

noted below.
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1. Early Interaction

The NRC Policy encourages "the earliest possible interaction of

applicant, vendors and government agencies with the NRC." The PSID

submitted herein provides the vehicle for an early preapplication

interaction with potential applicants, vendors, and government

agencies.

2. Safety Criteria

The NRC Policy states that "the Commission expects, as a minimum, at

least the same degree of protection of the public and the environment

that is required for current generation LWRs." Also, "the Commission

also expects that advanced reactor designs will comply with the

Commission' s forthcoming safety goal policy statement." Section 31

to this PSID describes the Top-Level Regulatory Criteria which have

been applied to the design of the Standard MHTGR and demonstrates

their consistency with criteria imposed on current generation LWRs as

well as with the Commission's safety goal policy statement.

3. Licensing A~roach

The NRC Policy notes that "Advanced reactor designers are encouraged

as part of their design submittals to propose specific review criteria

or novel regulatory approaches which NRC might apply to their

designs." Sections 1.2, 3.1, and 3.2 of this PSID describe the novel

regulatory approach which has been proposed to the NRC for application

to the Standard MHTGR design.

4. Design Features

The NRC Policy states that "the Commission expects that advanced

reactors will provide enhanced margins of safety and/or utilize

simplified, inherent, passive, or other innovative means to accomplish

their safety functions." Sections 1.2 and 1.3 summarize the approach

which has been taken in the design of the Standard MHTGR to produce a

design which relies only on simplified, inherent or passive means to

accomplish safety functions.
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1.1.5 Requested NRC Response

The NRC is requested to conduct a review of the PSID and the companion

submittals described in the Licensing Plan and document the conclusions of

this review in a Preliminary Safety Evaluation Report. Following brief ings

and feedback from the Advisory Committee on Reactor Safeguards on the results

of this review, the NRC is further requested to issue a summary statement,

referred to herein as a Licensability Statement, which states the key

conclusions of this review and which reaches conclusions as to whether the

Standard MTGR reactor concept is licensable.

Conditioned on the conceptual stage of the Standard MHTGR design, the overall

licensability statement should reach conclusions on the following questions:

1. Is the Standard MHTGR design reactor concept licensable?

Basis: PSID, PRA, Regulatory Technology Development Plan, and

Emergency Planning Basis Report.

2. Are the interfaces between the Standard MTGR Nuclear Island and the

Energy Conversion Area and the Site appropriately identified and

characterized?

Basis: PSID

3. Are the Top-Level Regulatory Criteria acceptable and can they remain

valid through Final Design Approval?

Basis: Top-Level Regulatory Criteria for the Standard MHTGR

(HTGR-85-002, Rev. 2, October 1986)

4. Is the methodology for proceeding from the Top-Level Regulatory

Criteria through risk assessments and other safety analysis to the

deterministic licensing bases acceptable and can it remain valid

through Final Design Approval?

B as i s: Bridging Methods for Standard HTGR Licensing Bases

(HTCR-86-039, Rev. 2, February 1986); Application of Bridging Methods
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for Standard HTGR Licensing Bases (HTGR-86-017, Rev. 1, February

1986); Licensing Basis Event Selection Criteria (HTGR-86-00l, Rev. ,

February 1986); Licensing Basis Events for the Modular HTGR

(HTGR-86-f034, April 1986), PSID

5. Is the approach for emergency planning acceptable?

Basis: PSID, PRA, and Emergency Planning Bases Report.

6. Is the proposed Regulatory Technology Development Plan adequate for

the Standard MHTGR Final Design Approval?

Basis: Regulatory Technology Development Plan

7. Is the proposed Application procedure acceptable?

Basis: Licensing Plan for the Standard MHTGR (HTGR-85-001, Rev. 3,

February 1986)
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1.2 SAFETY PHILOSOPHY AND METHODOLOGY

1.2.1 Philosophy

The overall philosophy guiding the design of the Standard MHTGR is similar to

that which has guided and continues to guide all reactor designs. This

philosophy may be stated, in its simplest terms, as follows:

Produce a safe, economical plant design which meets NRC and user

requirements by providing defense-in-depth through pursuit of four Goals:

1. Maintain Plant Operation

Reliably maintain the functions necessary for normal plant operation,

including the plant states of energy production, shutdown, refueling,

and startup/shutdown operations.

2. Maintain Plant Protection

Assume that despite the care taken to maintain plant operation,

failures will occur and provide additional design features or systems

to prevent plant damage.

3. Maintain Control of Radionuclide Release

Provide additional design features or systems to ensure containment of

radionuclides in the event that normal operating conditions cannot be

maintained and/or plant protection is not assured.

4. Maintain Emergency Preparedness

Maintain adequate emergency preparedness to protect the health and

safety of the public in the event that control of radionuclide release

is not accomplished.

With regard to the achievement of NRC criteria for the accomplishment of Goal

1 and 2 functions, measures are taken in the design of the Standard MTGR, as

they are in other reactor concepts, to minimize defects in the fuel and to

purify the primary circuit of any radionuclides which do escape the fuel so

that normal operational releases or any accidental releases of primary circuit
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activity are low and worker exposures are minimized. These techniques have

been proven to be effective in other gas-cooled reactors as has been

demonstrated by measuring releases and worker exposures from operating plants.

The unique aspect of the Standard MHTGR, however, is the approach which has

been taken to achieve the functions of Goal 3. To accomplish this goal with

high assurance, the design of the Standard MTGR has been guided by the

additional philosophy that control of radionuclide releases be accomplished by

retention of radionuclides within the fuel particles with minimal reliance on

active design features or operator actions. The overall intent here is to

provide a simple safety case that will provide high confidence that the Goal 3

safety criteria are met. There are two key elements to this philosophy which

have had a profound impact on the design of the Standard MHTGR (especially in

the selection of core size and geometry, power density, and vessel type); the

basis for each element is described below.

First, the philosophy requires that control of radionuclides be accomplished

with minimal reliance on active systems or operator actions. By minimizing

the need to rely on active systems or operator actions, the safety case

centers on the behavior of the laws of physics and on the integrity of passive

design features. Arguments need not center on an assessment of the

reliability of pumps, valves and their associated services or on the

probability of an operator taking various actions, given the associated

uncertainties involved in such assessments.

Second, the philosophy requires control of releases by the retention of

radionuclides within the coated fuel particle rather than reliance on

secondary barriers (such as the primary coolant boundary or Reactor

Building). The judgement made here is that the proof of containment is

dramatically simplified if arguments can center on issues associated with fuel

particle coating integrity alone.

The following sections describe the method which has been employed to ensure

the consistent incorporation of this safety philosophy into the design.
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. 1.2.2 Design ARroach

The approach to safety for the Standard MHTGR has been applied in a "top-down"

fashion as illustrated in Figure 1.2-1. The process begins with the

quantification of top-level criteria pertaining to how well each of the four

Goals defined in the previous section is to be achieved. Next, an integrated

systems engineering approach is systematically applied to develop the

functions, requirements, and specific design selections necessary to achieve,

in a balanced fashion, all of the Top-Level Regulatory Criteria and user

requirements. The product of this Integrated Approach is the plant design

described in this document.

A set of specific licensing bases for the Standard MHTGR has been derived as

represented in Figure 1.2-1. The bridge is the method by which those

regulatory bases for the design as implemented in the Integrated Approach

design process are cast in a framework and format similar to the traditional

licensing bases applied to current generation LWRs. The licensing bases

include the licensing basis events which demonstrate the design's compliance

with the Top-Level Regulatory Criteria, the lOCFR100 Design Criteria which

specify how the Standard MTGR will meet the 10CFR100 dose limits,, and the

classification of equipment that can be assured to respond to the events in

the manner specified to meet the Top-Level Regulatory Criteria. The method

employed to derive this licensing basis is described in Section 3.2 of this

document.

1.2.2.1 Top-Level Criteria and Requirements

Top-level criteria and requirements are defined primarily from two sources:

the regulator, whose concern is primarily public health and safety, and the

user, whose concern is all encompassing (e.g. safety, performance,

availability, and economics). Each of the four Goals has been quantified by a

series of top-level criteria and requirements (Ref. 1, 2). The Top-Level

Regulatory Criteria are a necessary and sufficient set of direct quantitative

statements of acceptable health and safety consequences (doses) or risks to

the public that are independent of reactor type and site. Demonstration of
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the ability to meet the Top-Level Regulatory Criteria is an essential part of*

the licensability assessment. Section 3.1 of this document describes the

bases for and identifies the Top-Level Regulatory Criteria. The following

paragraphs provide examples of top-level user requirements for each goal. The

examples are chosen to illustrate the close relationship between the top-level

user requirements and the Top-Level Regulatory Criteria in meeting all four

Goals (see Figure 1.2-2).

Goal 1 encompasses normal plant operations, including the planned operating

states of energy production, shutdown, refueling, and startup/shutdown. Goal

1 user requirements include that the plant be designed for an average

equivalent unavailability due to planned outages not to exceed 10 percent and

minimizing worker doses to less than an average of 10 percent of 10CFR2Q

allowables. The design lifetime is to be 40 years from start of plant

operation.

Goal 2 is protection of the plant investment to ensure that economic losses

associated with unscheduled events are limited. Top-level user requirements

for Goal 2 include limiting average annual equivalent unscheduled

unavailability to less than 10 percent and limiting the frequency for events

resulting in reactor loss to less than 105 per plant year.

Goal 3 is to ensure that releases of radioactive materials remain within

acceptable limits for transients or accidents having the potential for r lease

of radionuclides. In addition to the Top-Level Regulatory Criteria described

in Section 3.1 which quantify this goal, it is a top-level user requirement

that radionuclides be controlled to the extent that the emergency planning

does not require provisions for the offsite sheltering or evacuation of the

public.

Goal 4 assures emergency preparedness in the event an accident occurs in which

radionuclide release is not controlled. As described above, the user has

required that the design control radionuclide releases so reliably that

measures should not be required for the offsite evacuation or sheltering of

the public.
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1.2.2.2 Integrat d Approach

The Integrated Approach is the systematic systems engineering process utilized

to develop the functions, requirements, and design selections to achieve all

of the top-level regulatory criteria and the user requirements. The analysis

tools include the use of functional analysis, reliability evaluations

probabilistic risk assessments, trade studies, and engineering analyses. The

product of the Integrated Approach is the Standard MHTGR plant design.

A key element of the Integrated Approach is functional analysis. Functional

analysis is a process of systematically ordering, from the top down, the many

functions which must be achieved to meet the overall goals. Figure 1.2-2

shows the starting point for the functional analysis, namely the four Goals

identified to achieve safe, economic power. Figure 1.2-3 shows a typical

expansion of a Goal, in this case Goal 3, Maintain Control of Radionuclide

Release. As illustrated in this figure, each subsequent level of functions is

developed by examining the next upper level function and answering the

question, How is the function to be achieved?" In such a manner, a "tree" of

increasing levels of detail is defined until a specific design selection

results.

After determining what functions must be accomplished for each goal, it is

necessary to determine how well each function must be accomplished to meet the

top-level criteria and requirements. For this purpose, reliability

evaluations and probabilistic risk assessment techniques (Ref. 3) have been

us d to supplement standard engineering techniques and to provide an

int grated allocation of the top-level criteria and requirements to specific

plant systems. PRA techniques have also been used to identify the relative

importance of events and plant structures, systems, and components in

responding to such events, as described in Section 3.2.
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1.3 GENERAL PLANT DESCRIPTION

The Standard MHTGR design is based on the substantial body of existing

technology and plant operating experience gained over the past 30 years.

Especially relevant, of course, is that experience derived from the design

and operation of other HTGR plants such as Peach Bottom I and Fort St.

Vramn. The Standard MHTGR shares a number of design features with its

predecessors, especially the use of ceramic coated fuel particles and

pressurized helium as a coolant. The specific design features selected for

the Standard MTGR design, however, have been influenced greatly by the

philosophy of producing a design which is relatively simple and which places

maximum reliance on passive or inherent safety features to achieve the levels

of safety required by the NRC and by the current utility environment.

The following sections provide a general overview of the design and its

safety characteristics, starting with a description of the overall plant an4t

site and working inward to the fuel. Table 1.3-1 summarizes some of the key

design features and parameters associated with the Standard MHTGR.

For additional information related to this section see the response to NRC

Comment G-10.

1.3.1 Site Characteristics

A specific site has not been selected for the Standard HTGR. However, the

parameters chosen to evaluate the safety characteristics of the design cover

a large number of potential sites in the United States. The plant is

designed for a site adjacent to a source of cooling water such as a river or

lake with an assumed elevation of 30.5 m (100 ft) above mean sea level. The

plant area required, as shown by the plot plan in Figure 1.3-1, is

approximately 13.2 hectares (32.5 acres), excluding the switchyard. Based

upon an assumed exclusion area boundary (EAB) of 425 meters, a minimum of

56.7 hectares (140 acres) is required for the site.
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1.3.2 Plant Arrangement

The plant arrangement as shown in Figures 1.3-1 and 1.3-2 consists of four

reactor modules with common support facilities. The four modules are cross

headered to feed two turbine generators operating in parallel to produce a

combined net output of about 550 MWe. All four modules and the ECA systems

are controlled from a single control room. The passive safety

characteristics and slow response of the modular design provide a basis for

not designating the control building as "safety related".

Systems containing radionuclides and safety-related" systems are minimized

and contained within a well defined Nuclear Island which is separated

physically and functionally from the remainder of the facility. This allows

the construction and operation of the other areas in accordance with

conventional standards and practices.

Within the Nuclear Island, each reactor module is housed in adjacent, but

separate, reinforced concrete structures located below grade enclosed by a

common maintenance hall. This configuration provides significant design

benefits by reducing the seismic amplification that can occur with above

grade structures.

1.3.3 Vessel and Heat Removal Systems'

Figure 1.3-3 shows a cutaway drawing of the nuclear steam supply module which

is the fundamental building block of the Standard HTGR. It consists

primarily of a reactor vessel and steam generator connected by a concentric

crossduct.

The reactor vessel is similar in size to a large BWR vessel. The single

steam generator vessel houses a helically coiled steam-generator bundle as

well as a single motor-driven circulator. The pressure-retaining components

are constructed of steel and designed using existing technology. The reactor

vessel is uninsulated to provide for decay heat removal under accident

conditions.
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Figure 1.3-4 is a simplified flow diagram illustrating how reactor heat is

transferred in normal operation. Within the Vessel System, helium coolant

flows to the reactor vessel in the outer annular region of the crossduct,

flows down through the core, returns through the center region of the
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- ~crossduct, down through the steam-generator bundle, then back up the annular

region around the steam-generator back to the inlet of the single helium

circulator. On the secondary coolant side, feedwater enters the separate

steam generator vessel at the bottom and flows through a helical coil tube

bundle, exiting as superheated steam at the side of the vessel.

When the reactor is shut down for maintenance or refueling, decay heat can be

removed from the core by the normal Heat Transport System (HTS) described

above, or alternatively by an independent Shutdown Cooling System (SCS). The

SCS consists of a motor-driven circulator coupled with a water-cooled heat

exchanger mounted beneath the reactor core within the reactor vessel. The

SCS is provided for investment protection and flexibility of operation. The

SCS and HTS are not "safety-related".

As a third means of providing decay heat removal, a "safety-related" Reactor

Cavity Cooling System (RCCS) is provided within each reactor cavity. The

RCCS cooling is provided by natural circulation of outside air within

enclosed panels along the reactor cavity walls. The panels are designed such

that outside air does not communicate with air within the cavity. The RCCS

is capable of removing from the reactor vessel, decay heat conducted and

radiated from the core. The RCCS is always functioning in its natural

circulation mode to provide cooling of the reactor cavity concrete during

normal operation and is therefore always available to remove decay heat under

accident conditions without reliance on active components, power supplies, or

operator action.

1.3.4 Reactor Core

The reactor core power, power density, and geometry have been specifically

constrained to maintain fuel particle integrity by limiting the maximum fuel

temperature during all licensing basis events, including a loss of coolant

and loss of all active cooling from full power operation.

Figure 1.3-5 shows a cross section of the reactor core. The active core

consists of fueled graphite blocks in an annular region surrounding an inner
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reflector consisting of unfueled graphite blocks. The core is surrounded by

an outer side reflector region also consisting of unfueled graphite blocks.

The inner reflector region has been provided to allow for a higher core power

level while still ensuring that peak fuel temperatures are successfully

limited under accident conditions.

Two independent and diverse means are provided to control reactor power. A

control rod system inserts poison rods into channels provided in the

reflector regions adjacent to the core. The control rod system is used for

normal control and plant shutdown. A reserve shutdown system is also

provided using boron carbide pellets which can be dropped into channels in

the inner active core region. This system provides a diverse backup shutdown

capability.

1.3.5 Reactor Fuel

The fuel system used in the Standard MTGR has been developed through

extensive operating experience with helium cooled reactors. Figure 1.3-6

shows the fuel components of the Standard MTGR core, which are essentially

identical to those of Fort St. Vrain. A primary objective of the fuel design

is to provide a high integrity barrier, serving to localize radioactive

fission products at the point of production. Fabrication processes for

coated microspheres have been developed which give very high fission product

retention capability for the fuel particles. Work is in progress (see

Regulatory Technology Development Plan) to fabricate fuel which retains that

capability in commercially produced fuel. This will lead to extremely low

levels of radioactivity throughout the balance of the primary circuit.

The fuel kernels (approximately 350 microns in diameter) are coated with a

porous graphite buffer to absorb gaseous fission products and provide a space

for fission gas expansion. Two external coatings of pyrolytic carbon and one

external coating of silicon carbide are added to retain the fission products

within the fuel particle and buffer region. Fertile thorium oxide particles

are fabricated in a similar configuration.
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The microparticles are mixed with a binder material and formed into fuel rods

approximately 1.3 cm (0.5 in.) in diameter and 5.0 cm (2 in.) in length. The

fuel rods are stacked in holes drilled in the graphite fuel element blocks.

The fuel elements are hexagonal graphite blocks approximately 79 cm (31

inches) in length and 35 cm (14 inches) across the flats. A standard fuel

element contains approximately 200 fuel holes and 100 coolant holes.

1.3.6 Safety Features

The safety features of the Standard MTGR are dominated by the safety

characteristics common to all HTCRs as well as features unique to the

particular configuration of the Standard MHTGR module. The general safety

characteristics of an HTGR design tend to be dominated by the inherent

characteristics of the coolant, core materials, and fuel as described below.

1. Helium Coolant - The inert and single phase helium coolant has

several advantages. No flashing or boiling of coolant is possible,

pressure measurements are certain, no coolant level measurements are

required and pump cavitation cannot occur. Further, there are no

reactivity effects associated with the helium and no chemical

reaction between coolant and fuel or cladding is possible.

2. Coated Fuel Particle - The multiple ceramic coatings surrounding the

fuel kernels constitute tiny independent pressure vessels which

contain fission products. These coatings are capable of maintaining

their integrity to very high temperatures in the 16000 to 18000C

(2910-3270'F) temperature range.

3. Graphite Core - The strength of the graphite core and the stability

of the ceramic fuel coating at high temperatures result in a wide

margin between operating temperatures and temperatures that would

result in core damage. Further, the high heat capacity and low power

density of the core result in very slow and predictable temperature

transients.

1.3-5
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Consistent with the safety philosophy described in Section 1.2, the Standard

MH-TGR has been designed specifically to take advantage of these inherent HTGR

characteristics so that minimal reliance may be placed on active or powered

systems or operator actions to accomplish safety functions. Specifically,

the geometry and size of the reactor core, its power density, and the

uninsulated steel vessel have been selected to allow for decay heat removal

from the core to the ultimate heat sink through the natural processes of

radiation, conduction and convection. As a result, the Standard MHTGR can

withstand a loss of helium coolant in combination with the loss of all forced

circulation from full power without fuel temperatures exceeding a level at

which significant incremental fuel particle failure would be observed.

The above described passive features are intrinsic. They require neither

operator action nor active powered systems. Thus, by combining the inherent

characteristics common to all HTGRs with special features unique to the MHTGR

design, a level of safety is provided by the Standard MHTGR that is

consistent with the NRC's Advanced Reactor Policy.

1.3-6
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TABLE 1.3-1

FEATURES OF THE STANDARD MTGR

Fuel UCO+Th02 Microparticles

Coating Ceramic (PyC/SiC/PyC)

Moderator Graphite

Coolant Helium

Coolant Boundary Steel Pressure Vessel

Power per Module 140 MWe/350 MWt

Power Density 5.9 W/cc

Fuel Tempezature (Max/Aye) 1060/677 C (1940/1250 F)

Coolant Temperature (In/Out) 259/687 C (497/1268 F)

Coolant Pressure 6.4 MPa (925 psig)

Steam Temperature 541 C (1005 F)

Steam Pressure 2500 psig

1 of Amendment 1
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1.4 REQUIREMENTS FOR FURTHER TECHNICAL INFORMATION

Research and development programs, either planned or in progress, that

provide further technical information directly related to plant safety are

identified and reported in the Regulatory Technology Development Plan.

(Ref. 1)

1.4-1
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REFERENCES - SECTION 1.4

1. Department of Energy. Regulatory Technology Development Plan for the

I ~Standard MHTGR. DOE-HTGR-86-064, Rev. 1, August 1987.
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1.5 MATERIAL INCORPORATED BY REFERENCE

The following material is incorporated by reference in the PSID:

U. S. Department of Energy. Licensing Plan for the Standard HTGR.

HTGR-85-001, Rev. 3, February 1986.

U.S. Department of Energy. Top-Level Regulatory Criteria for the

Standard HTGR. HTGR-85-002, Rev. 2, October 1986.

U.S. Department of Energy. Probabilistic Risk Assessment for the

Standard MHTGR Plant. DOE-HTGR-86-011, Rev. 4, August 1987.

U. S. Department of Energy. Regulatory Technology Development Plan for

the Standard MHTGR. DOE-HTGR-86-064, Rev. 1, August 1987.

U.S. Department of Energy, Emergency Planning Bases for the Standard

Modular High Temperature Gas-Cooled Reactor. DOE-HTGR-87-001, Rev. 1,

August 1987.

U.S. Department of Energy. Bridging Methods for Standard HTGR Licensing

Bases. HTGR-86-039, Rev. 2, February 1986.

U.S. Department of Energy. Application of Bridging Methods for the

Standard HTGR Licensing Bases. HTGR-86-017, Rev. 1, February 1986.

U.S. Department of Energy. Licensing Basis Event Selection Criteria.

HTGR-86-O0l, Rev. 1, February 1986.

U.S. Department of Energy. Licensing Basis Events for the Modular HTGR.

HTGR-86-034, Rev. 1, February 1987.

U.S. Department of Energy. Methodology for Development of Principal

Design Criteria for the Standard HTGR. HTGR-85-166, Rev. 1, January

1987.

1.5-1 Amendment 7



HTGR-86-024/0?EV '

U.S. Department of Energy. Safety-Related Structures, Systems, and

Components for the Standard MHTGR. DOE-HTGR-87-003, Rev. 0, January

1987.

U.S. Department of Energy. MHTGR Assessment of NRC LWR Generic Safety

Issues. DOE-HTGR-87-089, Rev. 0, September 1987.

U.S. Department of Energy. MHTGR Core Nuclear Uncertainty Analysis.

DOE-HTGR-87-085, Rev. 0, August 1987.
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1.6 STANDARD DESIGN INTERFACES

The Reference Plant design separates the plant into two areas, the Nuclear

Island and the Energy Conversion Area.

The Nuclear Island is defined as that portion of the plant that has within

its boundary the following:

1. The standard reactor modules and "safety-related" buildings,

structures, systems, portions of systems, and components dedicated to

assuring reactor shutdown, decay heat removal, fission product

retention, and security, including new (unirradiated) fuel.

2. At the designer's discretion, buildings, structures, systems,

portions of systems, and components that are not safety-related but

support reactor operation or investment protection.

The Energy Conversion Area is that portion of the plant not included within

the Nuclear Island.

A number of systems additionally provide services to both the Nuclear Island

and the Energy Conversion Area. Table 1.6-1 shows the listing of systems and

subsystems comprising the Nuclear Island, the Energy Conversion Area and

systems which service both the Nuclear Island and the Energy Conversion

Area. Table 1.6-2 similarly shows a listing of major buildings and

structures and identifies their location in the Nuclear Island or the Energy

Conversion Area.

The Standard MIHTGR, which is the subject of this PSID, consists of all the

systems, subsystems and buildings and structures identified in the first

column of Tables 1.6-1 and 1.6-2, i.e., the Nuclear Island. In addition,

those portions of the interfacing systems and subsystems (second column of

Table 1.6-1) that are physically contained within the Nuclear Island boundary

are also part of the Standard MHTGR. The interfacing systems identified with

an asterisk in Table 1.6-1 are pr sented in detail to mphasize the
particular importance to radionuclide control of their int rfaces with the

Nuclear Island.
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Each Nuclear Island system described in the following Chapters of the PSID

contains a discussion of interfaces with other systems and subsystems, and

interface requirements. Energy Conversion Area Systems, Section 9.2 and

Chapter 10, specifically discuss interfaces with the Nuclear Island and

safety consequences, if any, from that interface.

1.6-2 Amendment 1
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TABLE 1. 6- 1

NUCLEAR ISLAND, ENERGY CONVERSION AREA, AND INTERFACING SYSTEMS

Nuclear Island (Sub)Systems Interfacing (Sub)Systems Energy Conversion Area (Sub) Systems

PS ID PSID PS ID
(Sub)System Name Sect. (Sub)System Name Sect. (Sub)Svstems Sect.

Reactor Ch. 4 *Plant Supervisory Control 7.3.1 ECA Control 7.3.3
Vessels and Ducts 5.2 *NSSS Control 7.3.2 Offsite Power, Main Generator 8.4
Heat Transport 5.3 *Radiation Monitoring 7.4.2 Waste Water Treatment 9.2.5
Shutdown Cooling 5.4 *Meteorological Monitoring 7.4.4 Auxiliary Boiler 9.2.6
Reactor Cavity Cooling 5.5 *Fire Detection & Alarm 7.4.5 Raw Water Treatment 9.2.7
Plant Protection & Instrumentation 7.2 Data Management 7.3.4 Heating, Ventilating, Air 9.2.11
NSSS Analytical Instrumentation 7.4.1 AC Distribution 8.5 Conditioning (ECA)
Seismic Monitoring 7.4.3 Grounding Lightning Protection 8.8 Heater Drains, Condensate Return 10.2
Essential Uninterruptible Power 8.2 etc. Condensate Polishing 10.3
Essential DC Power 8.3 Communication 8.9 Steam Vents & Drains 10.4
Fuel Handling & Storage 9.1.1 Lighting and Service 8.10 Turbine Plant Sampling 10.5
Reactor Services 9.1.2 Potable Water 9.2.1 Turbine Generator & Auxiliary 10.6
Steam/Water Dump 10.16 Storm Drainage 9.2.2 Chemical Feed 10.7
Liquid Radioactive Waste 11.2 Sanitary Drainage 9.2.3 Extraction and Auxiliary Steam 10.10
Gaseous Radioactive Waste 11.3 Plant Fire Protection 9.2.4 Circulating Water 10.11
Solid Radioactive Waste 11.4 Central Hot Water Heating 9.2.9 Turbine Building Closed Cooling 10.12
Nuclear Area Fire Protection 9.1.3.1 Plant Drains 9.2.10 Water
Heating, Ventilating and Feedwater and Condensate 10.1 Circulating Water Makeup 10.13
Air Conditioning (NI) 9.1.3.2 Main and Bypass Steam 10.8 Blowdown

Service Water 10.14
Startup and Shutdown 10.15
Uninterruptible Power 8.6
DC Power

Instrument and Service Air 8.7
Demineralized Water Makeup 9.2.8

10.9

Interfacing systems or subsystems which are currently described in detail for PSID review.
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@11111 ~~~~~~~~~TABLE 1.6-2

BUILDINGS AND STRUCTURES

Nuclear Island Energy Conversion Area

Reactor Building Turbine Building

Reactor Auxiliary Building

Reactor Service Building Fire Pumphouse

(including Nuclear Island

Cooling Water Building & Energy Conversion Area Warehouse

Chilled Water Building)

Makeup Water Treatment & Auxiliary

Personnel Services Building Boiler Building

Helium Storage Structure Maintenance Building

Radioactive Waste Management Intake Pumphouse and Discharge

Building Structure

Operations Center (including Control

Room) t

Cooling Tower Basin and Circulating

Water Pumphouse

Standby Power Building

Nuclear Island Warehouse

1 of 1
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CHAPTER 2

STANDARD SITE CHARACTERISTICS

2.1 INTRODUCTION

The Standard MHTGR plant is not designed for a specific site; however, the

parameters chosen to evaluate the safety characteristics of the design

generally cover a large number of potential sites (about 85 percent) in the

United States. In the following sections, the enveloping parameters used in

the design of the Standard MHTGR are identified.

2. 1-1
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2 .2 GEOGRAPHY AND DEMOGRAPHY

2.2.1 Site Location

The Standard MHTGR plant is designed for an inland site within the United

States adjacent to a source of cooling tower makeup water such as a river or a

lake.

2.2.2 Site Description

The Standard MHTGR plant is assumed to be located at an elevation of 30.5 m

(100 feet) above mean sea level. The plant area required is approximately

13.2 hectares (32.5 acres - excluding the switchyard). Based on an assumed

exclusion area boundary of 425 meters, a minimum of 56.7 hectares (140 acres)

is required for the site.

The Standard MTGR plant is broken up into two major areas: a Nuclear Island

containing the four reactor modules and the Energy Conversion Area containing

the two turbine generators. All "safety-related" structures, systems, and

components are contained within the Nuclear Island portion of the plant.

Th reactor vessels are housed in vertical concrete enclosures, fully embedded

in the earth, so that the Reactor System is completely below grade (see

Section 6.1.1).

2.2.3 Population Distribution

Population data are site specific and will be presented at the time of

application for a specific site. However, for purposes of estimating

population doses, a population density is assumed to average 500 persons per

square mile over a radial distance out to 30 miles. A bounding low population

zone of 425 meters (i.e. coincident with the exclusion area boundary)-*has been

selected for purposes of safety analyses.

2.2-1 Amendment 1
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2.3 NEARBY INDUSTRIAL, TRANSPORTATION, AND MILITARY FACILITIES

The hazard to the plant presented by such facilities are site specific and, in

all but special cases, can be expected to be enveloped by those produced by

the climatological conditions assumed for the design of the Standard MTGR

(see Section 2.4).

Evaluation of the capability of the plant to withstand the effects of

potential accidents resulting from the operation of industrial or military

installations near the specific site will be presented at the time of

application for a specific site.

2.3-1 Amendment 
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@2.~24 METEOROLOGY

2.4.1 Regional Climatology

The following meteorological conditions are assumed for the design of

structures, systems, and components required to meet 10CFR100 and for the

Standard MHTGR:

1. Precipitation (Snow) - A maximum snow load of 2391 Pa (50 psf) is

assumed.

2. Tornadoes, Hurricanes, and High Winds- the design basis tornado

produces the most severe wind loads assumed in the plant design. Th~e

design basis tornado is assumed to have the following characteristics:

Designation (RG 1.76) Region I

Maximum Wind Speed 579 km/hr (360 mi/hr)

Rotational Speed 467 km/hr (290 mi/hr)

Translational Velocity 113 km,/hr (70 mi/~hr)

External Pressure Drop 20,684 Pa (3.0 psi)

@ 14K Pa/sec (2.0 psi/sec)

High Winds 177 km/hr (110 mi/hr) 10 m

3. Maximum Temperature - a dry bulb maximum temperature of 43 C (110 F)

and a wet bulb maximum temperature of 28 C (82 F) is assumed.

4. Mini mum Temperature - a dry bulb minimum temperature of -43 C (-45 F)

is assumed.

2.4.2 Local Meteorology

A program of onsite data collection, supplemented by National Weather Service

(NOAA) summaries from locations near a specific site, will be conducted.

Information from the onsite program will be used to confirm that the limiting

offsite dose analys s and annual averag X/Q values are adequate relative to

exclusion area boundary radius and low population zone requirements.

2.4-1 Amendment 1
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2.4.3 Short-Term (Accident) Diffusion Estimates

The meteorological factors used for the design of the Standard MHTGR in terms

of accidental releases of activity are based on the guidelines found in

Regulatory Guide 1.4.

The limiting exclusion area boundary short term atmospheric dispersion factors

(in sec/in 3) are assumed to be:

0 - 8 hr 1.21 x 0- 

8 - 24 hr 6.34 x 0- 

1 -4 days 2.30 x 0- 

4 - 30 days 5.22 x 0-5

Consistent with Regulatory Guide 1. 4, the 0 to 8 hr release dispersion factor

includes a Building Wake Correction factor of 2.1 based upon a maximum

building cross-sectional area of 748 in2

2.4.4 Long-Term (Routine) Diffusion Estimates

The annual average atmospheric dispersion factor at the exclusion area

boundary is assumed to be 2 x 0-5 sec/in3

2.4-2
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2.5 HYDROLOGY

Evaluation of the capability of the plant to withstand the effects of severe

hydrometeorological phenomena will be presented at the time of application for

a specific site. For purposes of the analysis presented herein, yard grade

for "safety-related" structures is set at an elevation above the water level

that can be reached by the probable maximum event. Normal groundwater

elevation is assumed to be 8 feet below grade.

2.5-1





HTGR-86-024/ 

' ~2.6 SEISMOLOGY

The following site conditions related to seismology and geology are the basis
for the design' of structures, systems and components required to meet
lOC FR100:

1. The Safe Shutdown Earthquake (SSE) maximum horizontal and vertical
ground acceleration is less than or equal to .3g

2. The Operating Basis Earthquake (OBE) maximum horizontal and vertical
ground acceleration is less than or equal to .15g

3 The soil characteristics consider a range of shear wave velocities
between 305 and 2440 meters per second (1000 to 8000 feet per second)
with an allowable static bearing capacity of 479 kPa (10 ksf)

2.6-1 Amendment 1
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CHAPTER 3

LICENSING BASES AND THE CRITERIA AND METHODOLOGY FOR

DESIGN OF STRUCTURES, SYSTEMS, AND COMPONENTS

3.1 CONFORMANCE WITH NRC CRITERIA

Section 1.2 introduced the concept of developing the Standard MHTGR design in

a top-down fashion using the Integrated Approach to satisfy both the user's

requirements and the Top-Level Regulatory Criteria. (Ref. 1, 2) In

addition, it noted the existence of a bridging methodology for casting the

quantitatively implemented regulatory bases contained in the latter criteria

into a framework and format similar to that of traditional licensing bases.

While the user's requirements and the Integrated Approach were discussed in'

some detail in Section 1.2, this chapter discusses the Top-Level Regulatory

Criteria and development of the licensing bases used to provide the necessary

regulatory assurance that these criteria are met by the Standard MTGR

design. This section provides a discussion of the Top-Level Regulatory

Criteria, while development of the Standard MHTGR licensing bases is

discussed in Section 3.2.

3.1.1 Top-Level Regulatory Criteria

3.1.1-.1 Bases for Selection of Top-Level Regulatory Criteria

The successful achievement of the overall objective of the Standard MTGR to

produce safe, economical nuclear power involves the consideration and

blending of factors related to safety as well as plant economics and

performance. The Integrated Approach explicitly recognizes this by having

the Top-Level Regulatory Criteria as an input at its highest level to specify

the bases for judging the adequacy of the design's capability to protect the

public health and safety and the environment. To be of most benefit to the

Integrated Approach's top-down, analytically-based process and to ensure a

focus on the risk-critical aspects of nuclear power plant operation which are

independent of plant design, the following bases were adopted for the

selection of Top-Level Regulatory Criteria:
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1. Top-level regulatory criteria should be a necessary and sufficient

set of direct statements of acceptable health and safety consequences

or risks to individuals or the public.

2. Top-level regulatory criteria should be independent of reactor type

and site.

3. Top-level regulatory criteria should be quantifiable.

The first basis ensures that the criteria are fundamental to the protection

of the public and the environment. The second, consistent with the first,

requires that the criteria be stated in terms which do not discriminate among

reactor types and sites. Finally, the third basis ensures that compliance

with the selected criteria can be demonstrated through measurement or

calculation.

3.1.1.2 Top-Level Regulatory Criteria for the Standard MHTGR

Through comparison with the selection bases identified in Section 3.1.1.1,

the following regulatory sources have been found to contain

numerically-expressed criteria or limits which may appropriately form

top-level regulatory criteria:

1. 51 FR 28044 - Policy Statement on Safety Goals for the Operation of

Nuclear Power Plants

2. 10CFR20 Standards for Protection Against Radiation

3. 1OGFR50, Appendix I - Numerical Guides for Design Objectives ... to

Meet the Criteria "As Low As Reasonably Achievable" for Radioactive

Material . . . in Effluents

4. 40GFR19 - Environmental Radiation Protection Standards for Nuclear

Power Operations

5. 10CFR10 - Reactor Site Criteria

3.1-2
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6. EPA-520/1-75-00 - Manual of Protective Action Guides and Protective

Actions for Nuclear Incidents.

It should be recognized that these sources, in addition to stating numerical

criteria or limits, may contain additional guidance or direction on how the

criteria or limits should be implemented or met.. This guidance is not

considered appropriate as top-level regulatory criteria as it does not meet

the bases identified in Section 3.1.1.1. Rather, only the numerical

consequence or risk values contained within the above regulatory sources are

candidates for inclusion.

Table 3.1-1 lists, by Integrated Approach goal, the specific numerical

criteria or limits from the above sources that have been selected as

Top-Level Regulatory Criteria for the Standard MHTGR design.

3.1.2 Comparison with NRC Criteria

As stated in Section 3.1.1.2, the criteria listed in Table 3.1-1 have been

evaluated and selected as Top-Level Regulatory Criteria following review of

the various regulatory sources applicable to power reactors. The other

portions of Title 10 of the Code of Federal Regulations (CFR), CFR

implementation guidance, and other regulatory sources were found not to be

appropriate as top-level criteria either because they are not numerically

expressed or otherwise quantifiable, they are reactor type- or site-specific,

they are not direct statements of acceptable risks or consequences to

individual or public health and safety or to the environment, or, under an

analytically-based, top-down engineering approach, they should more

appropriately be assessed at a lower level for their applicability to the

Standard MHTGR design. This includes the General Design Criteria (GDC) of

10CFR50, Appendix A. For the Standard MHTGR, 1CFR100 Design Criteria have

been developed as qualitative statements of the design commitments made to I
ensure that the Standard MTGR will meet the dose limits of 1CFR100 and,

therefore, protect public health and safety under accident conditions.

Section 3.2.2 discusses the development of these criteria.
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For those regulatory sourc s that w r found to contain criteria or limits

found appropriate for selection as Top-Level Regulatory Criteria, the

comparison made for each against the selection bases listed in

Section 3.1.1.1 s discussed below.

3.1.2.1 51 FR 28044: Policy Statement on Safety Goals for the Operation of

Nuclear Power Plants

The NRC has adopted two qualitative safety goals intended to broadly define

an acceptable level of radiological risk which might be imposed on the public

as a result of nuclear power plant operation. (Ref. 3) To support the use

of these qualitative safety goals in the regulatory decision making process,

the NRC also has adopted two health effects as the quantitative objectives.

concerning mortality risks to be used in measuring achievement of the

qualitative goals. These quantitative objectives meet all of the selection

bases of Section 3.1.1.1 and are therefore listed in Table 3.1-1 as Top-Level

Regulatory Criteria.

In addition to the safety goals and supporting health objectives, the NRC has

proposed a general performance guideline to be used, subject to further staff

examination, as a basis for developing specific staff guidelines for

determining whether a level of safety ascribed to a plant is consistent with

the safety goal policy. This proposed plant performance design objective

specifies that "the overall mean frequency of a large release of radioactive

materials to the environment from a reactor accident should be less than 1 in

1,000,000 per year of reactor operation." While this objective does quantify

the frequency, it fails to quantify the limiting consequence. Additionally,

it does not cons titute a direct statement of acceptable health and safety

consequences or risks to individuals or the public. For these reasons, it

has not been included as a top-level regulatory criterion. This is not to

say that plant performance goals will not be identified for the Standard

MHTGR as lower-level criteria. However, such goals as are identified will be

based on achieving the overall objective of producing safe, economical

nuclear power.
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3.1.2.2 OCFR20: Standards for Protection Against Radiation

Those portions of OCFR20 specifying permissible occupational dose levels and

levels of radiation and activity concentrations in unrestricted areas are

consistent with all of the selection bases and, therefore, are included as

top-level regulatory criteria.

3.1.2.3 10CFR50 Appendix I: Numerical Guides for Design Objectives... to

Meet the Criteria As Low As Is Reasonably Achievable" for

Radioactive Material . . . in Effluents

Section II of OCFR50 Appendix I provides numerical guides to assist

applicants for LWR licenses in demonstrating compliance with the 10CFR50.34a

and 50.36a requirement that radioactive material in plant effluents be kept

as low as is reasonably achievable." The consistency of the dose levels

identified in Appendix I with the objective that top-level regulatory

criteria should not be design specific is somewhat problematical. In

principle, the stated dose values have been derived based on LR design

features and, in fact, are specifically stated to be "appropriate only for

light-water-cooled nuclear power reactors and not for other types of nuclear

facilities." In practice, however, they have been applied without

modification to the licensing of the Fort St. Vrain HTGR (FSV-HTGR) plant.

(Re f. 4) Further, while the stated doses are only guidelines and not

regulatory limits, it can be argued that they represent suitable power

reactor allocation of the overall fuel cycle limits stated in 40CFR190,

"Environmental Radiation Protection Standards for Nuclear Power Operations"

(see Section 3.1.2.4). Therefore, on this basis, the Appendix I dose values

are included as top-level regulatory criteria.

Section II of Appendix I also includes a numerical cost-benefit guideline to

judg the necessity for additional improvements in radioactive waste

treatment systems. This guideline has not been included as a top-level

regulatory criterion as it is not a direct statement of acceptable health or. safety consequence or risk to the public. Similarly, the other operative
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sections of Appendix I do not constitute top-level criteria as they deal with

design implementation or the establishment of operating procedures.

3.1.2.4 40CFR190: Environmental Radiation Protection Standards for Nuclear

Power Operations

This regulation specifies both numerical dose criteria intended to protect

the health and safety of the public and numerical radionuclide release

criteria intended to protect the environment from the consequences of all

normal uranium fuel cycle operations. Both limits are consistent with all of

the selection bases and, therefore, are included as top-level regulatory

criteria.

For the Standard MHTGR, the numerical criteria of 4CFR190 and 10CFR50

Appendix I are complementary, and the plant will be assessed against both.

IOCFR50 Appendix I provides limits on the dose due to effluents from an

individual reactor module, including the allocations from shared facilities.

In contrast, 4CFR190 sets a limit on exposure from all sources, both

effluent and direct, from the plant as a whole. On a site-specific basis,

however, one may prove to be more limiting, depending on the existence of any

other contributing uranium fuel cycle operation in the vicinity and the

expected types and levels of effluents. Therefore, both 10CFR50 Appendix I

and 4CFR190 are included as top-level regulatory criteria, and the maximum

allowable dose to any member of the public shall be the lower of the limits

established by their application.

3.1.2.5 10CFR100: Reactor Site Criteria

The numerical dose values given in 10CFR100 for determining the extent of the

exclusion area and low population zone (LPZ) are consistent with all of the

selection bases and have been applied, without modification, to the licensing

of the FSV-HTGR plant. Therefore, these dose values have been included as

top-level regulatory criteria.
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The other portions of 0CFRl00 are either site- or reactor type-specific and,

as such, are not appropriate for inclusion as top-level criteria. This is

especially true of the procedural methodology given in Technical Information

Document (TID) 14844, which has been incorporated in 0CFRIOO by reference.

Analysis assumptions and methodology used in implementing these or any other

criteria should be oriented to the characteristics of the specific reactor

type and design, consistent with the suggestion in the NRC's policy statement

on advanced reactors that review criteria specific to their design be

proposed by advanced reactor designers. (Ref. 5) The guidance given in

TID 14844 is specific to LWRs and, as such, is not appropriate for assessment

of the Standard MHTGR or inclusion as top-level regulatory criteria.

3.1.2.6 EPA-520/1-75-001: Manual of Protective Action Guides and Protective-

Actions for Nuclear Incidents

For purposes of emergency planning, EPA-520/1-75-100 provides Protective

Action Guides (PAGs) for exposure to airborne radioactive materials,

contaminated foodstuff or water, and contaminated property or equipment.

(Ref. 6)

The NRC has provided implementation requirements in 1CFR50 Section 50.47 and

Appendix E for emergency planning. Therein, it is noted that, generally, a

plume exposure pathway Emergency Planning Zone (EPZ) of 10 miles in radius

and an ingestion pathway EPZ of 80 kilometers (50 miles) in radius provide an

adequate planning basis. The technical basis for the selection of these EPZ

distances is given in NUREG-0396, wherein it is found for LWRs that, for all

but the most improbable events, the AGs would not be expected to be exceeded

beyond these distances. (Ref. 7) However, 1CFR50 Appendix E further states

that "the size of the EPZs also may be determined on a case-by-case basis for

gas-cooled nuclear reactors and for reactors with an authorized power level

less than 250 MW thermal." For the FSV-HTGR plant, smaller EPZ radii have

been selected for planning purposes. (Ref. 8) Therefore, while the PAGs

provide numerical guidelines for emergency planning purposes which are

appropriate as top-level regulatory criteria, alternative implementing bases

for determining appropriate EPZ distances can and have been developed for the

Standard MHTGR (see Sections 1.2 and 13.1).
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TABLE 3.1-1

TOP-LEVEL REGULATORY CRITERIA

Goal 0. Safe Economical Power

A) Policy Statement of Safety Goals (51 FR 28044)

Individual and Societal Mortality Risks:

1) The risk to an average individual in the vicinity of a nuclear power

plant of prompt fatalities that might result from reactor accidents

should not exceed one-tenth of one percent (0.1%) of the sum of

prompt fatality risks resulting from other accidents to which members

of the U.S. population are generally exposed.

2) The risk to the population in the area near a nuclear power plant of

cancer fatalities that might result from nuclear power plant

operation should not exceed one-tenth of one percent (0.1%) of the

sum of cancer fatality risks resulting from all other causes.

Goal 1. Maintain Plant Operation

A) 10CFR20

1) Section 20.101 - Radiation dose standards for individuals in

restricted areas:

Whole body dose < 3 rem in calendar quarter

Whole body dose < 5 (N-18) rem lifetime

2) Section 20.103 - Exposure of individuals to concentrations of

radioactive materials in air in restricted areas:

Limits specified in Appendix B, Table I, Column 1
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TABLE 3.1-1 (Cont.)

3) Section 20.105 - Permissible levels of radiation in unrestricted

areas:

Whole body dose < 0.5 rem in calendar year

Whole body dose < 0.002 rem in any one hour

Whole body dose < 0.1 rem in any seven consecutive days

4) Section 20.106 - Radioactivity in effluents to unrestricted areas:

Limits specified in Appendix B, Table II.

B) 10CFR50 Appendix I

Sec. II: Guides on design objectives for light-water-cooled nuclear

power reactors

1) Paragraph A

Estimated annual dose from liquid effluents less than 0.003 rem whole

body or 0.01 rem to any organ.

2) Paragraph B

Estimated annual dose from gaseous effluents less than 0.005 rem to

the whole body or 0.015 rem to the skin or any organ.

3) Paragraph C

Estimated annual dose from radioactive material in particulate form

in effluents to the atmosphere less than 0.015 rem to any organ.

C) 40CFR190

1) Section 190.10(a) - Annual dose equivalent to a member of the general

public from uranium fuel cycle operations (as defined in 190.02):

Whole body dose < 0.025 rem

Thyroid < 0.075 rem

Any other organ < 0.025 rem

2 of 4



HTGR-86-024.

TABLE 3.1-1 (ont.)

2) Section 190.10(b) - Total quantity of radioactive materials entering

the general environment from the entire uranium fuel cycle, per

gigawatt-year of electrical energy produced by the fuel cycle:

Krypton-85 < 50,000 curies

Iodine-129 < 5 millicuries

Plutonium and other alpha-emitting ad transuranic nuclides with

half-lives greater than 1 year < 0.5 millicuries

Goal 2. Maintain Plant Protection

Goal 2 criteria consist of occupational exposure limits, which will be as

specified in A.1 and A.2 of Goal 1. Top-level regulatory criteria applicable

to the general public are covered under Goal 3.

Goal 3. Maintain Control of Radionuclide Release

A) 10CFR50 Appendix I

Same criteria as Goal 1 above except applied on an expected value basis

(i.e. , the sum of the product of the frequency of the event and its

consequence over all events would meet the criteria).

B) 10CFR100

Two-hour exclusion area boundary and 30-day low population zone accident

doses less than 25 rem whole body and 300 rem thyroid.

Goal 4. Maintain Emergency Preparedness

A) Dose Protective Action Guides (PAGs) of EPA-520/1-75-001.

* ~1) Protective Action Guides for Exposure to Airborne Radioactive

Materials:
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TABLE 3.1-1 (ont.)

Intervention indicated for general population if whole body dose

exceeds 1 to 5 rem or thyroid dose exceeds 5 to 25 rem.

2) Protective Action Guides for Exposure from Foodstuffs or Water:

(later)

3) Protective Action Guides for Exposure from Material Deposited on

Property or Equeipment

(later)
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3.2 STANDARD MHTGR LICENSING BASES

As discussed in Section 1.2.2.2, the Standard MTGR is engineered using the

Integrated Approach to develop the functions, requirements, and design

selections which satisfy both the user's requirement and the Top-Level

Regulatory Criteria. The adequacy of the design developed under this

Integrated Approach to protect both the health and safety of the public and the

owner's investment is probabilistically assessed against these top-level

criteria as expressed in frequency-vs-consequence terms. Consistent with the

safety philosophy set forth in Section 1.2.1, this design places ultimate

reliance on passive means or features inherent in the Standard MHTGR for the

protection of public health and safety.

For the purpose of deriving the licensing bases of the Standard MHTGR, however,

the probabilistic regulatory bases for the design as implemented in the

Integrated Approach have been cast in a framework and format similar to that of

traditional licensing approaches through the application of the Bridging

Methods for Standard HTGR Licensing Bases, the "bridge" of Figure 1.2-1. (Ref.

1) Under this methodology, the resultant licensing bases consist of three

major elements:

1. Licensing basis events, which are used to demonstrate compliance with

the Top-Level Regulatory Criteria for a spectrum of off-normal or

accident conditions.

2. 10CFR100 Design Criteria, which are qualitative statements of the

design commitments made to ensure that the dose criteria of OCFR100

will be met and, therefore, that public health and safety will be

protected under accident conditions.

3. "Safety-related" systems, structures, and components, which make up the

set of equipment capable of performing all the functions required to

limit releases under accident conditions to those allowed by 10CFR100.

. Specific application of this methodology to the Standard MHTGR is described in

detail in the Application of Bridging Methods for Standard HTGR Licensing Bases

("Application of Bridging Methods") and smmariz d here. (Ref. 2)
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3.2.1 Licensing Basis Events

Selection of licensing basis events (LBEs) is based on the probabilistic risk

assessment (PRA) performed as part of the Integrated Approach and constitutes

the process which establishes the bridge between the engineering approach and

the licensing basis for the Standard MHTGR. The use of the PRA for LBE

selection provides a basis for judging, in a quantitative manner, the frequency

of the entire event sequence and, therefore, the appropriate dose or risk

criteria to be applied.

3.2.1.1 Licensing Basis Event Selection Criteria

The initial step in the selection of LBEs is to establish a

frequency-consequence risk plot defining three regions bounded in frequency by

three agreed-upon mean frequencies and in consequence by allocated dose limits

related to 10CFR50 Appendix I, 1CFR100, or the PAGs. Figure 3.2-1 provides

this plot as established for the Standard MHTGR. Development of the numerical

definition of the bounding frequencies is discussed in detail in the Licensing

Basis Event Selection Criteria document. (Ref. 3)

Families of events whose frequencies of occurrence plot near the upper boundary

of a region may have significant uncertainties in the estimate of their

frequencies, which is acknowledged in the LE selection process. The

consideration of these uncertainties is necessary to ensure that all events

will be assessed against the appropriate criteria. The mean value of

frequency, which involves an integral over the complete uncertainty spectrum,

is the selected function for accounting for frequency uncertainties. A factor

is then placed on the mean frequency to provide margin and to dispel concern

over event families falling just below the frequency boundary of a region and,

therefore, being assessed against less rigorous criteria than those which later

analysis might actually prove more appropriate. A factor of 2 is used at this

stage.

3.2.1.2 Selection of Licensing Basis Events

As previously noted, the adequacy of the design developed under the Integrated

3.2-2 Amendment 2



HTGR-86-024/1

Approach to protect both the health and safety of the public and the owner's

investment is probabilistically assessed. To do so, a PRA is performed to

demonstrate that a design appropriate to the level of development has, in fact,

been established which meets the requirements of Goals 1, 2, and 3. It is this

PRA that is used in the selection of LBEs, with its results being compared

against the selection criteria of the preceding section. Those families of

events having the potential for radionuclide releases or consequences in excess

of those allowed by the Top-Level Regulatory Criteria were it not for design

selections that function to control the release of radionuclides are those

selected as LBEs. Depending upon their predicted frequency, the selected

events are encompassed by one of the following three categories:

1. Anticipated Operational Occurrences (AOOs): These are families of

events expected to occur once or more in the plant lifetime. The

families of events selected as As at this stage in the Standard MHTGR

design are listed in Table 3.2-1. These AOO event families are

described and their realistically analyzed dose consequences are

provided in Section 11.6 to demonstrate compliance with l0CFR50

Appendix I.

2. Design Basis Events (DBEs): These are families of events lower in

frequency than AO0s that are not expected to occur in the lifetime of

one plant but which might occur in a large population of MH1-TGRs

(approximately 200). The families of events selected as DBEs at this

stage in the Standard MHTGR design are listed in Table 3.2-2. These

DBEs, along with their dose consequences, are described in Chapter 15.

Uncertainties on the doses are assessed, and conservative (95%

confidence level) doses are compared against the 10CFR100 dose

criteria.

3. Emergency Planning Basis Events (EPBEs): These are families of events

lower in frequency than DBEs that are not expected to occur in the

lifetime of a large number of MHTGRs. The families of events selected

as EPBEs at this stage in the Standard MHTGR design are listed in

Table 3.2-3. EPBE descriptions and their related analyses are given in
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the PRA Report. (Re f. 4) Consequences are analyzed realistically

using PRA techniques for emergency planning purposes and environmental

protection assessments. The approach to emergency preparedness for the

Standard MHTGR is discussed in Section 13.1.

The application of the process resulting in the selection of these LBEs for the

Standard MHTGR is further described in the Licensing Basis Events for the

Modular HTGR. (Ref. 5)

In addition to demonstrating compliance with the dose limits of the Top-Level

Regulatory Criteria defining the region with which each individual LBE is

associated, the LBEs may be considered collectively to show compliance with the

Goal 0 criteria drawn from the NRC policy statement on safety goals (see

Section 3.1.2.1). The process whereby such compliance may be demonstrated is

discussed in the Application of Bridging Methods. (Ref. 2).

In developing the remaining elements of the Standard MTGR licensing bases-

the Principal Design Criteria and the classification of equipment - attention

is focused on demonstrating particular regulatory compliance with the dose

limits of 10CFR100 under accident conditions. Therefore, further consideration

of LBEs is concentrated on DBEs and, to a lesser extent, EPBEs.

3.2.2 IOCFR100 Design Criteria

By definition, DBEs are those families of events having the potential for

exceeding the dose limits of OCFR100 were it not for the accomplishment of

certain functions serving to control the release of radionuclides. Through

examination of the defined DBE sequences, the subset of Goal 3 functions (see

Fig. 1.2-3) shown on Figure 3.2-2 has been identified as the only set of

radionuclide control functions necessary to meet the 10CFR100 limits for all

event sequences. This identification process is described in detail in the

Application of Bridging Methods. (Ref. 2).

For the purposes of defining the Standard MHTGR licensing bases, the 10CFR100

Design Criteria are qualitative statements, specific to the Standard MTGR,
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which describe the manner in which this set of radionuclide control functions

will be performed. As such, they represent the design commitments being made

to ensure that the dose criteria of 10CFR100 will be met under DBE conditions.

The 10CFRIOO Design Criteria are a necessary and sufficient set of criteria for

ensuring that 10CFR100 dose limits are met for all LBEs.

The set of functions that must be performed and the 1CFR100 Design Criterion

that relates to each are:

FUNCTION: Retain Radionuclides in Fuel: This function refers to the Standard

MHTGR safety design approach to design, fabricate, and operate the fuel so that

normal operation releases are limited to the extent that only the radionuclide

inventory within the fuel itself presents a potential challenge to meeting the

10CFR100 doses. Thus, only the fuel conditions need be maintained for

off-normal events to assure OCFR100 compliance. The three sub-functions

described in the following paragraphs are those required to maintain the fuel

within the required conditions.

10CFR100 DESIGN CRITERION : The reactor fuel shall be designed, fabricated,

and operated such that radionuclides are retained within the fuel to the extent

that releases to the primary coolant will not exceed acceptable values.

FUNCTION: Control Chemical Attack: This function refers to the necessity to

prevent fuel degradation caused by the intrusion of compounds other than helium

into the primary coolant. The principal chemical attacks to be avoided are

those of air and water, which could react with the fuel or the graphite and, as

a result, degrade the fuel. Excessive air ingress is prevented by limiting the

loss of primary coolant boundary integrity. Excessive water ingress is

prevented by terminating the source of water following loss of primary to

secondary coolant boundary integrity.

10CFR100 DESIGN CRITERION II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated and operated

such that the amount of air or water reacting with the core will not exceed

acceptabl valu s.
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FUNCTION: Control Heat Generation: This function refers to the necessity to
control the heat generation of the reactor so that fuel temperatures are not
excessive. Since Criterion II limits exothermic chemical reactions, the sole
requirement of this function is to assure reliable reactor shutdown.

10CFR100 DESIGN CRITERION III: The reactor shall be designed, fabricated, and
operated such that the inherent nuclear feedback characteristics ensure that
the reactor thermal power will not exceed acceptable values. Additionally, the
reactivity control system(s) shall be designed, fabricated and operated such
that during insertion of reactivity the reactor thermal power will not exceed

acceptable values.

FUNCTION: Remove Core Heat: This function refers to the necessity to remove
the reactor heat during off-normal conditions so that fuel temperatures are not
excessive. Since the design selections needed to meet Criterion II and

Criterion III limit chemical attack and fission heat generation, the principal
requirement is to assure reliable decay heat removal.

10CFRIOO DESIGN CRITERION IV: The intrinsic dimensions and power densities o"
the reactor core, internals, and vessel, and the passive cooling pathways from
the core to the environment shall be designed, fabricated and operated such
that the fuel temperatures will not exceed acceptable values.

3.2.3 Classification of Structures. Systems, and Components

3.2.3.1 Description of Classification System and Associated Requirements

The final element' of the Standard HTGR licensing bases is the classification
of plant equipment. In concert with development of the lOCFRl00 Design
Criteria, this classification of equipment is done to focus attention on the
minimum set of structures, systems, and components (SSCs) capable of performing
all of the radionuclide control functions required to limit releases from DBEs
to those allowed by 10CFR100, and, therefore, capable of fulfilling the desig7
commitments made in the criteria. To draw this focus, these SSCs are
designated as "safety-related."
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The engineering requirements applied to these or any other Standard MHTGR

SSCs, in terms of industry codes and standards, regulatory guidance, or

quality assurance (QA) programs, are only those necessary to obtain the

requisite reliability, with sufficient confidence, to satisfy all of the

top-level criteria. The engineering requirements which will actually be

applied are determined solely on the basis of appropriate analyses and trade

studies, including the relevant probabilistic risk assessment, irrespective

of any "safety-related" designation.

To maintain consistency with this concept, the use of other terms

traditionally associated in LWR practice with a "safety-related" designation

(e.g., Seismic Category I, safety class, safety grade, etc.) has been avoided

for the Standard MHTGR. Under current LWR practice, the application of these

terms automatically imposes a prescriptive set of codes and standards, which-

is inconsistent with the Standard MHTGR development of requirements in a

top-down fashion through use of the Integrated Approach.

An exception to this drawing of an absolute distinction between the licensing

and engineering bases for the Standard MHTGR is the utilization of

"Safety-Related" Design Conditions (SRDCs). Consistent with the safety

philosophy set fozth in Section 1.2.1 that reliance will be placed on

inherent or passive means to protect public health and safety, SRDCs are the

conditions imposed on "safety-related" SSCs if they were depended upon to

respond following the initiation of any DBE for which they assure compliance

with the 1CFR100 criteria. These SRDCs correspond mechanistically to events

that are lower in frequency than DBEs and have been referred to commonly as

"beyond design basis events". This deterministic assumption of

unavailability for those SSCs which are not designated as "safety-related" is

made in response to the uncertainty involved with reliance on active

components or systems, not because of any designation as "safety-related."

That these primarily passive or inherent means are by themselves capable of

ensuring compliance with the 10CFR100 criteria is demonstrated by the

calculated dose consequences for these limiting conditions given in Section

15.13, which also provides a discussion of the SRDCs themselves.
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A similar situation exists with the treatment of hazards, especially external

or natural hazards, in the Standard MTGR design. Because the means for

assessing such hazards and their consequences on a purely probabilistic basis

are only in the- early stages of development, these hazards are presently

dealt with on a more traditional basis, as discussed in Sections 3.3 through

3.9. This is done to ensure, based upon design experience to date, that

there is a high level of confidence that those items required to meet the

dose limits of 10CFR100 will be capable of surviving the design basis hazard

intensities as presently defined. However, as validated methodologies more

consistent with the basic philosophy of the Integrated Approach become

available or are developed, they will be applied to the design of the

Standard MTGR.

3.2.3.2 Method of Establishing Classifications

As with the other elements of the Standard MHTGR licensing bases,

"safety-related" SSCs are selected through application of systematic

procedures set forth in the Bridging Methods for Standard HTGR Licensing

Bases. (Ref. 1) Specific application of this process to the Standard MHTGR

is described in the Application of Bridging Methods. (Ref. 2) As with the

10CFR100 Design Criteria, this classification of plant equipment is done to

demonstrate particular
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regulatory compliance with the dose limits of 10CFR100 under accident

conditions. Therefore, of the three categories of LBEs identified -

Anticipated Operational Occurrences, Design Basis Events, and Emergency

Planning Basis Events - it is the last two that are of significance to the

"safety-related" classification process.

Onc the identification of DBEs and EPBEs is made, a two-step process is

implemented to identify a set of plant features which are capable of

performing the radionuclide control functions needed for compliance with the

dose limits of 10CFR100 and, therefore, are to be designated as

"safety-related".

Step 1 specifies that, for each DBE, classify as "safety-related" those

design selections chosen for compliance with the 10CFR100 region dose

criteria. More specifically, for each DBE, various functions can be

identified which must be piformed if the consequences of the event are td

remain within those allowed by the dose criteria. For the Standard MHTGR,

these functions, as discussed previously in Section 3.2.2, are the retention

of radionuclides in the fuel and, to maintain the fuel within its design

conditions to assure such retention, the removal of core heat, control of the

core heat generation rate, and prevention of chemical attack on the fuel.

Step 1 requires that a set of SSCs which are capable of performing these

functions for all DBEs for which they are required be classified as

"safety-related."

Step 2 specifies that, for each EPBE with consequences greater than the

10CFRIOO criteria, classify as "safety-related" those design selections

chosen to assure that the event frequency, including uncertainties, will fall

below the 10CFR100 region. As with Step 1, various functions can be

identified which must be performed to provide this assurance. Step 2

requires that a set of SSLs capable of performing these functions be

classified as "safety-related". No EPBE having consequences greater than the

IOCFR100 limits and, therefore, requiring performance of some function or

functions to assure that its frequency will fall below the 10CFR100 region

has yet to be identified for the Standard MHTGR. As a result, no SSC has yet

been designated as "safety-r lat d" through application of Step 2.
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3.2.3.3 Classification of Standard MHTGR Structures, Systems, and Major

Components

Table 3.2-4 lists the structures, systems, and major components of the plant

and indicates the classification and, if "safety-related", the radionuclide

control function of each. This correlation of equipment classified as

'safety-related" to the radionuclide control function performed by each is
also illustrated on Figure 3.2-2. The specific application of the

classification process resulting in the indicated "safety-related"

designations is discussed in Safety-Related Structures, Systems, and

Components for the Standard MHTGR. (Ref. 6)

For additional information related to this section, see the response to NRC

Comment G-14.
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TABLE 3.2-1

ANTICIPATED OPERATIONAL OCCURRENCES

AOO Number Anticipated Operational Occurrence

AOO-l Main oop transient with forced core cooling

AOO-2 Loss of main and shutdown cooling loops

AOO-3 Control rod group withdrawal with control rod trip

AOO-4 Small steam generator leak

AOO-5 Small primary coolant leak
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TABLE 3.2-2

DESIGN BASIS EVENTS

DBE Number Design Basis Event

DBE-l Loss of HTS and SS cooling

DBE-2 HTS transient without control rod trip

DBE-3 Control rod withdrawal without HTS cooling

DBE-4 Control rod withdrawal without HTS and SCS cooling

DBE-5 Earthquake

DBE-6 Moisture inleakage

DBE-7 Moisture inleakage without SCS cooling

DBE-8 Moisture inleakage with moisture monitor failure

DBE-9 Moisture inleakage with steam generator dump failure

DBE-10 Primary coolant leak

DBE-11 Primary coolant leak without HTS and SCS cooling
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TABLE 3.2-3

EMERGENCY PLANNING BASIS EVENTS

EPBE Number Emergency Planning Basis Event

EPBE-1 Moisture inleakage with delayed steam generator

isolation and without forced cooling

EPBE-2 Moisture inleakage with delayed steam generator

isolation

EPBE-3 Primary coolant leak in all four modules with neither

forced cooling nor HPS pumipdown
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TABLE 3.2-4
MODULAR HIGH TEMPERATURE GAS-COOLED REACTOR

EQUIPMENT CLASSIFICATION

Not
"Safety- "Safety- lOOFRI00-Related

Principal Component Related" Related" Radionuclide Control Functions

REACTOR SYSTEM

Neutron Control

Neutron Control Assembly, Inner X1 Control heat generation*

Neutron Control Assembly, Outer X2 Control heat generation*

In-Vessel Flux Mapping Unit X

Ex-Vessel Neutron Detection X2 Control heat generation*
Equipment

Startup Detector Assembly X

Reactor Trip Control Cabinet X2 Control heat generation*

Reserve Shutdown Control Xl Control heat generation*
Equipment Control Cabinet

Rod Drive Control Control Cabinet X

Nuclear Instrumient Cabinet X

(')Reserve shutdown only
(2)Reactor trip only
*Denotes principal radionuclide control function needed to meet 10CFRIOO criteria.
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFRlOO0-Related

Principal Component Related" Related" Radionuclide Control Functions

REACTOR SYSTEM (continued)

Reactor Internals

Permanent Side Reflector X Remove core heat*
Structure (graphite) Control heat generation*

Core Support Floor Structure X Remove core heat*
(metal) Control heat generation*

Core Support Structure (graphite) X Remove core heat*
Control heat generation*

Core Lateral Restraint Assembly X Remove core heat*
(metal) Control heat generation*

Hot Duct Assembly X

Upper Plenum Thermal X Control chemical attack*
Protection Structure

Reactor Core

Fuel Elements (including fuel X Remove core heat*
kernels and particle coatings) Control heat generation*

Control chemical attack*
Retain radionuclides in fuel*

Hexagonal Reflector Elements X Remove core heat*
Control heat generation*
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TABLE 3.2-4 (Cont)

Not
al COM~onent "Safety- "Safety- 10CFRlOO-RelatedPrincipaR opnn Related" Related" -Radionuclide Control Functions

REACTOR SYSTEM (continued)

Outer Control Rods x Control heat generation*

Inner Control Rods x

Reserve Shutdown x Control heat generation*
Control Material

Plenum Elements x Control heat generation*

Neutron Source X

VESSEL SYSTEM

Ves gd

Steel Vessel - Reactor x Remove core heat*
Control chemical attack*

Steel Vessel - Steam enerator x Control chemical attack*

Main Cross Duct X Control chemical attack*

Thermal Insulation X

Steam enerator Isolation valves x Control chemical attack*
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFRlOO-Related

Principal Component Related" Related" Radionuclide Control Functions

VESSEL SYSTEM (Continued)

Pressure Relief

Pressure Relief Valve Assembly X Control chemical attack*

Piping (Between Vessel and Valve) X Control chemical attack*

Block Valve Assembly X Control chemical attack*

Rupture Disk Assembly X Control chemical attack*

Vessel Support

Reactor Vessel Supports X Control heat generation*
Control chemical attack*
Remove core heat*

Steam Generator Vessel Supports X Control chemical attack*

REACTOR SERVICES GROUP
Hot Service Facility

Hot Cell X

Handling Equipment X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

REACTOR SERVICES GROUP (Continued)

Decontamination Services

Tanks X

Pumps X

Water Heater X

Air Heater X

Piping X

Reactor Service Euipment
and Storage Wells

Aux. Service Cask & Transporter X
Assembly

Main Circulator Service Equipment X

Shutdown Circulator Service X
Equipment

Main Circulator Storage Wells X

Shutdown Circulator Storage Wells X

Neutron Control Assembly X
Storage Wells
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFRlOO-Related

Principal Component Related" Related" Radionuclide Control Functions

REACTOR SERVICES GROUP (Continued)

Core and Service Facility Tools X

Neutron Detector Service Equipment X

Hot Duct Service Equipment X

Helium Purification

High Temperature Adsorber Module X

Oxidizer-Cooler Module X

Dryer Module X

Low Temperature Adsorber Module X

Regeneration Oxidizer Module X

Regeneration Module X

Purified Helium Compressor Module X

High Temperature Filter Module X

Piping and Valves X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFRI00-Related.

Principal Component Relatedn Related" Radionuclide Control Functions

REACTOR SERVICES GROUP (Continued)

Helium Storage and Transfer

Helium Storage Tanks X

Helium Transfer Compressors x

Valves x

High Pressure Helium Supply x
Tanks

Liqiuid Nitrogen

Liquid Nitrogen Tanks X

Nitrogen Recondensers x

Vacuum Jacketed Transfer X
Piping

Cryogenic Valves x

Reactor Plant Cooling Water

Heat Exchangers x

Tanks x

Pumps and Valves x
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFR100-Related

Principal Component Related Related" Radionuclide Control Functions

REACTOR SERVICES GROUP (Continued)

Liguid Radioactive Waste

Tanks X

Pumps X

Filters X

Demineral izers X

Piping and Valves X

Gaseous Radioactive Waste

Gas Waste Tank X

Liquid Drain Tank X

Compressors X

Exhaust Blower X

Piping and Valves X

Solid Radioactive Waste

Handling Equipment X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFRlOO-Related

Principal Cmponent Related" Related" Radionuclide Control Functions

HEAT TRANSPORT SYSTEM

Main Circulator

Compressor/Motor Assembly X

Shutoff Valve Assembly X

Shutoff Valve Service Module X

Bearing Power Supply X

Motor Power Supply X

Steam enerator

Tube Bundle Assembly X

PLANT PROTECTION AND
INSTRUMENTATION SYSTEM

Investment Protection

Investment Protection Modules X
and Satellites

Hygrometer Module Assemblies X

Compressor Module X

Accumulator Tanks X
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TABLE 3.2-4 (Cant)

Not
"Safety- "Safety- 10CFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

PLANT PROTECTION AND
INSTRUMENTATION SYSTEM

Non-module Equipment X

Instruments, Hardware and Software X

Safety Protection

Safety Protection Cabinets X Control heat generation*

Safety Protection Remote X Control heat generation*

Instrumentation

Instruments, Hardware and Software X Control heat generation*

Special Nuclear Area
Instrumentation

PPIS Maintenance Consoles X

PPIS Operator Interface Panels X

Special Nuclear Area Instrumentation X

Special Nuclear Area Monitors X

Instruments, Hardware, and Software X
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TABLE 3.2-4 (Cant)

Not
"Safety- "Safety- lOOFRIOO-Related

Principal Component Related" Related" Radionuclide Control Functions

MISCELLANEOUS CONTROL AND
INSTRUMENTATION GROUP

NSSS Analytical Instrumentation
System

Control Boards X

Instrument Enclosures and Racks X

Instrument Hardware X

Valves X

Radiation Monitoring

Control Boards X

Instrument Enclosures and Racks X

Instrument Hardware X

Seismic Monitoring

Control Boards X

Instrument Enclosures and Racks X

Instrument Hardware X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

MISCELLANEOUS CONTROL AND
INSTRUMENTATION GROUP

Meteorological Monitoring

Meteorological Tower x

Instruments and Racks X

Data Handling and X

Processing Equipment

Fire Detection and Alarm

Central Processing Unit X

Initiating Equipment X

Alerting Equipment X

Multiplexers/Annunciators X

Security Monitoring

Monitoring Consoles X

Central Processing Units X

Cameras X
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TABLE 3.2-4 (Cant)

Not
"Safety- 'Safety- 10CFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

MISCELLANEOUS CONTROL AND
INSTRUMENTATION GROUP

Mul tip lexers X

Sensors X

FUEL HANDLING, STORAGE, AND
SHIPPING SYSTEM

Core Refueling

Fuel Handling Machine

Fuel Handling Equip. Positioner X

Plug Actuator & Turntable Assembly X

Reactor Isolation Valve X

Fuel Transfer Cask X

Fuel Transfer Cask Adapter X

Fuel Handling Support Structure X

Fuel Handling Control Station X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFRl00-Related

Principal Component Related" Related" Radionuclide Control Functions

FUEL HANDLING, STORAGE, AND
SHIPPING SYSTEM

Site Fuel Handling

Hoist & Grapple Assembly, FSIF X

Floor Valve FSIF X

Spent Fuel Sealing Equipment X

New Fuel Handling Equipment X

New Fuel Storage Racks X

Reflector Packaging Equipment X

Reflector Storage Racks X

Shipping Port Closure Equipment X

Shipping Cask Transporter X

Shipping Cask Closure Service Equipment X

Control Module, FSIF X

Spent Fuel Storage Wells X

Spent Fuel Storage Cooling

Tanks X
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TABLE 3.2-4 (Cant)

Not
'Safety- "Safety- 10CFR100.-Related

Principal Component Related' Related" Radionuclide Control Functions

FUEL HANDLING, STORAGE, AND
SHIPPING SYSTEM

Pumps and Valves x

Heat Exchangers X

Water Makeup System X

PLANT CONTROL, DATA AND
INSTRUMENTATION

NSSS Control

Control Boards and Consoles X

Instrument Enclosures and Racks x

Instrument Hardware X

ECA Control

Control Boards and Consoles X

Instrument Enclosures and Racks X

Instrument Hardware X
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TABLE 3.2-4 (ont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

PLANT CONTROL, DATA AND
INSTRUMENTATION

Plant Supervisory Control

Control Room Operator Workstation X

Assistant Operator Workstation X

Supervisory Control Computers X

Plant Operations Support

Control Boards and Consoles X

Instrument Enclosures and Racks X

Instrument Hardware X

Data Acauisition and Processing

General Purpose Computers X

Data Communication Network X

Data Communication Computers X

Operations Support Workstations X

Technical Support Workstations X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

PLANT CONTROL, DATA AND
INSTRUMENTATION (Continued)

Shift Supervisor Workstation x

POWER CONVERSION GROUP

Turbine Generator and Auxiliaries

Turbine-Generator X

Turbine Controls X

Gland Seal System x

Hydrogen Cooling System x

Lube Oil System X

Feedwater and Condensate

Main Condensate Pumps x

Main Feedwater Pumps x

Condensate Surge Tanks x

Main Condenser x

Deaerators X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFRIOO-Related

Principal Component Related" Related Radionuclide Control Functions

POWER CONVERSION GROUP (Continued)

Feedwater Heaters X

Valves X

Demineralized Water Make-up

Pumps and Valves X

Main and Bypass Steam

Pressure Reducing Stations X

Desuperheating Equipment X

Valves X

Extraction and Auxiliary Steam

Valves X

Pressure Reducing Stations

Heater Drains and Condensate
Returns

Valves X

Condensate Drain Pumps X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

POWER CONVERSION GROUP (Continued)

Condensate Polishing System

Demineralizer Modules X

Regeneration System X

Valves X

Steam Vents and Drains

Valves X

Relief Valves X

Turbine Plant Sampling

Sample Coolers X

Valves X

Chemical Feed System

Injection Pumps and Valves X

Chemical Storage Tanks X

19 of 33



HTGR-86-024

TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

HEAT REJECTION GROUP (Continued)

Turbine Bldg. Closed
Cooling Water

Pumps and Valves x

Heat Exchangers X

Tanks X

StartuR and Shutdown

Startup and Shutdown Feed Pump x

Startup and Shutdown Deaerator X

Startup and Shutdown Tank X

Valves X

Steam and Water Dump

Dump Valves X

Dump Tank x
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFRlOO-Related

Principal Component Related" Related" Radionuclide Control Functions

HEAT REJECTION GROUP (Continued)

Circulating Water

Cooling Tower

Pumps and Valves X

Circulating Water Makeup
and Blowdown

Pumps and Valves X

Filters and Strainers X

Service Water

Tanks X

Heat Exchangers X

Pumps and Valves X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- 10CFR100-Related

Principal Component Related' Related" Radionuclide Control Functions

REACTOR CAVITY COOLING SYSTEM

Reactor Cavity Cooling Panels

Panel Assemblies X Remove core heat*

Ducting X Remove core heat*

Plenum Structures X Remove core heat*

Intake/Exhaust Structures X Remove core heat*

SHUTDOWN COOLING SYSTEM

Shutdown Cooling Circulator

Compressor/Motor Assembly X

Ducting and Shutoff Valve Assembly X

Service Module X

Motor Power Supply X

Shutdown Cooling Heat Exchanger

Tube Bundle Assembly X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- IOCFRlOO-Related

Principal Component Related' Related" Radionuclide Control Functions

SHUTDOWN COOLING SYSTEM (Continued)

Shutdown Cooling Water

Shutdown Cooling Water Heat X
Exchanger

Surge Tank x

Pumps and Valves x

Chemistry Control Module X

BUILDINGS, STRUCTURES AND
BUILDING SERVICES GROUP

Reactor Bldg. X Control heat generation*
Control chemical attack*

Remove core heat*

Reactor Service Bldg. X Control heat generation*

Reactor Auxiliary Bldg. X Control heat generation*

Operations Center X

Standby Power Bldg. X

Radioactive Waste Management Bldg. X

Personnel Service Bldg. X
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TABLE 3.2-4 (ont)

Not
"Safety- 'Safety- lOCER100-Related

Principal Component Related" Related" Radionuclide Control Functions

BUILDINGS, STRUCTURES AND
BUILDING SERVICES GROUP (Continued)

Turbine Bldg. X

Fire Pump House X

Warehouse Bldg. X

Maintenance Bldg. X

Intake Pump House and Discharge X
Structure

Cooling Tower Basin and Circ. X
Water Pump Intake

Auxiliary Boiler Make-up Water X
Treatment and Auxiliary Boiler Bldg.
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TABLE 3.2-4 (ont)

Not
"Safety- "Safety- lOOFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

MECHANICAL SERVICE GROUP

Plant Fire Protection

Tanks X

Pumps and Valves x

Hydrants X

Hose Stations X

Sprinklers x

Diesel Fuel Oil Tank x

Co2 Blanketing System x

Halon 1301 Cylinders X

Auxiliary Boiler System

Auxiliary Boiler (Electric) x

Condensate Makeup Pumps x

Feed Pumps and Valves X

Deaerator x
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Cmponent Rel-ated" Related" Radionuclide Control Functions

MECHANICAL SERVICE GROUP (Continued)

Raw Water Treatment

Filters X

Chemical Treatment Equipment X

Valves X

Instrument and Service Air

Compressors X

Receivers X

Aftercoolers X

Driers X

Valves X

Central Hot Water Heating

Water Heater X

Pumps and Valves X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Cponent Related" Related" Radionuclide Control Functions

MECHANICAL SERVICE GROUP (Continued)

Heating. Ventilation, and
Air Conditioning

Air Conditioning Units x

Vaneaxial Fans x

Centrifugal Fans x

Propeller Fans x

Pumps x

Centrifugal Chillers X

Electric Heaters x

Ductwork and Dampers x

Filters X
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TABLE 3.2-4 (Cant)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

ELECTRICAL GROUP

Off-Site and Main Generator
Transmission

Switchyard Circuit Breakers X

240 kV Transmission Lines X

Unit Transformers X

Unit Auxiliary Transformers X

Startup Auxiliary Transformers X

Isolated Phase Bus X

AC Distribution System

4160-Volt Switchgear X

480-Volt Unit Substation X

480-Volt Motor Control Centers X

Backup Generators X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFR100-Related

Principal Component Related" Related"n Radionuclide Control Functions

ELECTRICAL ROUP (Continued)

Cabling, Conduit/Trays X

Uninterruptible Power Supply System

Rectifier/Inverters X

Distribution Panels X

Regulating Transformers X

Cabling, Conduit, and Raceways X

Essential Uninterruptible Power
Su~ply System

Rectifiers/Inverters X Control heat generation*
Control chemical attack*

Distribution Panels X Control heat generation*
Control chemical attack*
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOCFRlOO-Related

Principal Component Related" Related" -Radionuclide Control Functions-

ELECTRICAL GROUP (Continued)

Regulating Transformers X

Cabling and Conduit/Trays X Control heat generation*
Control chemical attack*

DC Power System

Station Batteries X

Battery Chargers x

Distribution Switchboards X

Cabling and Conduit/Trays X

Essential DC Power System

Station Batteries X Control heat generation*
Control chemical attack*
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- IOCFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

ELECTRICAL GROUP (Continued)

Battery Chargers X

Distribution Switchboards X Control heat generation*
Control chemical attack*

Cabling and Conduit/Trays X Control heat generation*
Control chemical attack*

Communications System

Page Party Equipment X

Sound Powered Telephone Equipment X

Hand-Held Radio Communication X
Equipment

Private Automatic Exchange (PAX) X

Maintenance Jack Equipment X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOGFR100-Related

Principal Component Related" Related" Radionuclide Control Functions

ELECTRICAL GROUP (Continued)

Lighting- and Service Power
Systems

Emergency Area Lighting X

Plant Lighting X

Convenience Outlets 480-V;
220-V, 110-V X

Plant Security

Communication Equipment X

Door Equipment X

Computer Equipment X

Backup Generator X

UPS Equipment X

Motor Control Centers X
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TABLE 3.2-4 (Cont)

Not
"Safety- "Safety- lOOFR100-Related

Principal Component Related' Related" Radionuclide Control Functions

ELECTRICAL GROUP (Continued)

Grounding. Lightning. Heat
Tracing, and Cathodic Protection

Ground Wire X

Heat Tracing Components X

Cathodic Protection Components X

Lighting Protection Equipment X
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3.3 WIND AND TORNADO LOADINGS

Certain Standard MHTCR structures must serve to ensure, with a high level of

confidence, that systems or components they house can fulfill their

10CFR100-related radionuclide control functions under design basis

conditions. These structures are identified in Chapter 6. This section

gives the criteria for which these designated Standard MHTGR plant structures

are designed. In the case of wind loads, an envelope of conditions is

defined in Section 2.6. As sites are chosen, local wind conditions will be

analyzed to assure that they fall within the design envelope.

For tornadoes, that specified in Regulatory Guide 1.76 for Region I has been

selected as the Design Basis Tornado (DBT), being the maximum tornado

currently required for light water reactors (LWRs). (Ref. 1) When the

results of the probabilistic risk analysis (PRA) are known, a different DBT

may be proposed where the analyses support it. (Ref. 2) The appropriate

licensing document will be revised accordingly if and when such a proposal is

made.

Tornado criteria furnishing data, formulae, and procedures consistent with

those currently employed for LWR design are used for determining the maximum

wind loading on Standard MTCR structures and parts of structures. (Ref. 3)

3.3.1 Wind Loading

3.3.1.1 Design Wind Velocity

The specified design wind velocity in Section 2.6 for all structures exposed

to wind effects is 177 km/hr (110 mi/hr) at 10 m (33 ft) above ground.

The design for wind loading is consistent with current LWR practice, using

the following parameters (Ref. 4):

1. Exposure is Category C.

2. The building classification is ANSI A58.1 Category III.

3.3-1
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3. Importance factor is 1.11.

3.3.1.2 Determination of Applied Forces

The procedures used to convert the wind velocity into applied forces for

structures are consistent with current LWR practice. (Ref. 3, 4) The wind

velocity on which the applied forces depend is given in Section 3.3.1.1. The

design pressures or design loads are obtained by multiplying the effective

velocity-pressures by appropriate pressure coefficients. (Ref. 3)

For structures which are to be designed for tornado loading, the applied

forces due to wind are calculated to determine if they are less severe than

the applied forces due to tornado loading. The applied tornado force

magnitude and distribution are determined as discussed in Section 3.3.2.

Appropriate stress levels and load factors discussed in Section 3.8 of this

PSID are considered in the determination of the governing loads.

3.3.2 Tornado Loading

3.3.2.1 Applicable Design Parameters

Structures which must serve to ensure, with a hi gh level of confidence, that

systems or components that they house can fulfill their 10CFR100-related

radionuclide control functions under design basis conditions and which may be

exposed to tornado effects are designed to withstand tornado loading (not

coincident with any unrelated accident condition or earthquake) consistent

with current LWR practice. (Sections 3.3 and 3.4, Ref. 3) Tornado design

wind velocities and pressures are given in Table 3.3-1. Tornado wind

pressure loads, differential atmospheric pressure changes, associated time

intervals, and missile effects are combined in accordance with current LWR

practice. (Ref. 2) Design tornado missiles are included in Section 3.5.

3.3.2.2 Determination of Forces on Structures

Loading combinations, the methods employed to convert tornado loading into

forces, and the distribution across the structures are consistent with

3.3-2
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current LWR practice. (Ref. 3) These combined effects constitute the total

tornado load, which is then combined with other applicable loads as specified

in Section 3.8 of this PSID.

3.3.2.3 Effect of Failure of Structures or Components Not Required to be

Designed for Tornado Loads

Failure of structures not required to be tornado-protected will not adversely

affect the ability of tornado-protected structures to perform their

functions, especially that of serving to ensure that systems or components

they house can fulfill their 10CFR100-related functions.

3.3-3 Amendm nt 1
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REFERENCES - SECTION 3.3

1. U.S. Nuclear Regulatory Commission. Design Basis Tornado for Nuclear

Power Plants. Regulatory Guide 1.76, Washington, DC, April 1974.

2. GA Technologies, Inc. (GA). Probabilistic Risk Assessment for the

Standard HTGR Plant. DOE-HTGR-86-011, Rev. 4, August 1987.

3. Bechtel Power Corporation (BPC). Bechtel Topical Report: Tornado and

Extreme Wind Design Criteria for Nuclear Power Plants. BC-TOP-3A,

Revision 3. BPC, San Francisco, CA, August 1974.

4. American National Standards Institute. American National Standard:

Minimum Design Loads for Buildings and Other Structures. ANSI

A58.1-1982. New York, NY, 1982.
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TABLE 3.3-1

TORNADO WIND VELOCITIES AD PRESSURES

I temn Value

Maximum wind speed 579 km/h (360 mi/h)

Rotational speed 467 km/h (290 mi/h)

Maximum translational speed 113 km/h (70 mi/h)

Radius of maximum rotational speed 45.7 m (150 ft)

Pressure drop 20.7 kPa (3.0 psi)

Rate of pressure drop 13.8 kPa/s (2.0 psi/s)
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3.4 WATER LEVEL (FLOOD) DESIGN

9 Facilities which must serve to ensure, with a high level of confidence, that

systems or components they house fulfill their 10CFRI00-related radionuclide

control functions under design basis conditions are designed for a normal

groundwater level of 2.4 mn (8 ft) below the ground surface and a maximum

groundwater level at the ground surface.

The assumption is made for the Standard MHTGR that no surface flooding occurs,

so no flood protection measures are included in the design. For each specific

Standard MHTGR plant site, analyses will be made using the methods in

Regulatory Guide 1.59 to establish the probable maximum flood (PMF), the

probable maximum precipitation (PMP), seiche, or other hydrological

considerations, as applicable, to demonstrate that this assumption remains

valid. (Ref. 1) Different water level (flood) criteria may be proposed based

on the results of site-specific probabilistic risk assessments.

Structures with equipment spaces below grade are protected from the inleakage

of groundwater by a continuous waterproof membrane and by waterstops in

construction joints of exterior walls and slabs where groundwater conditions

so require. Any inleakage which may occur will be collected in instrumented

sumips inside the affected space. If the inflow to the sump exceeds the

removal capability, the potentially affected systems and components will be

placed in a safe condition and appropriate remedial measures taken. Past

experience with occupied spaces constructed below the water table, including

underwater tunnels and spaces housing safety-related components in LWR plants,

indicates that any ground-water inleakage which may occur becomes apparent

during construction and can be corrected before the plant goes into

operation. Chemical grouting from the inside of the structure is one

technique used to stop water inflow into a below-grade structure.

Analyses will be made to mechanistically identify credible leaks from

fluid-containing tanks and vessels within structures housing systems or

components which must be able to fulfill, with a high level of confidence,

their 10CFR100-related radionuclide control functions under design basis

conditions. Sumps or other passive measures will be used as required to limit

fluid levels to those which will allow safe plant shutdown to be achieved and

maintained.
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REFERENCES - SECTION 3.4

1.U.S. Nuclear Regulatory Commission. Design Basis Floods for Nuclear

Power Plants. Regulatory Guide 1.59, Revision 2. Washington, DC, August

1977, including Errata July 30, 1980.
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3.5 PROTECTION AGAINST MISSILES AND EXTERNALLY-GENERATED 
HAZARDS

3.5.1 Hazard Selection and Description

The location below grade of the major portion of the Standard MHTGR systems

and components which must fulfill, with a high level of confidence, their

10CFR100-related radionuclide control functions under design basis conditions

provides inherent protection against many externally-generated missiles and

other hazards. Specific categories are discussed further below.

3.5.1.1 Internally Generated Missiles

Analysis will be made of systems that have pressures high enough to cause

missiles from valve stem failure, tank rupture, etc. and of rotating

equipment that could generate missiles which are proximate to systems and

components which must fulfill, with a high level of confidence, their

10CFR100-related radionuclide control functions under design basis

conditions. These analyses will be done on a mechanistic, probabilistic

basis, with the results to be presented in later licensing documents.

3.5.1.2 Turbine Missiles

The probability of a turbine missile strike on any given area of the Nuclear

Island is a function of the energy and direction of an ejected missile and

the orientation of the turbine with respect to that area. The

turbine-generator is arranged so that the planes of rotation of the turbine

disks do not intersect any structures, systems, or components required to

function to meet 10CFR100 limits, thus minimizing the probability of adverse

effects from a turbine missile. The orientation of the turbine is shown on

the plot plan, Figure 1.3-1.

3.5.1.3 Missiles Generated by Natural Phenomena

The tornado missiles used for design of the Standard MHTGR plant are those

designated as Spectrum II missiles in Section 3.5.1.4 of the Standard Review

Plan (SRP) for Region I tornadoes. (Ref. 1) Table 3.5-1 summarizes these

3.5-1 Amendment 1
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missiles and missile velocities. As stated in Section 3.3, different

missiles and/or velocities may be proposed in the future based on the results

of the probabilistic risk assessment.

3.5.1.4 Hazards Generated by Events Near the Site

The hazards presented by events occurring near the site are site specific.

Dynamic hazards, such as explosions and explosion-generated missiles, are

expected to be enveloped in all but special cases by the tornado-generated

hazards discussed in the preceding section. Their safety significance is

further reduced by the below-grade placement of nearly all items essential to

safety. For other hazards,,such as combustible and toxic gases, the inherent

passive safety characteristics of the Standard MHTGR, which make unnecessary.

the reliance upon operator action to meet 10CFR100, eliminate such hazards,

in most cases, as safety concerns. As sites are selected for the Standard

MHTGR plants, the possibilities for such events and their consequences will

be assessed on a probabilist ic basis.

3.5.1.5 Aircraft Hazards

The hazards posed by aircraft operations near the site are site specific and

are expected to be enveloped by missile and tornado design provisions. As
sites are selected, this subject will be addressed on a site-by-site basis.

3.5.2 Structures. Systems., and Components To Be Protected from Externally

Generated Hazards

A tabulation of the structures, shields, and barriers for hazard protection

will be developed later as the design develops.

All systems and componen~ts which must fulfill, with a high level of

confidence, their lOCFRlQO-related radionuclide control functions under

design basis conditions are located inside buildings or structures which are

designed to withstand the i act from tornado-generated missiles. The major

portions of the Reactor Buiildings, Reactor Auxiliary Buildings, and Reactor

3.5-2 Amendment 1
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Service Building are below grade and electrical/control interconnections are

- run underground in tunnels between these structures. These tunnels are

located at such a depth that the backfill and tunnel enclosure provide

adequate protection from tornado missiles.

All doorways, hatches, or other closures at penetrations through protective

barriers are analyzed to ensure that the functionality of items which must

3.5-2a Amendment 1
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fulfill, with a high level of confidence, their lOCFR100-related radionuclide

control functions under design basis conditions is not affected by missile

impact.

3.5.3 Barrier Design Procedures

To prevent damage to protected components, missile-resistant barriers and

structures are designed to withstand and absorb missile impact loads without

being fully perforated. In addition, the overall structural response is

evaluated to ensure structural integrity under missile impact loads. For

concrete missile barriers, the possibility of generation of secondary

missiles due to spalling or scabbing is also taken into consideration so that

protective measures can be provided. Minimum thicknesses of concrete tornado

barriers are consistent with the provisions of SRP Section 3.5.3, Table 1.

(Ref. 1) The other barrier design procedures are also consistent with

current LWR practice. (Ref. 2)

3.5-3
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REFERENCES - SECTION 3.5

1. U.S. Nuclear Regulatory Commission (NRC). Standard Review Plan for the

Review of Safety Analysis Reports for Nuclear Power Plants, LWR Edition.

NUREG-0800, Rev. 4. NRC, Springfield, VA, July 1981.

2. Bechtel Power Corporation (BPC). Bechtel Topical Report: Design of

Structures for Missile Impact. BC-TOP-9-A, Rev. 2. BPC, San Francisco,

CA, 1974.
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TABLE 3.5-1

TORNADO MISSILES

Length Weig-ht Design Horizontal Impact Velocity

Missile Descrip~tion m (ft) _kZ (lb) Mn/s (ft/s)

A. Wood plank, 92 mm (3.6 in.)

by 289 mm (11.4 in.) 3.7 (12) 52 (115) 83 (272)

B. 152 mm (6 in. Schedule 40) steel pipe 4.6 (15) 130 (287) 52 (170)

C. 25 mm (1 in.) diameter steel rod 0.9 (3) 4 (9) 51 (167)

D. Utility pole, 343 mm (13.5 in.) diameter 10.7 (35) 510 (1,124) 55 (180)

E. 305 mm (12 in. Schedule 40) steel pipe 4.6 (15) 340 (750) 47 (154)

F. Automobile, m x 2m x .3m (16.4 ft x

6.56 ft x 4.3 ft) - 1,810 (3,990) 59 (194)

Missiles A, B, C, and E can strike at any height of the structures, while the impact height of the utility poles and
automobiles (Missiles D and F) is limited to 9.1 m (30 ft above all grade levels within 0.8 km (0.5 mi.) of the
facility structures. Vertical velocities of 70% of the horizontal velocities are used for all missiles except C,
which is assumed to have the same velocity in all directions.

1 of 1
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3.6 PROTECTION AGAINST DYNAMIC EFFECTS ASSOCIATED WITH THE POSTULATED

RUPTURE OF PIPING

For all piping in areas proximate to systems and components which must

fulfill, with a high level of confidence, their 10CFR100-related radionuclide

control functions under design basis conditions, mechanistic studies are made

to determine the extent of protection, if any, to be provided against the

effects of pipe breaks.

In performing analyses on piping systems, consideration is given to:

1. Stress levels and load combinations.

2. Materials, i.e., corrosion and susceptibility to intergranular stress

corrosion cracking.

3. In-service inspection provisions

4. Unusual conditions, such as water hammer, other repetitive loads and

thermal fatigue.

Where mechanistic analyses show that the break of a pipe has a high enough

probability to be considered as a design basis, all effects of the pipe break

ar considered in the design, including:

1. Pipe whip and reaction forces

2. Jet impingement forces

3. Subcompartment pressurization and temperature rise

4. Flooding

5. Associated transient loads in the unbroken portions of the system.

3.6-1 Amendment 4
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The simultaneous occurrence1 of pipe break and either safe shutdown earthquake
(SSE) or operating basis arthquake (OBE) as in Section 2.6, is considered
too improbable to be incbrporated in the plant design basis. This is
reflected in the loading combinations for structures in Section 3.8. It is
expected that the probabilistic risk assessment (PRA) will confirm the above,
and additional revisions to. load factors and load combinations may be made if
they are supported by the :esults of probabilistic analyses. (Ref. 1) The
current design is based on the following:

1. Venting area currently included in the design of the Reactor Building
is that for the bl~wdown from a double-ended guillotine break of a
main steam line.

2. No special provision's beyond standard power plant industrial practice
are currently included for protection against pipe break effects in
the rest of the plant. Analyses of high and moderate energy lines in
the proximity of systems or components which must fulfill, with a
high level of confidence, their 10CFR100-related radionuclide control
functions under design basis conditions will be performed to assure
adequate protection is provided.
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REFERENCES - SECTION 3.6

1.GA Technologies, Inc. (GA). Probabilistic Risk Assessment for the

Standard MHTGR Plant. DOE-HTGR-86-01l, Rev. 4, August 1987.t
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REFERENCES - SECTION 3.6

1.GA Technologies, Inc. (GA). Probabilistic Risk Assessment for the

Standard MHTGR Plant. DOE-HTGR-86-011, Rev. 3. GA, San Diego, CA,

January 1987.
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3.7 SEISMIC DESIGN

It is the intention to follow current light water reactor (LWR) seismic

analysis and design practice wherever applicable. This section covers

primarily those seismic design features which are unique to the Standard

MHTGR plant.

3.7.1 Seismic Intutt

The seismic requirement for the MHTGR plant is to develop a standard plant

design which could be sited on 85 percent of the prospective U.S. sites. To

satisfy this requirement, over 100 prospective U.S. sites were surveyed and

the appropriate seismic parameters were developed and incorporated into the

seismic analysis to form the basis for the conceptual design.

3.7.1.1 Generic Site Characteristics

The Standard MHTGR is seismically analyzed for the range of site

characteristics with shear-wave velocities varying from 305 to 2438m/s (1000

to 8000 ft/sec), assuming no variation of soil properties with depth.

However, analyses are also performed to assess the effect of significant

variations in soil properties with depth, including layering, as these may

control some aspects of plant design. The foundation material is assumed to

have an allowable static bearing c apacity of 479 kPa (10 ksf) and the normal

groundwater level is approximately 2.4 m (8 ft) below grade.

3.7.1.2 Generic Input Motion

Structures, systems, and components which must serve to ensure with a high

degree of confidence, that systems or components they house can fulfill their

10CFR100-related radionuclide control functions under design basis conditions

for the Standard MHTGR plant are currently designed to accommodate seismic

loadings produced by two earthquakes - the Operating Basis Earthquake (OBE)

with a maximum, free-field zero-period acceleration (ZPA) of 0.15g and the

Safe Shutdown Earthquake (SSE) having a maximum, free-field ZPA of 0.30g.

These accelerations are equal in the horizontal and vertical dir ctions and
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remain constant over the entire range of site shear-wave velocities stated

above. The input motion is applied at the ground surface, not the foundation

level, for these structures, the major portions of which are located mostly

below grade. Appendix A to 10CFR100 specifies that the design ground motion

be applied at the foundation level of Category I structures, With a

deeply-embedded structure, such as the Standard MHTGR plant, however, this

requirement is clearly not applicable. Measurements during actual

earthquakes have shown thatI the free-field ground excitation at a given site

is greatest at the surface and decreases with depth. In addition, the

Regulatory Guide 1.60 designL response spectra, used as the basis for seismic

input, is based on strong arthquake records obtained at the surface level at

various sites. (Ref. 1) The application of the input motion based on

surface records to the foundation level of a structure more than 46m (150

feet) below the surface would yield unrealistic results, particularly in the

upper region of the model. For these reasons, the input motion is applied to

the three-dimensional fini te-element model at the grade level. Input of

seismic wm;cion at the grade level rather than the foundation level was the

strong consensus of the attendees at the Workshop on Soil-Structure

Interaction on June 16-18, 1986 in Bethesda, MD, sponsored by the NRC. (Ref.

2)

3.7.1.3 Validation of a Specific Site

When a specific site is identified and the required seismologic and geologic

data are developed, aL site-specific seismic analysis will be performed

culminating in preparation of floor response spectra (RS). These will be

compared with the Standard MHTGR FRS to assure that the site-specific FRS are

bounded by the Standard FRS.

3.7.1.4 Damping Values

The damping values used are those provided in Regulatory Guide 1.61,

Damping Values for Seismic Design of Nuclear Power Plants, except as

described below. (Ref. 3)
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The damping values used for the steam generator tube bundle are 5 percent and

10 percent for OBE and SSE, respectively, which differ substantially 
from the

values given in Regulatory Guide 1.61. (Ref. 3) These damping values are

based on data obtained from dynamic tests performed on a helical coil tube

bundle similar in design to the Standard MIHTGR tube bundle. This test noted

a minimum bundle damping value of approximately 11 percent of critical

damping. Thus the values chosen for the analysis represent conservative

estimates of the true damping value.

Damping values for the reactor core are 10 percent and 20 percent for the OBE

and SSE respectively. These values are based on data obtained from scale

model tests on a similar core configuration of graphite fuel and reflector

elements. Typical values of 20 percent were obtained when the core is

oscillating as a lumped mass in response to sinusoidal excitation. Such

damping values are mainly attributed to friction and aerodynamic energy

losses, Significantly higher damping was observed when less lumped mass

behavior is exhibitA~d causing additional energy losses from impacts between

elements. The den-ping values chosen, therefore, are cons(-rvative estimates

since the core exhibits less lumping when excited by motions more closely

simulating actual earthquakes.

3.7.1.5 Time History Development

Tim history analyses are performed using synthetic earthquake records,

generated on a basis consistent with the methodology of Regulatory Guide

1.60, as input at plant grade. (Ref. 1) Each horizontal and vertical

synthetic earthquake acceleration time history is 24 seconds long and is

digitized at 0.005 seconds intervals. These synthetic time histories are

scaled to appropriate g-levels, which changes the amplitudes of the response

while leaving the time steps unchanged. Response spectra developed from

these time histories meet the requirements for input response spectra given

in Section 3.7.II.l.b of the Standard Review Plan. (Ref. 4) As shown in

Figure 3.7-1 and 3.7-2, the input spectra that correspond to the input time

historic used, conservatively envelope the Regulatory Guide 1.60 spectra

(Ref. 1)

3.7-3 Amendment 5



HTGR-86-024/5

3.7.2 Plant Seismic Analysis

The general analytical methods used in the plant seismic analysis are, except

where noted in the following discussion, consistent with current LWR

practice. (Ref. 5) The initial analysis described below were performed for

the OBE as this is more limiting than the SSE. In these analyses, seismic

waves are assumed to propagate vertically. The effects of inclined seismic

waves (dependent on fault locations) and building interactions (dependent on

the number of modules) are considered site-specific. These effects will be

accommodated when site-specific analysis are performed. Also, these analyses

include the consideration of codirectional responses from simultaneous time

history inputs in three directions.

3.7.2.1 Analysis of Deeply Embedded Structures

The Reactor Building is a multi-cell reinforced concrete structure set below

grade, as described in Section 6.1.1. Below elevation -10.67 m (-35 ft), the

building is configured as a vertically-oriented cylinder (the silo) and

contains the major NSSS components. A plan of the silo is shown in Figure

3.7-3.At elevation -10.67 m (-35 ft), the shape of the building changes to

a rectangular prism subdiv ided into several compartments to house nuclear

auxiliaries dedicated to each reactor. As described further in Section 6.1,

the four identical Reactor Buildings, along with the two identical. Reactor

Auxiliary Buildings and the Reactor Service Building, also all below-grade

structures, are set in a row. since the Reactor Building is embedded,

seismic analysis techniques for above-grade structures are inappropriate and

soil-structure interaction SSI) effects take on greater importance.

The plant seismic analysis approach is divided into two phases:

o A parametric site scr en .-hg study

o An analysis of three epresentative sites

The objective of the parametric site screening study was to develop three

representatives sites whose soil conditions would envelope 85 percent of the

prospective U.S. sites.
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Based on th specific Nuclear Steam Supply System (NSSS) design currently

available, the parametric site screening study was performed with the CLASSI

computer code to ascertain the site conditions which will produce the largest

seismic responses in selected NSSS components. On the basis of this study,

the following three representative sites shown in Figure 3.7-4 and described

below were selected for further study with the SASSI computer code:

1. A uniform rock site with V - 2438 ms (8000 ft/s) , as it controls

the design in the rigid range of the spectrum (frequency >33 Hz)

2. A linearly varying soil profile from V - 335 in/s (1,100 ft/s) a t

grade to V - 762 in/s (2500 ft/s) at a depth of 47.5 m (156 ft) and

then constant below, since this case represents the maximum linear

rate variation of soil properties over the silo length based upon

available site data. Furthermore, this soil profile controls the

spectrum responses at certain NSSS components in the range of 4 to

11 Hz.

3. A soft soil with V - 335 m/s (1,100 ft/s) down to 22.9 m (75 ft)

below grade overlaying rock with V - 2438 m/s (8,000 ft/s), as it

may produce the limiting conditions for silo design and for its

potential for causing rocking effects.

The above representative sites are, to a large degree, specific to the

current design of the Reactor Vessel and Steam Generator Support Subsystem.

It is likely that, by changing the stiffness of these components and their

supports, the conclusions may change somewhat. However, the three

representative sites should provide a sound basis for developing the

enveloping floor response spectra required for the design of NSSS components.

In the -second phase of the seismic analysis, the MHTGR Reactor Building and

NSSS were analyzed for the three representative sites. These analyses were

performed using the SASSI computer program. (Ref. 6) The objective of the

SASSI analyses were to develop envelopes for tha three representative sites.

These envelopes included:
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o NSSS sp ctra

o NSSS time histories

o Building forces and moments

A plant designed in accordance with these representative site envelopes would

therefore satisfy the seismic input motions at 85% of the U.S. sites. The

SASSI computer program con~s Iders the rigidity of the silo which in soft-soil

sites creates strong kinematic interaction effects leading to effective

seismic motions to the structure quite different from those in the free

field. Since the SASS! program considers silo flexibility, it is

particularly well suited t this second phase of the analysis because the

silo structure has a large depth-to-diameter ratio 
and is fully embedded and

since, for the softer soil Isites, the effect of the dynamic soil pressures on

the silo outer walls must be established for design purposes.

The analysis method used in; the SASSI computer program is the flexible volume

method. This method is formulate'd in the freqc.ency domain using the complex

frequency response method adthe finite element technique. The following

list represents a brief description of the features available in the SASSI

computer program:

1. The three-dimensional linear-elastic finite-element formulation

permits the analyIsis of general three-dimensional structures of

arbitrary geometry.

2. The foundation can be a uniform half-space or can model horizontally

layered media, i.e.1, soil/rock properties can be varied from layer to

layer.

3. The flexibility of, the silo basemat and walls can be considered in

the analysis.

4. The formulation accounts automatically for material damping and

radiation damping (dissipation of earthquake energy through wave

scattering effects).
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5. Nonlinear soil behavior is modeled by th equivalent linear method,

in which an approximate nonlinear solution is obtained by iterating a

linear solution until the soil shear modulus and damping values used

in the analysis are compatible with the effective shear strain

amplitudes computed at all points in the soil mass system.

Several studies using the SASSI program have been performed to provide

verification for the procedure used, with the results discussed in Section

3.7.5. A preliminary model for SSI analysis of the Reactor Building silo is

shown in Figure 3.7-5. The rectangular portion of the reactor building from

elevation 0.0 m to -10.7 m (-35.1 ft) was modeled as a cylinder by

incorporating the appropriate mass and stiffness properties. This approach

conservatively neglects the additional soil/building interface area

contributed by this portion of the reactor building. The. mass and stiffness

properties of the internal walls were modeled by a vertical beam connected to

the silo at the appropriate points. The NSSS model is included in the SASSI

model. A summary of this NSSS model is shown in Figure 3.7-5 and the

complete SASSI NSSS model is shown in Figure 3.7-6.

3.7.2.2 Development of Floor Response Spectra

The SASSI analysis results in floor response spectra at selected nodes

identified in the mathematical model. The floor response spectra are

converted into design response spectra by a smoothing and broadening process

to eliminate valleys and various spectral fluctuations and by an enveloping

process to obtain a single spectrum from those for the upper and lower bounds

of soil moduli. This procedure is consistent with the methodology of

Regulatory Guide 1.122. (Ref. 7)

Variations of structural properties, damping, soil properties, and

soil-structure interaction could shift the peak values of the floor response

spectra on either side of the indicated frequency. To account for these

variations, the peaks of the spectra obtained from the analysis are widened

by plus or minus 10 percent.
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Separate response curves are obtained at each node for each soil case

calculated. A single spectrum is developed at each node for several damping

values which envelop the range of soil cases considered. This is done to

simplify the analysis and qualification of systems and components which must

fulfill, with a high degree of confidence, their 10CFR100-related

radionuclide control unctions under design basis conditions. Where this

procedure is found to be too conservative, however, the response spectra for

individual soils may e used.

In addition, the SASSI analysis produced time histories at selected nodes in

the NSSS.

3.7.2.3 Interaction of Structures

Those structures or other tems which need not serve to ensure the continued

functionality of systems or components to meet the limits of 1CFR100 but are

connected to, supported by or adjacent to structures which do serve. to ensure

such continued functionality are analyzed for SSE loadings to assure that

they do not fail in such a way as to prevent the latter facilities from

performing their required functions.

3.7.2.4 Torsional Effects

In the three-dimensional inite-element analysis of below-grade structures

which must serve to ensure, with a high degree of confidence, that systems or

components they house can fulfill OCFRIOO-related radionuclide control

functions under design basis conditions torsional effects are inherently

accounted for in the analysis so no artificial torsional loads will be

imposed.

In the analysis of structures founded at grade, however, torsional effects

are considered as they are in LWR design practice.
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3.7.3 System Seismic Analysi

3.7.3.1 Analysis/Qualification by Test of Mechanical and Electrical

Components

3.7.3.1.1 General

The system or component is analyzed using the seismic input (floor response

spectra or time histories) derived at the particular points of support on the

structure. Only the significant modes of the mathematical model which

contribute to the total combined modal response of the system are included in

the analysis. The number of significant modes is determined such that

inclusion of additional modes will not result in more than a 10 percent

increase in total response. Where the response spectrum method is used,

the individual modal responses are combined by the square root of the sum of

the squares (SRSS), except for closely spaced modes (frequencies less than

about 10 percent apart), where the modal responses are combined by the

absolute sum. This analysis is performed independently in each of the t"

horizontal directions and in the vertical direction. The total response from

either time history or response spectra analysis is obtained by taking the

SRSS of the representative maximum values of each of the three directions.

The total response is compared with allowable values. This is consistent

with Regulatory Guide 1.92. (Ref. 8)

3.7.3.1.2 Steam Generator Isolation Valves and Primary Coolant Pressure

Relief Valves

The steam generator isolation valves and primary coolant pressure relief

valves must perform their mechanical motion during and after a seismic

event. A qualification program consistent with Regulatory Guide 1.148 and

comprising qualification tests and/or analyses of these valves assures

operability during and after a seismic event.

The operability of the valves is assured through an extensive program of

design verification, qualification testing, and thorough surveillance of the

manufacturing, assembly, and shop testing of each active component. Each
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aspect of the design related to pressur boundary integrity and operability

is either tested or verIified by calculations. Test methods and test

requirements are consistent with the provisions of IEEE Standard 344-1975.

(Ref. 9) The design analyses of the component take into consideration all

environmental conditions, including loadings developed from seismic,

operational effects, and pipe loads. If necessary, the conclusions of these

analyses will be confirmed y test.

Procurement specifications Ifor the valves stipulate that vendor shall submit

either detailed calculations and/or test data to demonstrate operability when

subjected to seismic excitaItion. The decision to accept actual or prototype

test data or analysis for operability assurance is made during the normal

design and procurement process. The decision to test is based on (1) whether

the component is amenable to analysis, (2) whether proven analytical methods

are available, and (3) whether applicable prototype test data are available.

If analysis or prototype test data are not sufficient, testing will be

conducted to qualify the component or to verify the analytical technique.

The valves shall be designed to have a first natural frequency which is

greater than 33 Hz. This is shown by suitable test or analysis.

An analysis of the extended valve structure is also performed for static

equivalent seismic SSE loads applied at the center of gravity of the extended

structure.

Where appropriate, valve stem deflection calculations are performed to

determine deflections due Ito short term seismic loadings. Deflections so

determined are compared to allowable clearances. It must be noted that

seismic events are of short duration; thus, contact (if it occurs) does not

necessarily mean that operability is adversely affected.

3.7.3.1.3 Plant Protection and Instrumentation System

The Safety Protection Subsystem of the Plant Protection and Instrumentation

System (PPIS) is that portion of the PPIS which performs 10CFR100-related

functions. it includes the reactor trip instrumentation hardware and

associated system sensors which are used to detect abnormalities in the plant
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process variables. The reactor trip instrumentation activates either the

outer bank of control rod assemblies or the reserve shutdown control

equipment (RSCE) in response to sensor trip parameters. In addition, the

main loop shutdown trip closes the steam generator isolation valves and opens

the main circulator breakers. The sensors include the ex-core neutron flux

detectors located outside the reactor vessel, primary coolant pressure

transducers at the core inlet and outlet, resistance temperature detector

(RTD) at the circulator outlet, and circulator speed probe. A detailed

description of this equipment is given in Section 7.2.1. 

The reactor trip and main loop shutdown instrumentation hardware and sensors

are designed to withstand the forces imposed by the OBE and SSE so as to

remain functional during and after either earthquake. System failures which

could result in loss of function are identified as follows:

1. Loss of capability to de-energize the breakers to trip the control

rods and main circulator, and to close the steam generator isolation

valves

2. Loss of capability to energize the fusible links to dump the reserve

shutdown control (RSC) material

3. Sensor mechanical failure

Seismic qualification testing of this equipment to assure no loss of function

is performed on a basis consistent with provisions of IEEE Standard

344-1975. (Ref. 9)

3.7.3.2 Piping Analysis, Air Panel and Duct Analysis, Electrical Raceway

Analysis

For these items, the procedures and criteria used for seismic analysis are

comparable to those committed to in recent LWR Final Safety Analysis Reports

(FSARs).
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3.7.3.3 Buried Pipe and Tun~nels

For these items, the procedures and criteria used for seismic analysis are

comparable to those committed to in recent LWR FSARs.

3.7.3.4 Analysis of Reactor System

The Reactor System, including the cre and its support components, and

portions of the the neutron control systems must perform, with a high degree

of confidence, 10CFR100-related radionuclide control functions under design

basis conditions. Since the seismically induced forces on these components

from an OBE or an SSE could potentially affect the safe operation and safe

shutdown of the reactor, the criteria and methods described below are aimed

at providing assurance thatI these components can be adequately designed to

assure their continued functionality during and after these events.

3.7.3.4.1 Reactor Core and Core Supports

The scope of the reactor core analysis includes the fuel elements, plenum

elements, inner and outer reflector elements, permanent side reflector, core

support posts, core metallic support structure and core barrel lateral

restraint structure.

The approach to verifying the design adequacy of the core and the core

support structures is based on a combination of analysis and testing. it

includes the development of analytical methods and a validation of those

methods through correlation with model test data. Analysis and testing of

core components are also performed to establish their structural strength

capacity. Application of this data will, in combination with design

conditions other than seismic, demonstrate the compliance with all design and

licensing requirements.

Since the Standard MHTGR core design has evolved from past prismatic designs

(the fuel elements are identical to the Fort St. Vrain fuel elements except

that four dowels are employed instead of three and the graphite grad is

H-451 instead of H1-327), th design data generat d in the past can be
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employed to a considerable extent. This includes computer codes and data

developed from the core seismic program initiated for the 3000 MW(t) Summit

plant and concluded during the 2240 M4W(t) steam cycle/cogeneration project.

The design of HTGR cores is unique in the sense that conventional analytical

methods and code standards are not readily applicable. The core represents

analytically a structure with dominant nonlinear features caused by

clearances between fuel elements which tend to become larger with element

residence time due to irradiation shrinkage of graphite. Other

non-linearities are the structural discontinuity of stacking the elements on

top of each other and the clearances in the dowel/socket links which provide

vertical alignment of the elements in a column. These non-linearities alto

exist in the permanent reflector structure. Subjected to seismic

disturbances, the core elements, therefore, are free to displace laterally by

the amount of the accumulated clearances. This can cause the elements to

impact each other. Since the core is not restrained vertically, the elements

can also levitate if subjected to high vertical acceleration levels.

The structural integrity of the core and the support structures is required

to be maintained for the OBE and SSE events. At and below the OBE level,

normal reactor operation should be able to be maintained during the

earthquake or resumed after shutdown and inspection. Up to the SSE level,

however, the ability to insert control rods into the replaceable reflector

columns or reserve shutdown material into the innermost fuel columns during

or after the earthquake must be maintained. The structural failure modes

which could cause these requirements not to be satisfied have been identified

as follows:

1. Fuel element and replaceable reflector element fracture and

separation into pieces

2. Failure of fuel element or replaceable reflector element dowels

causing vertical misalignment

3. Failure of core support posts causing collapse of core
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4. Vertical separation (levitation) of fuel elements or replaceable

reflector elements from the dowels causing vertical misalignment

5. Failure of the metallic core support structure causing core collapse

6. Failure of core barrel seismic keys causing excessive core

deflections

To adequately demonstrate that the failures listed above are very unlikely,

stress criteria consistent with ASME III, Div. 1, subsection NG for steel

structures and ASME III, Dv. 2 for the permanent side reflector and core

support graphite govern their design. (Ref. 10) For the fuel and replaceable

reflector element graphite, stress criteria currently under development will

govern.

The development of these stress criteria for graphite is based on

probabilistic considerations and includes a dam;age model which equates damage

(failure) with the inability of the graphite component to accommodate safe

shutdown by insertion of control rods or RSC material. Based on the risk

contributions from graphite damage to the overall plant risk envelope,

reliability allocations for the structural components are obtained. These

allocations are then expressed in terms of non-probabilistic structural

requirements such as stress -to- strength limits.

The seismic analysis of the core is performed with the two-dimensional

special purpose computer codes CRUNCH-2D and MCOCO, which account for the

non-linearities in the structural design. Both RUNCH-2D and MCOCO are based

on the use of lumped masses and inertia concepts. A core element, therefore,

is treated as a rigid bod while the element flexibilities are input as

discrete springs and dampers at the corners of the element. CRUNCH-2D models

a horizontal layer of the core and the core barrel structures

(Figure 3.7-7). The model is one element deep and can represent a section of

the core at any elevation. MCOCO models a strip of columns in a vertical

plane along a core diameter and includes column support posts and core barrel

structures (Figure 3.7-8). The strip has a width equal to the width of a

permanent reflector block. Both models extend out to the reactor vessel,

3.7-14 Amendm nt 5



HTGR- 86 -024/_'-

which is considered rigid. Time history motion is input to the models at the

rigid boundary. The models calculate core element relative horizontal and

vertical displacements, impact forces, dowel forces, and core support

forces. The combined use of the two-dimensional horizontal and vertical

models and accounting for biaxiality effects provides the core response in

three dimensions.

Seismic stresses in the hexagonal fuel elements and reflector elements are

obtained from the two-dimensional finite-element code TWOD using the maximum

equivalent static element loads from CRUJNCH-2D and MCOCO as input. The peak

stress-to-strength ratio for the element is calculated and added to the peak

stress-to-strength ratios for thermal and irradiation induced loads to obtain

the maximum combined stress to strength ratio. This provides a conservative

estimate of margin to failure.

To provide adequate verification of the Standard MHTGR core design, the

current data basc- will be supplemented with several tests. The core element

impact load predictions from CRUNCH-2D and MCQCO will be validated with data

from seismic tests on a small array of full-scale fuel elements and

replaceable reflector elements. The elements will be tested to failure by

applying an artificial earthquake at increasing intensities. The structural

integrity of the elements will be observed as cracking or other structural

damage takes place. Dynamic strength tests on single fuel elements Vill also

be performed to determine crack progression to failure and the failure load.

For this purpose, virgin fuel elements and irradiated fuel elements with

residual stresses from extended exposure to temperature and fluences

representing Standard MHTGR core conditions will be tested by simulating

actual earthquake loadings on the elements. The results aim to validate the

dynamic strength predictions made with the TWOD static finite-element code

and the assumption that the seismic and thermal/irradiation induced stresses

can be linearly combined.

3.7.3.4.2 Neutron Control Subsystem

Th seismic qualification of the Neutron Control Subsystem includes the

control rod assemblies and the reserve shutdown control equipment (RSCE)

assemblies and their associated electrical controls.
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The design of this equipment, which is described in detail in Sections

4.3.4.2 and 4.3.4.3, has several seismic features. The control rod and

reserve shutdown control assebis located in penetrations in the top head

of the reactor vessel, are sesialy supported by a skirt structure off the

reactor vessel head. Guid tue between the penetrations and the core

provide guidance for the ro ds during insertion and withdrawal from the core.

Similar guide tubes funnel the shutdown material into separate core

channels. The control equipment for initiating reactor trip or RSE

activation is mounted in the Reactor Building of the associated reactor

module. Following receipt of a trip signal, the control rods fall by gravity

into the core, where the downward motion is slowed by dynamic braking through

the torque motor. The reserve shutdown pellets are dumped into the core by

breaking the fusible links holding the RSE hopper gate shut.

It is required that the str uctural integrity and the safe shutdown functions

of the neutron control asseImblies are maintained for the OBE and SSE events.

At the OBE level, the ne.'tron control assemblies must be able to perform

their safety functionUL. Additionally, the ability to perform their power

generation function during and after the earthquake should also be

maintained. Their operation must be unaffected by any credible misalignment

of the core control channels due to core deflections as a result of the

seismic disturbance. a maximum misalignment of 7.6 cm (3 in) is allowed. At

the SSE level, the neutron control assemblies must retain their safety

function during and after the earthquake. The failure modes which could

cause the seismic requirements not to be satisfied are identified as follows:

1. Control rod assembl - -

a. Drive mechanism mechanical or electrical failure

b. Rod binding in the core channel causing delay in rod insertion

time

c. Rod structural failures due to impact
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d. Guide tube displacement or failure causing vertical misalignment

with the core control channel

e. Failure of penetration support structure

2. Reserve shutdown control equipment assembly - -

a. Hopper gate mechanism mechanical or electrical failure

b. Guide tube displacement or failure causing vertical misalignment

with the core control channel

C. Failure of penetration support structure

Analyses to determine the structural adequacy of the penetration support

structure and the control rod components are performed. In addition,

qualification tests or. control rod -tnd reserve shutdown assembly prototypes

in a test rig, which simulates the penetration support structure and the

reactor core, are undertaken to demonstrate the required performance in a

seismic environment.

The electrical panels associated with the safe shutdown function of the

Neutron Control Subsystem control equipment will be seismically qualified by

test. (Ref. 9)

3.7.3.5 Analysis of Vessels and Supports

The Vessel System, including the support subsystem, is analyzed using the

NSSS finite-element model and response spectra input generated by the plant

seismic analysis discussed in Section 3.7.2. This three-dimensional

finite-element model is based on the Vessel System arrangement and is shown

in Figure 3.7-6. The analysis is performed using the ANSYS computer code and

the analysis procedures discussed in Section 3.7.3.1.1. (Ref. 11)

In the finite-element model, each component is r presented by a series of

beam-like structural elements with occasional use of lumped-mass or spring
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elements. Each beam element is defined by the coordinates of its endpoints,

its cross-sectional area, m~oment of inertia and elastic material properties.

The values are specified constants based on the nominal dimensions and

material properties of the components. The material properties are dependent

on the component temperatuIre and are assumed constant over the life of the

plant; material degradation' during the life of the plant is accounted for in

the detailed stress analysis of the component using the seismic responses

generated by this analysis.

In this Vessel System Imodel, the uniform masses of the elements are

concentrated at a series of mass points or nodes. The nodes are selected at

changes of sections, locations of component support, or at intermediate

locations to limit the length of the elements so that the model will

adequately represent the actual system. The total number of mass points is

taken to be equal to at least twice the number of modes with frequencies less

than 33 Hz.

The local shell flexibilities at the vessel support points are accounted for

by modeling dummy beam elements at the shell-to-support interface. These

dummy beams have stiffness properties which reflect the shell flexibility at

the interface. This flexibility at the interface is determined by either a

finite-element analysis of the interface region or by the procedure described

in Reference 12.

Further detailed finite-element modeling and analysis are performed to

determine vessel stresses Iat critical locations such as the vessel/support

interfaces and vessel/crossduct intersections. The seismic response loads

from the NSSS model are used as input to these models.

3.7.3.6 Analysis o Steam Generator Components

A three-dimensional finite-Ielement model of the steam generator is generated

using the ANSYS computer pgram. Taking advantage of symmetry, a one-half

(l8O' section) of the geometry is modeled. Shell elements are used to model

the shrouds and the radialI tube support plat s. The helical tubes are

treated as circular rings6Z de to the small helix angle and modeled by beam
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elements. A lump d tube system with equivalent cross-sectional properties is

used in the model. This equivalent model is considered appropriate for

preconceptual design. The radial and vertical displacements of the elements

representing the tubes are coupled with the respective displacements of the

radial support plates at the locations of intersection. The contact

interaction between the radial support plates and the shrouds is modeled by

the uniaxial gap elements. The seismic input to the steam generator is

derived from the analysis of the SSS model (Figure 3.7-4).

3.7.4 Seismic Instrumentation

The seismic instrumentation program (see Section 7.4.3) is consistent with

the Regulatory Guide 1.12, Rev. 1, except for the items listed below:

(Ref. 13)

1. Response spectrum recorders are not supplied as discrete

instruments. A permanently installed response spectrum analyzer

provides more complete information than that provided by response

spectrum recorders. Data from the strong motion accelerometers are

fed into the response spectrum analyzer to produce earthquake spectra

immediately following an earthquake. The response spectrum analyzer

is located in the Reactor Service Building with readout both there

and in the Control Room. This system achieves the intent of

Regulatory Guide 1.12, Revision 1. (Ref. 13)

2. Instruments are located at the top and bottom levels of the Reactor

Building similar to those required by Regulatory Guide 1.12 at th

base and operating floor of the containment building of an LWR.

(Ref . 13) The first two Reactor Buildings on a site will be

instrumented to allow for one set of instruments being out of

service. Instruments are also located at the base level and grade

level of the Reactor Service Building and in the free field.

The remainder of the seismic sensing instrumentation is located on a basis

consistent with the intent of the regulatory position of Regulatory Guide

1.12 which acknowledges the basic differences in characteristics between the

MHTGR and LWRs.
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3.7.5 Results Smic nalyses

Initial seismic analyses have been performed for the Reactor Building, theVessel System including sports, and the reactor core and internal structure
using the methodology described in Sections 3.7.1 through 3.7.3. Results
indicate that these key elements in the Standard MHTGR design will haveacceptable stresses or otherwise perform their required functions whensubjected to the SSE. Based on these results, it is anticipated that theStandard MHTGR can be demonstrated to perform the four radionuclide control
functions given in Section 3.2 during seismic events up to and including th
SSE.

3.7.5.1 Reactor Building

Figures 3.7-9, 3.7-10 and 13.7-11 compare spectra at three selected nodes atthe NSSS/building interface with the free field input spectra. The spectra
in these three figures are in the horizontal direction perpendicular to thecross duct (tangent to the vessels). Although the NSSS/building interface
spectra consider codirectional responses from all three input directions, theless significant input spectra in the horizontal direction parallel to thecross duct and in the vertIical direction are not plotted for clarity. Allspectra on these figures ae at the two percent damping level. These plotsshow that the embedded rc tor building approach used for the MHTGR' results
in very low levels of seismic amplification at the NSSS supports as compared
to buildings founded at or nar grade.

An assessment of the st ructural adequacy of the Reactor Building wasperformed. The structural code used was ACI 349 modified in accordance withSection 3.8 of the PSID to be consistent with Regulatory Guide 1.142. (Ref.
14) The loads considered were:

o Static earth plus groundwater pressure

o Dead Weight

o Seismic loads from te SASSI analysis. The envelope loads from the
three representative ites were used.
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These loads with the appropriate ACI 349 load factors were applied to a
separate finite element model of the Reactor Building and the following
maximum membrane shear stress and moments resulted:

o Membrane shear 117MT/m2 (24 k/ft2)

o Meridian moment 279MT-m/m (616 k-ft/ft)

o Circumferential moment 148MT-m/m (326 k-ft/ft)

These stresses and moments resulted in the following reinforcing densities:

o Maximum 208kg/m3 (351 lb/yd3)

o Typical 95kg/m3 (160 lb/yd3)

These reinforcing densities are within the code maximum/uf nimum limits and
are very reasonable for this structure.

This preliminary analysis demonstrates that the MIHTGR embedded reactor
building as designed is structurally adequate when sited on 85 percent of the
prospective U.S. sites during the SRDC 5 event of interest.
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3.8 DESIGN OF STRUCTURES

The description of buildings and structures, including their function and

classification, is given in Chapter 6. This section describes the criteria

to be applied to the design of structures which must serve to ensure, with a

high level of confidence, that systems or components they house can fulfill

their 10CFR100-related radionuclide control functions under design basis

conditions in general. Chapter 6 gives its applicability to each facility

described.

3.8.1 Alicable Codes. Standards, and Secifications

3.8.1.1 Design Codes

Buildings and structures which must serve to ensure that systems or

components they house can fulfill 10CFR100-related radionuclide control

functions under design basis conditions are currently designed and

constructed in accordance with the applicable sections of the following

codes:

1. ACI-349, American Concrete Institute, Code Requirements for Nuclear

"Safety-Related" Concrete Structures

2. AISC-S326, American Institute of Steel Construction, Specification

for the Design. Fabrication and Erection of Structural

Steel for Buildings.

3. ASME-III, American Society of Mechanical Engineers, Boiler and

Pressure Vessel Code, Section III, Division 1 Nuclear

Power Plant Components

These codes are utilized because they presently provide the most reasonable,

practical, and currently established methodology for the practical design of

structures which serve to ensure, with a high degree of confidence, the

continued functionality of systems or components they house under the

conditions described in Sections 3.3 through 3.7. While the Integrated
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Approach is founded upon a mechanistic, probabilistic basis, as noted in

Section 3.2.3.1 the mea'ns for assessing external hazards and their

consequences on a purely probabilistic basis are only in the early stages of

development. This includes a process for assessing the fragility of

structures designed to various codes in response to seismic events of varying

intensity. Should validated analytical methodologies consistent with the

basic philosophy of the Integrated Approach be developed and found capable of

providing results in which adequate confidence can be placed, these codes may

be modified or other codes applied. In such an event, an appropriate

amendment will be made to a licensing documents submitted to the NRC.

3.8.1.2 Applicable NRC Regulatory Guides

On the same basis as has been applied in the selection of design codes, the

methodologies set forth in the following Regulatory Guides, as supplemented

by current state-of-the-art. design approaches, are applied to the design of

the Standard MHTGR:

1. 1.60, Design Response Spectra for Seismic Design of Nuclear Power

Plants

2. 1.61, Damping Values for Seismic Design of Nuclear Power Plants

(Modified as specified in ASME Code Case N-411 and in Section

3.7.1.4)

3. 1.92, Combined Modal Responses and Spatial Components in Seismic

Response Analysis

4. 1.122, Development of Floor Design Response Spectra for Seismic

Design of Floor-Supported Equipment or Components

5. 1.142, Safety-RelatIed Concrete Structures for Nuclear Power Plants

(Other than Reactor Vessels and Containiments) (Regulatory Positions

6, 10, and 11 only)
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. 3.8.2 Loads and Loading Combinations

As a result of probabilistic analysis, different loads and load combinations

may be specified.

3.8.2.1 Loads

The primary loads considered in the design of reinforced-concrete structures

which must serve to ensure, with a high level of confidence, that systems or

components they house can fulfill their 10CFR100-related radionuclide control

functions under design basis conditions are as follows:

1. The dead load (D) includes the weight of the following:

a. The major reinforced concrete and structural steel structures.

The unit weight of concrete of 2403kg/mn3 (150 lb/ft 3) is

used.

* ~~~b. All major equipment

C. An allowance of 2.39 kPa (50 lb/ft2 ) on floors, where

applicable, to account for the load of small piping, electrical

trays, small equipment, etc.

2. The live load (L) has the following characteristics:

a. For local structural design, the following live loads ae

applied:

Ground floor 12.0 kPa (250 psf)

Concrete floors at 9.58 kPa (200 psf)

elevations other than grade

Platforms and Grating 4.79 kPa (100 psf)

Stairs and walkways 4.79 kPa (100 psf)

Roofs (snow load) 2.39 kPa ( 50 psf)
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b. For global structural design involving the entire structure i

(such as seismic), the live load considered will be those loads

expected to be present during plant operation or during

maintenance activities, depending on the function of a specific

area. For eample, the simultaneous presence of cranes and

other mobile maintenance equipment as well as laydown loads

will be considered only if consistent with predicted possible

maintenance oerations. Given the overall light occupancy of

power plants, occupancy load need not be considered when

investigating the behavior of a structure or a large portion

thereof.

Seismic loads (E0 and E) are from the operating basis earthquake (OBE),

and the safe shutdown earthquake (SSE), respectively. These seismic loads

are inertial forces corresponding to maximum accelerations at floor

elevations given for a range of site conditions. Seismic loads are

determined based on analysis as described in Section 3.7.

Thermal loads (T0 and T) and pressure loads (P will be determined

later. T0 is the operatIing thermal load on the structure, and T and

Pa are loads due to credible accident events.

Wind loads are given in Section 3.3.1.

Tornado loads (Wt), including wind pressures, differential atmospheric

pressures, and missile spectrum, are given in Sections 3.3.2 and 3.5.

3.8.2.2 Loading Combinations

Table 3.8-1 shows the load combinations specified in AI 349 as modified by

Regulatory Guide 1.142, Revision 1, Regulatory Position 6 (see

Section 3.8.1). These load combinations are based on the strength design

philosophy. As stated in ISection 3.6, some of these load factors and load

combinations are believed t o be too conservative (load combinations 7 and 8,
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. for example) and are modified as shown in Table 3.8-1. Table 3.8-2 gives the

definition of the symbols used in Tables 3.8-1.

Elastic working stress design methods as specified in Part 1 of the AISC

Specification for the Design, Fabrication, and Erection of Structural Steel

for Buildings (see Section 3.8.1.1.) are used for design of all steel

structures which must serve to ensure, with a high degree of confidence, the

continued functionality of certain systems and components under both service

load and factored load conditions. (See Table 3.8-2 for the definition of

symbols used in the following load combinations.)

For service loads, including earthquake (OBE) and wind loads (if applicable),

the following AISC load combinations are satisfied:

1. S D +L

2. S-D +L +E 0

3. S D +L +W.

If thermal stresses due to T and are present, the following com-

binations are also satisfied:

1(a). l.5 S D +L +T + R

2(a). 1.5 SD +L +To +R 0 +E 0

3(a). 1.5 S D +L +To +R + W.

Both cases of L having its full value or being completely absent are checked.

For factored loads, including earthquake (OBE or SSE), tornado and pipe break

effects, etc., the following load combinations are satisfied:

4. 1.6 S - D +L To + R E55
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5. 1.6S- D +L +To + Ro +WT

6. 1.6 S - D +L +Ta +Ra 

7. 1.6 S - D +L +Ta +Ra + P + 1 0 Yr + Y +Ym)

8. 1.7 S D L +Ta + Ra +P + 1.0 (r+ Y + Y)

In combinations 4 to 8 inclusive, thermal loads may be neglected when it can

be shown that they are secondary and self-limiting.

In combinations 6, 7, and 8, the maximum values of Pa T Ra Yr

YV and Ymy including an appropriate dynamic load factor, are used unless.

a time-history analysis is p~erformed to justify otherwise.

Combinations 5, 7, and 8 are first satisfied without the tornado missile load

in 5 and without r' Y and m in 7 and 8. When considering these

loads, however, local section strengths may be exceeded under the effect of

these concentrated loads, provided there is no loss of function of any

"safety-related" system. If non-linear concrete behavior is considered in

the design of concirete missile barriers, ACI 349-76 and its 1979 Supplement,

as modified by Regulatory Positions 10 and 11 of Regulatory Guide 1.142,

Revision 1, will be utilized in the design of such barriers.

For stability investigation, the structures which serve to ensure, with a

high level of confidence, that systems or components they house can fulfill

their 10CFR100-related radionuclide control functions under design basis

conditions and their foundations are checked to meet a set of minimum factors

of safety against the load combinations given in Table 3.8-3.
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3.8.3 Design and Analy sis Procedures

3.8.3.1 Analysis Procedures

Structural analysis of the below-grade portion of the Reactor Building is

performed using a general purpose, three-dimensionsl analysis program.

Boundary conditions of the three-dimensional model at the soil/structure

interface are represented by linear spring elements at each node of the model

in three orthogonal directions. The spring constants are obtained using the

half-space theory.

Classical theory, equations, and numerical methods are used as necessary in

the analysis of other structures which serve to ensure, with a high level of

confidence, that systems or components they house can fulfill their

10CFR100-related radionuclide control functions under design basis

conditions.

Loads and loading combinations as delineated in Section 3.8.2 are con-

sidered. Wind loads, tornado loads, and accident loads are converted to

equivalent static loads and are applied to the structure as uniform or

concentrated loads.
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Linear structural analysis of the models are performed under the action of

loads described in Section 3.8.2.1. Reinforced-concrete sections are

designed to satisfy the requirements described in Section 3.8.2.2 using all

the loads except for the temperature loading. A two-step analysis procedure

is employed to determine the thermal stresses. A linear analysis of the

structure designed for mechanical loads is performed under the thermal

loading. The concrete sections where the tensile stresses exceed the rupture

strength of concrete are identified as cracked sections. The stiffness of

the cracked sections are reduced, taking into consideration the extent of

cracking. The structure is reanalyzed under the thermal loads using the

modified stiffness properties. The sections are evaluated for their ability

to resist the effect of mechanical plus thermal loads. The reinforcement and

concrete thicknesses are adjusted based on this evaluation.

3.8.3.2 Design Procedures

Design procedures are in accordance with the applicable portions of the

codes, standards, and specifications listed in Section 3.8.1.

Reinforced-concrete structural elements are designed by the strength method

in accordance with the ACT 349 code.

Structural steel frames or components of the buildings are designed by the

elastic analysis method in accordance with the provisions of AISC-S326.

Classical methods used in the design are those in standard textbooks,

handbooks, and publications as used in engineering practice.

3.8.4 Structural Acceptance Criteria

The structural design complies with all the applicable requirements of the

codes, standards, and specifications in Section 3.8.1.
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3.8.5 Materials

Normal-weight concrete with a 28-day cylinder strength of 27.6 MPa (4000 psi)

is used. The constituents of the concrete and the methods of mixing,

testing, transporting, pouring, and curing are all in accordance with the AI

349 Code requirements.

All reinforcing steel conforms to ASTM A-615, Grade 60.

Structural steel conforms to ASTM-A36.

Supports for those components found to be required to be designed to ASME

Section III to meet the top-leve criteria conform to ASME Section III, Div.

1, Subsection NF.

3.8.6 Testing and Inservice Icpection Requirements

There are no requirements for post-construction testing or inspection of any

Standard MHTGR structure.
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TABLE 3.8-1

LOAD COMBINATIONS AND LOAD FACTORS(')

D F L H R0 Ec, W E5 s Wt Ta Ra Pa Yr Yj Ym To

1 1.4 1.4 1.7 1.7 1.7

2 1.4 1.4 1.7 1.7 1.7 1.9

3 1.4 1.4 1.7 1.7 1.7 1.7

4 1.0 1.0 1.0 1.0 1.0 1.0 1.0

5 1.0 1.0 1.0 1.0 1.0 1.0 1.0

6 1.0 1.0 1.0 1.0 1.0 1.0 1.5

7(2) 1.0 1.0 1.0 1.0 1.0 1.0 1.25 1.0 1.0 1.0

8(2) (not critical)

9 1.05 1.05 1.3 1.3 1.3 1.3

10 1.05 1.05 1.3 1.3 1.3 1.4 1.3

11 1.05 1.05 1.3 1.3 1.3 1.3 1.3

(')Refer to Table 3.8-2 for definition of symbols
( 2 )The combination of earthquake and pipe break is not considered. This will be

confirmed by the PRA.
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TABLE 3.8-2

SYMBOLS USED N LOAD COMBINATIONS

Symbol Description

D Dead loads

Eo ~ Operating basis earthquake loads

Ess Safe shutdown earthquake loads

F Lateral and vertical pressure of liquids

F1 Buoyant force due to maximum groundwater level

F2 Buoyant force due to maximum flood level

H Lateral earth pressure

L Live loads

Pa Differential accident pressure loads

R a Accident pipe reaction loads

Ro ~ Operating pipe reaction loads

S Section strength for structural steel determined on the basis of

the elastic design methods and allowable stresses defined in Part

Llof the AISC specifications

Ta Accident temperature loads

To ~ Operating thermal loads

U Section strength for reinforced concrete based on the strength

design method

W Severe wind loads

Wt ~ Tornado loads

Yr ~ Equivalent static load on the structure generated by the reaction

on the broken pipe during [a credible accident event]

Y. Jet impingement equivalent static load on the structure generated

by the broken pipe during [a credible accident event]

YM ~ Missile impact equivalent static load on the structure generated by

or during [a credible accident event], such as pipe whipping
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TABLE 3.8-3

STABILITY FACTORS OF SAFETY

Minimum Factor of Safety

Load Gombinations(') Overturning Sliding Floatation

(a) D + H + E 1.5 1.5

(b) D + H + W 1.5 1.5

(c) D + H + E 1.1 1.1

(d) D + H + WT 1.1 1.1 

(e) D + F1 1.5

(f) D + F2 - 1.1

(')See Table 3.8-2 for definition of symbols.
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. 3.9 DESIGN OF MECHANICAL SYSTEMS AND COMPONENTS

This section describes the design of mechanical systems and components for the

Standard MHTGR. Mechanical systems and components required to fulfill

10CFR100-related radionuclide control functions under design basis conditions

to meet the Top-Level Regulatory Criteria are designed to the applicable

sections of ASME III (Ref. 1) as described below. Should validated methods

consistent with the basic philosophy of the Integrated Approach be developed

and found to be capable of providing results in which adequate confidence can

be placed, the ASME Code may be modified or alternative methods applied and

submitted for NRC concurrence.

This code is utilized because it provides the most reasonable, practical, and

currently established methodology for the design of mechanical systems and

components which must fulfill, with a high degree of confidence,

10CFR100-related radionuclide control functions under design basis conditions.

The loads and load combinations to be applied are discussed in Section

3.2.3.1. Exceptions to these loads and load combinations may be proposed based

upon the results of relevant probabilistic analyses or assessments.

3.9.1 Plant Duty Cycle

The plant duty cycle establishes the plant design events, their frequency of

occurrence, and the ASME Boiler and Pressure Vessel Code Service Level for

operation of a Standard MHTGR. The plant duty cycle is developed based on a

plant operating life of 40 calendar years from the start of operation at 80%

capacity factor. Both base load and load following operation are accommodated

as well as occurrences which result from unplanned component failures or

protective trips. The weekly load following cycle shown in Figure 3.9-1 is

used when the plant is operated in a load following mode.

The events which make up the plant duty cycle for the Standard MHITGR are listed

in Table 3.9-1.

Included in Table 3.9-1 are normal operating events and events which result

from protective trips or from failure of plant components or systems. The

3.9-1 Amendment 1



HTGR-86-024 (

individual events may have several initiating causes. The total number of

design occurrences for each event is the sum of occurrences due to all

initiating causes. The number of occurrences is based on a conservatively

high estimate such that the character and frequency of unlisted events of

significant probability are accommodated by those events listed. The plant

is designed, from a component limiting or stress point of view, according to

Table 3.9-1 to minimize unnecessary conservatism, while ensuring the 40-yr

plant operating life. TheI AMSME Boiler and Pressure Vessel Code Service Level

has been identified for each of the events listed in Table 3.9-1 in order to

provide the basis for the structural evaluation.

The SRDCs provide limiting design conditions for "safety-related" systems,

structures, and components (SSCs) and, as such, are included in the plant

duty cycle. These conditioIns are used to ensure that the "safety-related"

SSCs can be depended upon to respond to the design basis events (DBEs) to

meet the dose limits of 1CFRIOO. Although the "safety related" design

conditions (SRDCs) have been developed strictly as a licensing tool, they are

included in the plant duty ccle to ensure that the "safety-related" SSCs can

withstand the operating environment.

The number of occurrences for each event has been specified on a per reactor

module basis. When perfIorming an analysis of Energy Conversion Area

equipment such as the turbinIe, the design number of occurrences is multiplied

by the number of reactor modules associated with that component for event

sequences in which the initiating event is at the module level. Thus, if two

reactor modules supply steam to a single turbine, then that turbine is

exposed to twice as many reactor trip transients as the number shown in Table

3.9-1. For event sequences in which the initiating event is external to the

plant (e.g. , earthquake, loss of offsite power), the design number of

occurrences is the same for reactor modules and Energy Conversion Area

equipment.

Having been designed fo he plant duty cycle events described above, the

Standard M4HTGR is assessed for safety and licensing purposes. Analyses of

AQ0s appear in Section 11.6 and DBEs in Chapter 15. The expected performance
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. of the plant is determined for each AO and DBE, and the resultant

radiological release and dose, if any, are calculated. While the As and

DBEs are not necessarily included in the plant duty cycle, evalutions have

been performed for the major systems and components for each of the licensing

basis events with respect to structural integrity and performance as it

applies to the dose assessment.

3.9.2 Mechanical Component Design Bases

3.9.2.1 Loading Combinations, Design Transients, and Stress Limits

Systems and components which are ASME Boiler and Pressure Vessel Code Section

III, shall be designed to meet the requirements of Subsections NB, NC, or ND.

as applicable. The design pressure, temperature, and other loading

conditions and allowable stresses are given in the design specification and

Subsections NB, NC, or ND as applicable. Component supports will be designed

in accordance with ASME Section III, Subsection NF. The design transients

considered are covered in Section 3.9.1. Core support structures will be

designed in accordance with ASME Section III, Subsection NG.

3.9.2.2 Operability Assurance of "Safety-Related" Valves

Active components are those that must perform a mechanical motion during the

course of accomplishing its primary radionuclide control function.

Inactive components are those for which mechanical movement does not occur in

order for the component to accomplish its intended primary radionuclide

control function.

Operability of the small number of active valves in the Standard MHTGR is

assured by satisfying the requirements of the following program.

Valve Oerability Program. "Safety-related' active valves must perform their

mechanical motion during the course of an accident. Assurance will be

provided that these valves will operate during the accident, including a

seismic event, when appropriate. Qualification tests accompani d by analyses '
will be conducted for all active valves.
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Valves without significant extended structures will be proven seismically

adequate by analysis.' For Ivalves with operators having significant extended W

structures, and if these structures are essential to maintaining pressure

integrity, analysis will be performed based upon static forces resulting from

equivalent earthquake accelerations acting at the centers of gravity of the

extended masses. For active valves, this requirement for analysis will be

extended to the mechanical (nonpressure boundary) components of the valve to

ensure operability.

In addition, the "safety-related" valves will be subjected to a series of

stringent tests prior to service and during plant life. Prior to

installation, the following tests will be performed:

1. Shell hydrostatic test to ASME III requirements

2. Backseat and main seat leakage tests

3. Functional tests to verify that the valve will open and close within

the specified time limits when subjected to the design differential

pressure

4. Operability qualifIication of motor operators for the environmental

conditions over the installed life (i.e., aging, radiation, accident

environmental simulation, etc) according to IEEE Standard 382.

Cold hydro qualification tests, hot functional qualification tests, periodic

in-service inspections, and periodic in-service operation will be performed

in situ to verify and assu re the functional ability of the valve. These

tests will guarantee reliability of the valve for the design life of the

plant. The valves will be designed using either stress analyses or the

pressure containing minimu. m wall thickness requirements. On all active

valves, an analysis of thelI extended (e.g. , actuator) structure will also be

performed for static equivalent SSE loads supplied at the center of gravity

of the extended structure.- The maximum stress limits allowed in these

analyses will assure structural integrity.
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In addition to these tests and analyses, representative valves of each design

type will be tested for verification of operability during a simulated

seismic event. The valves will be mounted in a manner which conservatively

represents a typical valve installation. The valve will include the operator

and all appurtenances normally attached to the valve in service.

The above testing program applies only to valves with extended structures

(i.e., the motor operator). The testing will be conducted on a

representative number of valves. Valves from each of the primary

"saf ty-related" design types (e.g., motor operated gate valve) will be

tested. Valve sizes which cover the range of sizes in service will be

qualified by the tests, and the results will be used to qualify all valves

within the intermediate range of sizes. Stress and deformation analysis will-

be used to support the interpolation.

Valves which are "safety-related" and which do not have an overhanging

structure, such as safety relief valves, will be qualified separately.

Safety and relief valves will be subjected to the following tests and

analyses:

1. Stress analysis including the SSE loads,

2. In-shop hydrostatic test,

3. In-shop seat leakage test, and

4. Periodic in situ valve exercising and inspection to assure the

functional ability of the valve.

In addition, a static load equivalent to the SSE will be applied to the top

of bonnet and the internal pressure will be increased until the valve

mechanism is actuated. Successful actuation within design limits will assure

its overpressurization safety capabilities during a seismic event.
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Using the method described, all the "safety-related" valves in the system

will be qualified for operability during a seismic event, except those that

need not function during the earthquake. These methods conservatively

simulate the seismic event and will ensure that the active valves perform

their "safety-related" function when necessary.

Alternative valve operability testing, such as dynamic vibration testing,

will be used if it is shown to assure the functional ability of the valve

system adequately. These alternate methods, if used, will be completely

described in the FSAR.

3.9.2.3 Design and Installation Details for Mounting of Pressure Relief

Devices

The design criteria for all "safety-related" safety and relief valves are in

accordance with the rules in Subarticles NB-3677 and NC-3677 of ASME Section

III and the rules o Code Case 1569 applicable to the classification of the

piping component under investigation. The maximum stresses are calculated

based upon the full discharge loads, including the effects of the system

dynamic response, and the system design internal pressure. Stresses are

determined for all significant points in the piping system including the

safety valve inlet pipe nozzle and the nozzle to shell juncture.

3.9.2.4 Component Supports ad Core Support Structures

Component supports and core support structures which are affected by seismic

events and which are within the jurisdiction of ASME Section III, Subsection

NF and NG, respectively, utilize applicable loading conditions in design

specifications. 

3.9.2.5 Valve Electric Motor Operator Qualification

Active valve electric motor operators and limit switches and pilot solenoid

valves, will be seismically qualified by meeting the requirements of IEEE

Standard 344. if the testing option is chosen, sine-beat testing must be
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justified. This justification may be provided by satisfying one or more of

the following requirements to demonstrate that multi-frequency response is

negligible or the sine-beat input is of sufficient magnitude to

conservatively account for this effect:

1. The equipment response is basically due to one mode

2. The sine-beat response spectra envelopes the floor response spectra

in the region of significant response, or

3. The floor response spectra consists of one dominant mode and has a

peak at this frequency.

Seismic qualification by analysis alone, or by a combination of analysis and

testing, may be used when justified. The analysis program can be justified

by:

1. Demonstrating that equipment being qualified is amenable to analysis,

and

2. Demonstrating that the analysis be correlated with test data or be

performed using standard analysis techniques. If the analytical

option is employed for the qualification of valve electric motor

operators, (or limit switches or pilot solenoid valves) the methods

of analyses will be described in the FSAR.

3.9.2.6 Design and Installation Criteria for Pressure-Relieving Devices

Th design of relief valve systems includes the criteria of local stresses at

the header-to-relief valve inlet piping junction and the stresses in the

relief valve inlet piping and header.

Forces and moments on the piping resulting from thrust developed by full

opening of the relief valve(s) are determined in the stress analysis.

Dynamic amplification load factors are considered in the determination of the
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loads imposed on attached Ipiping or headers. The loads considered in the

design of relief valves are as follows: internal pressure, deadweight,

seismic loads, and thermal and reaction forces of blowing valves, including

entrainment.

3.9.3 In-Service Inspection. Testinz. and Surveillance

3.9.3.1 In-Service Inspection and Surveillance of Systems, Structures, and

Components

In-service inspection (ISI) and surveillance will be carried out for

structures, systems, and comp onents (SSCs) of the Standard MTGR to meet the

applicable provisions of the ASME Boiler and Pressure Vessel Code, Section

XI, Rules for In-Service Inspection of Nuclear Power Plant Components,

Divisions 1 and 2. The determination of the applicable portions of Section

XI is based on the following criteria: the SSC is required to achieve

requisite reliability with 'confidence to meet licensing requirements and the

principal radionuclide cont rol function of the SSC is maintained by the IS1

program. Based on these-. cr iteria, the existing Section XI, Divisions 1 and 2

were reviewed to determine the specific examinations which will be carried

out. For the primary coolant pressure boundary, which consists of the steel

vessels, crossduct, and associated penetrations, bolting, etc, the provisions

of Division provide a basis for determining 151 requirements. A primary

function of the primary coolant boundary is to prevent large failures which

would cause air ingress resulting in unacceptable chemical reactions with the

core. Therefore, the provisions of Section XI, Division 1 that are applied

to LWR vessels are substantially applicable to the Standard MHTGR. For

inspection of other components, the provisions of Division 2, Rules for

Inspection and Testing o Components of Gas-Cooled Plants, provides a basis

for determining ISI requirements. For these components, the functions are

considered for each, and 6nly those provisions of Section XI, Division 2

which provide continuing assurance that the principal radionuclide control

function is maintained are established as requirements. Material

surveillance is also included in the Section XI requirements.
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For electrical and electronic components requiring high reliability in

meeting licensing requirements, the applicable provisions of the Institute of

Electrical and Electronic Engineers (IEEE) standards (e.g., IEEE-308,

IEEE-338, and IEEE-603) for surveillance are met. Also the provisions of the

IEEE standards which provide continuing assurance that the SSCs primary

neutron control function is maintained are established as requirements.

3.9.3.1.1 Scope of In-Service Inspection and Safety Surveillance

The systems and subsystems which will be inspected and have surveillance in

accordance with the applicable requirements of ASME Section XI and IEEE

standards, are identified in Table 3.9-2. The maintenance and inspection

requirements are discussed in Refs. 4 and 5.

3.9.3.1.2 Accessibility

The design and arrangement of SSCs is such that all required ISI and SS can

be carried out.

The access to SSCs subject to ISI and surveillance is either direct contact

(hands-on) or remote. Contact will be used where possible and when radiation

levels are less than 100 mr and there are no physical barriers to contact.

Remote access will be utilized when radiation levels are in excess of 100 mR,

physical barriers are present, or for efficiency or effectiveness.

Provision has been made to ensure adequate access and workspace for personnel

and equipment. Where hands-on access is permitted, clearance is provided for

the head and shoulders of a man within arm's length of the area to be

inspected or surveyed. Access routes to locations requiring ISI or

surveillance are provided. These routes permit storage of ladders and

temporary platforms as required. Insulation and penetration plugs are

designed for easy removal and installation. Temporary working platforms will

be provided where necessary to facilitate access to areas for inspection and

surveillance.
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3.9.3.1.3 Examination T chn iques and Procedures

In-service inspection examination techniques include visual, surface, and

volumetric.

3.9.3.1.4 Inspection Intervls

Inspection intervals (10 years) for ASME Section XI components are shown in

Table 3.9-3. Material surveillance inspection intervals for ASME Section XI

are shown in Table 3.9-4. Material surveillance will be done on material

samples removed from the reactor. Inspection intervals for IEEE surveillance

will be established in accordace with the applicable IEEE standards.

3.9.3.1.5 Examination Records

Examination records will be kept in accordance with ASME XI and IEEE.

3.9.3.1.6 System Leakage a Pressure Tests

System leakage and pressure tests will be performed and test records kept in

accordance with the requirements of ASME Section XI.

3.9.3.2 In-Service Testing f Valves

An in-service test progrIam will be developed that includes preservice

(baseline) testing and a peIriodic inservice test program to insure that all

"$safety-related" valves will be in a state of operational readiness to

perform their principal radionuclide control function throughout the life of

the plant. The test program will be based on the ASME Boiler and Pressure

Vessel Code, Section XI, DivIision 2, Subsection IGV (primarily IGV-1000).

The ISI testing schedule for safety and relief valves is given in Table

3.9-5.
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3.9.4 Acoustic and Flow-Induced Vibrations

This section provides information pertaining to the design of reactor and

steam generator vessel internal components and structures which are subjected

to vibrations from acoustic and flow-induced phenomena. These vibrations can

cause fatigue failures and could potentially affect the safe operation and

shutdown of the reactor.

The approach to demonstrate the design adequacy of the internals is based on

a combination of analysis and testing. In the early design stages, a survey

of the reactor system based on calculated flow fields and acoustic pressure

levels will be made for the purpose of identifying and correcting potential

problems. This will be supplemented with analysis and testing as required in

the final design stage to verify the design of "safety-related" components

and structures. In addition, verification of structural integrity, including

quantification of safety margins associated with normal operation and

operating transients, will be performed by implementing USNRC Regulatory

Guide 1.20, "Comprehensive Vibration Assessment Program for Reactor Internals

During Preoperational and Initial Startup Testing." Since Regulatory Guide

1.20 is written for water reactors, the intent of the regulatory position

will be met as it applies to the Standard MH-TGR.

3.9.4.1 Applicable Components and Structures

The reactor and steam generator internals important to acoustic and

flow-induced design considerations comprise those systems, components, and

structures whose structural integrity in service is essential to maintaining

the safety function of the Neutron Control System and the Reserve Shutdown

Control Equipment.

"Safety-related" components and structures which might fail and thereby

directly impede safe reactor operation and shutdown include:

1. Control rod and reserve shutdown control guide tubes

2. Core plenum elements
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3. Reflector control elements

4. ore elements for reserve shutdown control

5. ore support plate structures

6. ore barrel and lateral key support structures

Failure of some "nonsafety-related" components and structures, which are

located downstream of the circulator and upstream of the core, can

potentially affect safe reactor operation indirectly. The debris created

from failures of such structures could possibly migrate to the core inlet

where damage of or interference with the control rods or reserve shutdown

control equipment could result . These components include:

1. Main circulator assembly

2. Shutdown circulator assembly

3. Hot duct structure

3.9.4.2 Systems Analysis

3.9.4.2.1 Flow-Induced Vibrations

The flow of the coolant around components and structures 
can cause structural

vibrations due to the unst eady characteristics of the gas motion. The

turbulence and the vortex shedding from an object protruding into the flow

are the main sources of flow-induced vibrations that are considered.

Flow-induced vibration analysis is done in two steps: 1) determination of

the flow conditions and 2) calculation of the vibration response of the

components and structures.

Since flow in many parts of the reactor is complex and difficult to determine

accurately, the upper bound estimates of the fluid flow velocities are used
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for the calculation of forces on components and structures. The velocities

for main loop operation are based on reactor operation at the maximum design

condition (Table 5.1-1). This condition has higher turbulence levels than

any postulated steady state or transient conditions. The maximum flow

velocities for depressurized shutdown cooling operation (e.g., during

refueling) are based on the maximum flow rate for the Shutdown Cooling System

(SCS) circulator (Table 5.1-5). Flow velocity design values for both main

loop operation and SS operation are given in Table 3.9-6.

3.9.4.2.2 Acoustic Vibrations

Acoustic analysis is done in three steps: 1) determination of source

strength, 2) calculation of sound pressure levels throughout the primary

coolant system, and 3) calculation of random vibration response of components

and structures.

Acoustically induced vibrations may originate from several noise sources in

the primary coolant system including the main circulator, the SCS circulator,

and jets of gases exiting from narrow passages. Among these, the circulator

sources are shown to be dominant in the Standard MHTGR system.

The main and SCS circulators are axial compressors. The radiated overall

sound power levels (OPWL) from these machines are estimated from the

Peistrup-Wesler correlation modified for application to a helium coolant

(Ref. 2):

OPWL- 93.3 + 17.7 log1 0 (HP) - 2.7 log1 N

+ 7.7 log10 ( ~Pc air (Eq. 3.9-1)

(pc3) He

Where:

HP rated horsepower
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N number of rotor blades

P - density

c speed of sound

Employing the aerothermodynamic parameters at the design points for the main

and SS circulators (Tables 5.1-1 and 5.1-5, respectively), the overall sound

power levels are estimated as:

OPWL (main circulator) - 139 dB (81.4 W)

OPWL (SCS circulator) 130 dB (10.7 W)

(Wre = 1-12 W)

The calculated overall sound pwer levels include a factor of 2 to allow for

analytical modeling uncertaiInties. The sound power is distributed as

broadband noise over a largeI frequency range and as pure tone at the

circulator blade passing frequency (BPF) and harmonics. The main circulator

and SS circulator BPF are 4237 Hz and 5833 Hz, respectively, based on

rotational speeds at 100 percent: operation.

The sound pressure levels in th e primary coolant system are calculated by the

computer code REVERB. The code, which is based on room acoustic theory and

performs acoustical analysis of a system of volumes (cavities) connected by

windows, is strictly speaking only applicable at frequencies where the wave

length of sound is much shorter than the typical dimension of a cavity. For

the Standard MHTGR primary I1oop configuration, this applies above

approximately 800 Hz. At these~ frequencies, the sound pressure response can

be considered independent of th--e details of any one cavity mode since the

resonances are close. Below 800 Hz, the cavity resonances are separated, and

the response is dependent on the characteristics of each mode. However, for

simplicity, it is assumed that the magnitude of the sound pressure response

level within each volume is constant for all frequencies and equal to the

sound pressure calculated at BPF. These sound pressure levels are regarded

as conservative since most of the circulator energy is transmitted at the

BPF.
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The REVERB model for main loop operation is shown in Figure 3.9-2. The

parametric input include cavity volumes, window areas, density, and damping

factors. The circulator is modeled as two acoustic power sources, one at the

circulator inlet and one at the outlet assuming 90 percent of the power is

released downstream and 10 percent upstream.

The sound pressure levels at BPF are plotted in Figure 3.9-3 for both main

circulator and SS circulator operation. These levels are used as the basis

for the component design analysis.

Small structures and structures with large mass and stiffness are generally

not excited by acoustic pressure waves because the associated wave length is

relatively large, >0.3 m (>1 ft), and magnitudes are typically low, <6.9 kPa

(<1 psi) . Plate and shell structures, on the other hand, can be strongly

excited provided the surface area to thickness ratio is large.

Response calculations of plate and shell structures to acoustic loads are

based on standard random vibration methods assuming that the acoustic

pressure acts at the natural frequencies of the structure. This

conservatively gives the maximum response obtainable by any given pressure

oscillation. Since these structures are likely of complex shapes, numerical

techniques are used to evaluate their boundary conditions. The response

calculated represents the RS stresses at the significant natural frequencies

of the structure.

3.9.4.2.3 Prediction of Damage Due to Fatigue

A fatigue analysis due to acoustic and flow-induced stress cycling is

performed to demonstrate the design adequacy of the identified components and

structures. In this context, the effect of thermal cycling, earthquakes, and

other design basis transients are included.

The structural fatigue due to vibration at a single frequency is calculated

from the RS stress amplitude. For comparison with fatigue endurance limits

which are based on peak stresses, the RMS stress is multiplied by a factor of

3.5 [peak stresses do not exceed 3.5 times the RS stress (Ref. 3)].
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The fatigue damage is calculated based on ASME III, Division I, N criteria

for cumulative damage (Miner's linear damage rule). For this procedure,

design fatigue curves up to 1 cycles are used except for austenitic

steels and chrome-nickel allo ys for which curves up to 101 cycles are

used.

3.9.4.3 Component Testing

To provide adequate verification of the critical structures in the upper core

plenum, the analysis will be supplemented with testing. Flow tests on a

selected group of full-scale control rod and reserve shutdown control guide

tubes, plenum elements, and related components will be performed. The

identification of the frequency and magnitude of significant vibrations will

be made and the components inspe cted for damage.

3.9.4.4 Preoperational and Startup Testing

A vibration assessment program during preoperational and startup testing will

be conducted, consistent with Regulatory Guide 1.20. The assessment program

will consist of systems floIw-induced and acoustic analyses, vibration

measurements, inspection, and correlation between analysis and test. The

analyses, which will be conducted prior to the testing, will be used as a

basis for instrumentation and inspection programs.
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TABLE 3.9-1

PLANT DUTY CYCLE

Design No. of
Occurrences
(per Reactor) Service

Event Module) Level

1. Startup from Refueling Conditions 143 A

2. Startup with Full Helium Inventory 312 A

3. Shutdown to Refueling Conditions 101 A

4. Shutdown with Full Helium Inventory 105 A

5. Rapid Load Increase (5% per m) 1000 A
(25%-100%)

6. Normal Load Increase (0.5% per min) 20800 A
(25%-100%)

7. Rapid Load Decrease (5% per min) 1000 A
(100%-25%)

8. Normal Load Decrease (0.5% per min) 17500 A
(100%-25%)

9. Step Load Increase (+15%) 1000 A

10. Step Load Decrease (-15%) 1000 A

11. Depressurized Decay Heat Removal, 80 A
HTS to SCS Transition

12. Depressurized Decay Heat Removal, 122 A
SCS to HTS Transition

13. Pressurized Decay Heat Removal, 61 A
HTS to SCS Transition

14. Pressurized Decay Heat Removal, 86 A
SCS to HTS Transition

15. Circulator Trip 30 B

16a. Reactor Trip from 100% 10l 

l6b. Reactor Trip from 25% 101

17. Turbine Trip or Load Rejection 120 B

18. Sudden Reduction of FW Flow 30 1 f 
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TABLE 3.9-1 (Cant.)
Design No. of
Occurrences
(per Reactor) Service

Event Module) Level

19. Steam Generator Tube Leak (Small) 9 B

20. Control Rod Insertion 5 B

21. Main Loop Overcooling 10 B

22. Operating Basis Earthquake (OBE) 1 B

23. Slow Primary System Depressurization 8 B

24a. Rod Withdrawal (normal od speed)
(Power to Flow Ratio Trip)

1 C
24b. Rod Withdrawal slow) Steam Generator

Heliumi Inlet Temperature Trip)

25. Failure of Circulator Seed Control 1 C

26. Circulator Trip with He Shutoff 1 C
Valve Failure

27. Steam Generator Tube Rupture 1 C

28. SCS Heat Exchanger Tube Leak 1 C

29. Total Loss of FW Flow 4 C

30a. Total Loss of SCS Cooling Water 4 C
(HTS operating)

30b. Total Loss of SCS Cooling Water 1 C
(SCS operating)

31. Pressurized Conduction Cooldown 1 C2
(SRDC-1)

32. Pressurzed Conduction Coldown Without 1 D(2 )
Control Rod Trip (SRDC-2)

33. Pressurized Conduction With Control Rod 1 D2
Withdrawal (SRDC-3, -4)

34. Pressurized Conduction ooldown With 1 D2
Ear thquake (SRDC -5)

35. Depressurized Conduction Cooldown With 1 D2
Moderate Moisture Ingress (SRDC-6, -7)
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TABLE 3.9-1 (Cont.)
Design No. of
Occurrences
(per Reactor) Service

Event Module) Level

36. Depressurized Conduction Cooldown With 1 D(2 )

Small Moisture Ingress (SRDC-8, -9)

37. Depressurized Conduction Cooldown With 1 D2

Moderate Primary Coolant Leak (SRDC-10)

38. Depressurized Conduction Cooldown With 1 D2

Small Primary Coolant Leak (SRDC-11)

39. Main Steam Pipe Rupture 1 D

(')For components where reactor trip from 100% load is worse the breakdown

should be 131 trips from 100% and 49 trips from 25%. For components where

reactor trip from 25% load is worse, the breakdown should be 63 trips from 100%

and 117 trips from 25%.

(2)In general, Service Level D is assigned to SRDCs for specified safety

functions of safety-related SSCs. However, Level D limits are intended

primarily for guidance. The plant level requirement is that 10CFR100 dose

requirements not be exceeded. Event No. 31 (SRDC No. 1) is an exception to

this. Due to its higher frequency of occurrence, more stringent Service

Level C is assigned for investment protection. With the exception of event

number 31, the SRDCs apply to "safety-related" systems, structures, and

components only.
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TABLE 3.9-2

SYSTEMS AND SUBSYSTEMS SUBJECT TO IN-SERVICE
INSPECTION AND SURVEILLANCE

Sys tems /Subsystems/Comvonents

1. Reactor System

Neutron Control

o Outer Control Rods and Drive Subsystems

o Reserve Shutdown System

'Reactor Internals

o Permanent Reflector

o Core Lateral Restraint

o Core Support Floor Structure

o Upper Plenum Thermal Protection Structure

2. Vessel System

Reactor Vessel

Steam Generator Vessel

Crossduct

Pressure Relief System

Steam Generator Isolation Valves

3. Reactor Cavity Cooling System

RCCS Passive Components

o Ducting

o Heat Transfer Panels
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TABLE 3.9-2 (Cont.)

Systems /Subsystems/Components

4. Plant Protection and Instrument Systems

Safety Protection

o Reactor Trip Circuits

Release of Outer Control Rods

o RSCE Trip Circuits

Release of Reserve Shutdown Control Material

o Main Loop Shutdown Trip Circuits

Closure of Steam Generator Isolation Valves

Trip of the Main Circulator

5. Electrical Group

Essential Systems

o Uninterruptible AC Power Supply

Batteries

Inverters

Control Equipment

o Uninterruptible AC Distribution

Syste

Neutron Detection

Safety Protection Instruments

o DC Power System

Reserve Shutdown Actuation

2 of 2 Amendment 2



HTGR-86-024-

TABLE 3.9-3

FREQUENCY AND EXTENT OF ISI EXAMINATIONS

Inspection Period, Minimum Maximum

Inspection Calendar Years of Examinations Examinations

Interval Plant Service Completed % Credited %

lst 3 16 34

7 50 67

10 100 100

2nd 13 16 34

17 50 67

20 100 100

3rd 23 16 34

27 50 67

30 100 100

4th 33 16 34

37 50 100

40 100--

Ref: Examination Program B (Table ICB-2412-1 of the ASME B&PV Code,

Section XI, Division 2)

Example: At the second inspection interval, during the 13th year of service,

all of the required inspections were conducted during the f irst 10 years and

at least 16% of the required inspections were conducted again during year

13. If more than 16% of the required inspections were conducted during year

13, only 34% may be considered complete for purposes of inspection in year

13. During year 17 additional inspections must be conducted to raise the

total to 50%. If more than 50% of the required inspections are conducted,

not more than 67% may be credited.
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TABLE 3.9-4

151 MATERIAL SURVEILLANCE PROGRAM

Surveillance Specimen

Removal Interval Interval Definition

1st At st or 2nd planned outage~1 )

or between st and 2nd planned

outage

2nd After 2nd but no later than 4th

planned outage

3rd At 8th or 9th planned outage or

between 8th and 9th planned

outage

4th At 22nd or 23rd planned outage

or between 22nd and 23rd planned

outage

()nextended planned outage at intervals <18 months.
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TABLE 3.9-5

151 TESTING SCHEDULE FOR SAFETY AND RELIEF VALVES

Time Period Number of Valves to Be Tested(')

Startup through Minimum of (N1/60) x total valves

1st planned outage(2 ) in this category

1st planned outage Additional valves to make cumulative

through 2nd planned tested at least (N2/60) x total

outage valves in this category

2nd planned outage Additional valves to make cumulative

through 3rd planned tested at least (N3/60) x total

outage valves in this category

1' 2 N3, etc, is the number of months from startup to first

planned outage, second planned outage, third planned outage, etc. When N is

a number larger than 60, all valves which have not been tested during the

preceding 5-yr period shall be tested. The following period shall then be

considered to be the same as "startup to first planned outage" for purposes

of determining test frequency, with the added requirement that at each

planned outage all valves which have not been tested during the preceding

5-yr period shall be tested. The subsequent period will be considered the

same as the first planned outage to the second planned outage, etc, with N

determined by counting months from the new starting point.

Ref. Table IGV-3510-1.

2Anextended planned outage at intervals <18 months.
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TABLE 3.9-6

FLOW VELOCITY DESIGN VALUES FOR THE PRIMARY COOLANT

Main Loop SCS

Operation~1 ) Operation (2)

Structure (m/sec) (ft/sec) (m/sec) (ft/sec)

Main circulator inlet (ISV) 34.4 113----

Main circulator outlet (diffuser) 50.0 164----

Cold duct 25.3 83 -- --

Core support plate structure 7.3 24 6.4 21

Core barrel flow channels 22.6 74 20.1 66

Core exit 32.3 106 33.5 110

Hot duct 43.9 144 -- --

Steam generator bundle 12.8 42 --

Steam generator annulus 15.2 50 --

Hot duct support structures 32.6 107 -- --

SCHE bundle -- -- 60.9 200

SCS circulator inlet (ISV) - -99.1 325

SCS circulator outlet (diffuser) -- 38.7 127

(1)100% flow

(2)Depressurized refueling
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9 ~~~~~~~~~~~CHAPTER 4

REACTOR

4.1 REACTOR SYSTEM

The Reactor System (RS) is identical for each of the four modules of the
4 x 350 MWt Standard MHTGR plant. It consists of three subsystems, i.e.,
Reactor Core Subsystem (RCSS), Neutron Control Subsystem (NCSS), and Reactor
Internals Subsystem (RISS). These subsystems are described in detail in
Sections 4.2, 4.3, and 4.4, respectively.

4.1.1 Summary Description

The Reactor System, and particularly the Reactor Core Subsystem, design has
evolved to the current level of design detail, as described below, through a
series of design choices which individually, and in combination, emphasize
passive or inherent safety, and which assure that both user and top-level
regulatory requirements will be met by the design.

A few of the more important design choices which are discussed below have
included the power density, annular core configuration and dimensions, core
height, top entry, and gravity-assisted control for both the primary and
backup (diverse) control system(s). In addition, a high as-manufactured fuel
quality has been specified to assure that the primary containment of
radionuclides within the fuel particle coatings is realized to the required
degree, i.e. , to assure that the PAC dose limits are met at the EAB and that
the occupational exposure are less than 10 percent of 10CFR20. A fuel
loading and fuel cycle selection has been made to achieve a high burnup for
minimizing fuel cycle costs while assuring a strong negative temperature
coefficient of reactivity over all normal operation and accident temperature

ranges.

The radial annular active core dimensions, in combination with the choice of
the outer reflector dimensions allow the maximum power rating while providing
a cooling pathway to the vessel wall to assure acceptable fuel temperatures
during passive decay heat removal. The annular configuration allows a 350
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MWt module power rating whereaIs a maximum rating of only 250 MWt could be

achieved with a cylindrical core.

The active core height has been chosen to allow a maximum power rating while

assuring axial power shape sability to xenon oscillations over a normal

burnup cycle.

The number and location of the top entry control rods and the diverse reserve

shutdown control have been specified to assure that the reactor thermal power

is controlled both for norImal and off-normal conditions. The radial

thickness of the active core annulus was specified on the basis of assuring

that the control rod worths of the reflector-located rods would meet all

shutdown and operating controll worth requirements. The choice of reflector

control, coupled with the choi.~_e of a control system withdrawal sequence and

safety classification was made to assure that the control rod integrity is

maintained during passive decay heat removal.

The Standard MTGR does not1 have a PWR-type containment building. The

required degree of fission product control is achieved by the use of

high-quality fuel and by takif Ig credit for the intrinsic retentivity of the

ceramic core and the n~aurlL removal mechanisms for radionuclides that occur

in the primary coolant circuit!

The primary components of eachRS (core, reflectors, and associated supports,

restraints, and controls) are, contained in the reactor vessel. The nuclear

heat is generated in the re actor core. Removal of the heat energy is

provided by the Heat Tran! sport System (HTS) with the main circulator

providing the driving force to supply helium coolant into an upper core inlet

plenum and to draw heated coolant from a bottom core outlet plenum. The

primary coolant is distributed to numerous coolant channels running

vertically through the core.. The outlet plenum directs the flow to the

central portion of the coaxial cross duct which channels the helium flow to

the steam generator vessel (see Chapter 5).
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Control of the fission energy generation rate during reactor power operation
and assurance of adequate shutdown margin is provided by movable control
rods. The mechanisms which drive the control rods are located in

penetrations in the reactor vessel top head.

Monitoring of core power level during power operation is provided by
ex-vessel neutron flux detectors. Flux monitoring at lower powers and at
shutdown conditions is provided by source range detectors which are located
in the side reflector. The reactor core and reflectors rest vertically on a
support structure below the core and are restrained by a core lateral

restraint structure located between the outer side reflector and the reactor

vessel.

4.1.2 Functions and 10CFR100 Design Criteria

The functions and the OCFR100 Design Criteria for the RS are given in the

following sections.

4.1.2.1 Power eneration Functions

The power generation functions, which must be performed by the RS, are to:

1. Produce reactor energy

2. Maintain energy transfer

3. Maintain reactor shutdown

Reactor energy is produced, for power production and startup/shutdown

conditions, by generating heat from the fission energy produced in a
controlled manner. The energy is then transferred to the helium primary

coolant flow within the core.

Reactor shutdown is maintained by the insertion of sufficient poison material
to meet the shutdown margin, and by transferring the decay heat to the

primary coolant.
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4.1.2.2 Radionuclide Control Functions

The radionuclide control funations that must be performed to meet all dose

criteria for all three gs, but especially 10CFR100 of Goal 3, are

described in the following paragraphs (see Figure 1.2-3).

In order to control radionuclide release from the core, the RS must function

to control radionuclide trans~port from the core which, in turn, requires the

retention of radionuclides in the coated fuel particles while limiting fuel

temperatures to enure: tchat the required graphite attenuation of

radionuclides outside of the Icoated fuel particle is accomplished.

Additional Goal 3 functions that are required to retain the radionuclides

within the coated fuel par ticles and to limit fuel temperatures are to

control heat generation, to remove core heat, and to control chemical attack.

The RCSS and NCSS must provide the capability to control heat generation with

moveable poisons and to contIrol heat generation with inherent feedback. The

moveable poison control function is accomplished both with a primary and a

diverse secondary moveable' poison control, while control with inherent

feedback requires a negative temperature coefficient of reactivity. The NCSS

and the RISS within the RS,, also perform the function of heat generation

control by maintaining the .1geometry for insertion of moveable poisons into

the core. The NCSS monitors the neutron flux.

The function of achieving reactor shutdown is accomplished by moveable poison

control employing both prima ry and diverse control capability. The function

of removing core heat is accIomplished by conducting and radiating heat to the

vessel wall and by maintaining the geometry for such heat transfer. The core

power density and geometry facilitate the function for removing core heat to

the vessel wall.

The function to control chemical attack requires that the effects of air and

moisture ingress be mitigated to limit fuel hydrolysis and oxidation and

retain the radionuclides wit~hin the coated particles. The RISS performs the
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function of limiting fuel oxidation by including an upper plenum thermal

protection structure which limits the upper vessel temperature and maintains

primary coolant boundary protection to limit the potential for ingress of air

into the core.

4.1.2.3 Classification

The RS is "safety related".

4.1.2.4 OCFR100 Design Criteria for Radionuclide Control

The following 10CFR100 Design Criteria apply:

10CFR100 Design Criterion I: The reactor fuel shall be designed, fabricated,

and operated such that radionuclides are retained within the fuel to the

extent that releases to the primary coolant will not exceed acceptable

values.

10CFR100 Design Criterion II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated, and

operated such that the amount of air or water reacting with the core will not

exceed acceptable values.

10CFR100 Desig-n Criterion III: The reactor shall be designed, fabricated,

and operated such that the inherent nuclear feedback characteristics ensure

that the reactor thermal power will not exceed acceptable values.

Additionally, the reactivity control system(s) shall be designed, fabricated,

and operated such that during insertion of reactivity the reactor thermal

power will not exceed acceptable values.

10CFR100 Design Criterion IV: The intrinsic dimensions and power densities

of the reactor core, internals, and vessel, and the passive cooling pathways

from the core to the environment shall be designed, fabricated, and operated

such that the fuel temperatures will not exceed acceptable values.
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4.1.3 Radionuclide Control Design Requirements

The radionuclide control desig reurments are:

1. The RS shall limit releases of the following key radionuclides from

the plant during short-term ( to 2-hr) and long-term ( to 30-day)

accidents to:

PA User) Limits (Ci)* 10CFR100 (Reag) Limits (Ci)*
Nuclide Short-term Long-Term Short-Term Long-Term

Kr-88 < 170 ~ < TBD < 3400 < TBD

Xe-133 < TBD ~ < 2300 < TBD < 46,000

I-131 < 2.6 < 29 < 78 < 870

Sr-90 < 0.1 ~ < 1.2 < 3 < 36

Ag-110m < TBD • TBD < TBD < TBD

Cs-137 < TBD < TBD < TBD < TBD

The above Curie release limits from the plant were derived from and

meet the PAG and !CFR100 dose limits, respectively, using the

meteorology and breathing rates from NRC Regulatory Guide 1.4 and the

effectivities from R gulatory Guide 1.109.

2. The RS shall limit radionuclide release from the core so that

exposure to personnel shall be <10 percent of limits specified in

10CFR20 (Applies to normal operation and AO0s only).

3. The RS shall include. features to control radiation exposure to plant

personnel from all core-derived radiation sources (including direct

shine radiation).

4. The RS shall control radiation sufficiently to facilitate total,

collective occupational exposure to <100 man-rem/GW(e)-yr (Applies to

normal operation nI0sol)

*See response to NRC Commnent14-7 for dissucssion of TBDs.
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5. The RS along with the RVS and the Building and Structures System

shall assure that the Reactor Building access shall be >40 hr/wk.

6. The RS shall retain radionuclides sufficiently so that the radiation

due to fission product plateout shall be less than:

10 mR/h for planned maintenance.

100 mR/h for unplanned maintenance.

7. The RS shall be designed to meet the Top-Level Regulatory Criteria

for the Standard MHTGR given in Section 3.2.

For additional information related to this section, see the response to NRC

Comment 4-7.

4.1.4 Design DescriDtion

4.1.4.1 System Configuration

The RS is located inside a steel pressure vessel which is connected to the

steam generator vessel by a crossduct. The arrangement of all components

within the RS is shown in Figure 4.1-1.

The active core consists of hexagonal graphite fuel elements containing blind

holes for fuel rods and full length channels for helium coolant flow.

Selected fuel elements contain channels for insertion of reserve shutdown

material. The reserve shutdown material channel is blind in the bottom-most

fuel row in these selected elements. The hexagonal fuel elements are stacked

to form columns (10 fuel elements per column), which rest on support

structures. The columns of the active core form an annulus, with columns of

hexagonal replaceable graphite reflector elements in the central region and

surrounding the active core. A plan view of the RS is shown in Figure

4.1-2. The annular core configuration (Figure 4.1-2) was selected, in

combination with the power density, to achieve a maximum power rating and

still permit passive core heat removal while maintaining fuel temperature at

4.1-7 Amendment 3



H-TGR-86-024

-<16000C (29120F) during depressurized core heat removal by the Reactor

Cavity Cooling System (RCCS). Selected reflector elements in both the

central and side reflector contain channels for top entry control rods and

for nuclear instrumentation. Nominal reactor design parameters are given in

Table 4.1-1, and in Section .1.

Around the outside of the hexagonal replaceable side reflector is a permanent

side reflector which providIes a transition from the core periphery to a

cylindrical outer boundary. Interfacing of the graphite reflector with the

reactor vessel is provided by a core lateral restraint structure which is

composed of a core barrel and seismic keys.

The weight of the core and other vertical loads is transferred to the bottom

head of the reactor vessel by graphite and metallic core support structures.

A metal plenum element is l1ocated on top of each core column, and forms a

small flow plenum through which the primary coolant enters the top reflector

and flows into the active core. The cold helium enters the reactor vessel

through the outer annulus f the coaxial cross duct and then flows upward

through the core inlet passages outside the core barrel to the top of the

core. The coolant is heated as it flows down through the active core. it

then exits into the core outlet plenum where mixing occurs and the hot helium

is then channeled through te inner portion of the coaxial crossduct to the

steam generator vessel.

Approximately 89 percent of the circulator helium flow passes through the

upper plenum and traverses the active core through the coolant channels in

the fuel elements. The remaining 11 percent bypasses the core in the coolant

channels in the gaps between columns in the core and reflector and the

control rod channels. The primary coolant, which passes through fuel

columns, is collected into sx enlarged channels in the lower portion of each

of the bottom reflector blo'cks. The flow then splits and mixes with the

coolant flow from the neighboring fuel columns in the core support block

layer prior to exiting to the lower plenum. From the lower plenum the flow

is channeled to the steam generator through the hot duct in the coaxial cross

duct.
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Th core reactivity is controlled by a combination of fixed lumped burnable

poison (LBP) and movable poison. The LBP consists of boronated graphite rods

located in the active core. The movable poison consists of two diverse,

independent control devices of different design principles, each with the
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- capability to shut down the reactor. Each system relies on gravity for

insertion when tripped.

The normal operating control rods are fabricated from natural boron in

annular graphite compacts with metal cladding for structural support. The

rods are located in channels in the outer ring of the central reflector

elements and in the inner ring of the hexagonal side reflector (Figure

4.1-2). These control rods enter the core through top reactor vessel

penetrations, in which the control rod drives are housed. The 24 control

rods located in the inner ring of the hexagonal side reflector are

"safety-related" and are used for normal control and for trip from high power

conditions. They are located so as not to be damaged during depressurized or

pressurized passive-heat removal events.

The six control rods located in the central reflector are not

"Isafety-related' and are inserted only from hot-shutdown or low-power

conditions to achieve a cold shutdown. Boronated graphite pellets housed in

hoppers above the core provide a reserve shutdown capability. Upon

actuation, these pellets drop into channels in selected columns of the active

core to provide reactor shutdown in the event that the control rods are

inoperable, or if necessary, to provide additional shutdown margin over what

may be provided by the control rods located in the hexagonal side reflector.

Signals to the Plant Protection and Instrumentation System (PPIS) and the

NSSS Control Subsystem (NCS) are supplied by neutron detectors. During power

operation, the neutron flux levels are monitored by detectors located in

wells between the reactor vessel and the concrete cavity wall. These

detectors are distributed symmetrically around the reactor vessel at about

the core midplane. During low power operation, starting up, shutting down,

and while shut down, the neutron flux levels are monitored by source-range

detectors, located in selected side reflector elements near the bottom of the

active core.

4.1-9



HTGR- 86-024

4.1.4.2 System Arrangement

The RS consists of three subsystems. The arrangement of the subsystems is

discussed in Sections 4.2.4.2,'14.3.4.2, and 4.4.4.2.

4.1.4.3 System Operating ModeIs

During the startup/shutdown mode, the RS is in a transition mode between

shutdown and energy production, with a fission power generation up to 28

percent of rated power (25 percent feedwater flow). The core thermal energy

is transferred to the coolant through the same flow path as during energy

production. Neutron flux mnitoring at startup requires that the source

range detector signals have overlapping signals with the power range

ex-vessel detectors at low potter levels (see Figure 4.3-11). In-vessel flux

mapping units are available for periodic flux monitoring. Reactor startup

from a cold shutdown condition is initiated by withdrawal of the inner

reflector control rods. The~ inner rods are withdrawn in groups of three.

For most times in the life of. the plant, it is expected that the reactor will

reach a cold critical state during the withdrawal of the second group of

inner rods, i.e., the first group of rods will typically be fully withdrawn

before a cold critical point: is reached. As the power and temperature are

increased, the second inner roup of rods is withdrawn and the power rise is

continued by the successive removal of the outer rod groups (three rods per

group) in a predetermined sequence. In general, fully automatic control,

which involves automatic control with a selected outer rod group, may require

the availability of a grout both ahead of and behind the "controlling"

group. The inner rods, even. though fully withdrawn, will be available for a

trip following a cold startup. up to the time that one group of outer rods has

been withdrawn, at which point the inner rods would be inhibited from

tripping.

For a planned reactor shutdown the outer rods are sequentially inserted and a

warm shutdown condition is reached. (Near the end of an operating cycle a

cold shutdown can be achieved with the outer rods only, prior to the full

decay of xenon.) If a full, cold shutdown is required, the inner rods are
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inserted after a delay time such that they would not be damaged in the event

of a subsequent pressurized conduction cooldown involving loss of forced core

cooling.

In the energy production mode, the RS delivers thermal energy from fissions

in the core, at power levels between 98 and 350 MWt (25 percent to 100

percent feedwater flow) to the circulating helium coolant. During energy

production, control is with the outer control rods only (the control rods in

the central reflector are in the fully withdrawn position). These outer

control rods are operated automatically on the demand signal from the NCS in

symmetric groups of three control rods per group. The neutron flux level

(power) is continuously monitored by the ex-vessel detectors which supply

signals to both the NCS and PPIS.

In the refueling mode, the reactor vessel is depressurized. All control rods

in the inner and outer reflectors are fully inserted except for two inner and

two outer rods which may be removed for refueling a 60 degree sector of the

core. The neutron flux level is continuously monitored by the source rang

detectors.

In the shutdown mode, the reactor vessel is fully pressurized or, at

different times, in various stages of depressurization. Afterheat from

fission product decay is generated at rates of up to about 7 percent of the

core power level prior to shutdown, depending on the time interval since

shutdown. The core decay heat is removed by the HTS. When the HTS is not

available, the heat is removed by the Shutdown Cooling System (SCS). The

outer control rods are normally fully inserted during shutdown, and meet the

required shutdown margin, with due allowances for uncertainties, even if the

maximum reactivity worth rod remains fully withdrawn. For cold shutdown, the

control rods in the inner reflector are also inserted and for this case, the

maximum reactivity worth control rod is in the inner reflector. The neutron

flux level is continuously monitored by the source range detectors.
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4.1.4.4 Instrumentation and Control

The instrumentation and control required for operation of the RS is provided

by the Neutron Control Subsystem (NCSS) and is discussed in Section 4.3.4.4.

4.1.4.5 System LimitationsI

The operating limits for the RS are discussed in Sections 4.2.4.5, 4.3.4.5,

and 4.4.4.5.

4.1.5 Design Evaluation

The evaluation of the reactor design is discussed in Sections 4.2.5, 4.3.5,

and 4. 4. 5. For additional' information related to this section, see the

response to NRC Comment G-15.'F.

4.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Neutron Control Subsystem are identified in Table 4.1-2, which

also includes a description Iof the interface and a quantitative expression

for the interface.
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Table 4.1-1

NOMINAL REACTOR DESIGN PARAMETERS

Gore power, MW(t) 350.0

Gore power density, Mw/cu m 5.9

Inlet helium flow, kg/s (lb/hr) 157.05 (1,246,000)

Inlet helium temp., C (F) 258.6 (497.4)

Inlet helium pressure, MPa (psia) 6.38 (924.5)

Gore outlet helium temp., C (F) 687 (1,268)

Average reactor pressure drop, kPa (psi) (1) 31.4 (4.55)

Column average outlet helium temp., C (F)( 2) 716 (1,321)

Average fuel temp., C (F) 677 (1,250)

Average graphite temp., C (F) 625 (1,160)

(')Reactor pressure drop is a best estimate (calculated) value, and
includes the pressure drop in the core support floor. It does not include
core pressure drops from the RS inlet to core inlet or from the core outlet
to RS outlet.

(2) Includes all fluid flowing into the lower plenum via the core exit
channels, fuel element coolant holes, and control rod and reflector coolant
channels. It does not include the coolant flowing into the lower plenum via
the gaps between columns.
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TABLE 4.1-2

IDENTIFICATION OF RS INTERFACES IMPOSED ON OTHER SYSTEMS

Interfacing System Nature of Interface Interface Requirement

Vessel System Provide support for core Quantit: Deadweight, pressure drop, and vertical OBE seismic

support structure assembly loads (for 0.15 g rated event).

loads.

Physical Interface: Reactor vessel bottom head.

Provide support for core Quantity: Core barrel seismic key mechanical loads owing to

lateral restraint assembly horizontal OBE seismic loads (for 0.15 g rated event).

loads.

Physical Interface: Reactor vessel sidewall.

Provide support for hot Quantity: Hot duct mechanical loads owing to pressure drop,

duct assembly. thermal expansion and horizontal and vertical OBE seismic

loads (for 0.15 g rated event).

Physical Interface: Crossduct.

Provide support and alignment Quantity: Each neutron control assembly penetration shall

neutron control assemblies, support and align the neutron control assemblies to assure

the capability for control rod insertion during an SSE event.
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TZ'ABLE /4.1-2 (Cownu)

Intefacig Sytem Nature of Interface Interface Requirement

Provide instrumentation Quantity: Monitor plant power level, and average linear power.

and controls to process

the signals from two Physical Interface: Electrical connections at the neutron

ex-core vessel neutron detector wells.

detectors in each well.

Plant Control, Data, Reactor power control. Quantity: The NSSS Control Subsystem shall provide setpoint

and Instrumentation signals to the neutron flux controller for use in automatically

System controlling the rods.

Physical Interface: Electrical connections in the nuclear

instrumentation cabinet.

Electric Group Power for neutron control Quantity: The Electrical System shall supply four separate

(Glass E instruments, power sources per reactor module.

Uninterruptible

Power Supply) Physical Interface: Electric feeders.

Electric Group Power for reserve shutdown Quantity: The Electrical System shall supply two separate

(Glass lE DC control equipment. power sources per reactor module.

Power System)

Physical Interfaces: Electric feeders.
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TABLE 4.1-2 (Conz:)

Interfacing Systems Nature of Interface Interface Requirement

Heat Transport Reactor core coolant. Quantity: Provide helium coolant.

Physical Interface: Top of reactor core.

Shutdown Cooling Reactor core coolant. Quantity: Provide helium coolant when all HTS loops are

inoperational and the reactor is shut down.

Physical Interface: Top of reactor core.

Plant Protection Provide reactor trip system Quantity: Provide a power interruption system which will cause

and Instrumenta- execute features, the inner control rods to fall into the core when a reactor

tion System trip is needed.

Physical Interface: Electrical connections in the reactor trip

power control cabinet.

Provide "safety-related" Quantity: Provide a power interruption system which will cause

reactor trip systems execute the outer control rods to fall into the core upon appropriate

features, command signals.

Physical Interface: Electrical connections in the reactor trip

power control cabinet.

Provide "safety related" Quantity: Provide a power control system to cause the reserve

reserve shutdown equipment shutdown equipment to be activated upon appropriate command

features. signals.
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4.2 REACTOR CORE SUBSYSTEM

4.2.1 Summary Description

The Reactor ore Subsystem (RCSS) consists of fuel elements, hexagonal

graphite reflector elements, plenum elements, startup sources, and reactivity

control material, all located inside a reactor pressure vessel. The RCSS,

together with graphite components of the Reactor Internals Subsystem,

constitutes a graphite assembly which is supported on a graphite support

structure and restrained by a core lateral restraint structure. (See

Figures 4.1-1 and 4.1-2).

The hexagonal fuel elements are stacked in columns that form an active core

annulus with columns of hexagonal graphite reflector elements in the central

region and surrounding the active core, as shown in Figure 4.1-2. The core

produces a power of 350 MWt at a power density of 5.9 MW/cu m.

To channel the coolant flow, metal plenum elements containing radiation-

shielding material are placed on top of the upper graphite reflector, one per

column. Hexagonal graphite reflector elements are beneath the active core.

These lower reflector elements initially continue the coolant hole pattern

from the active core. Flow in these channels exits into the core support

blocks.

The RCSS, in order to control heat generation, contains both fixed and

movable poison for normal operation. The fixed poison is in the form of

lumped burnable poison (LBP) rods and the movable poison is in the form of

metal clad control rods. In the event that the control rods become

inoperable, a backup reserve shutdown control is provided in the form of

boronated pellets that may be released into the core.

4.2.2 Functions and 10CFR100 Design Criteria

The functions and 10CFR100 Design Criteria for the RCSS are given in the

following sections.
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4.2.2.1 Power Generation Fun 6tions

The primary power generation!ifunctions, which must be performed by the RSS,

are to

1. Generate nuclear reactor heat

2. Control the neutron gneration rate

3. Transfer fission and! decay heat to the primary coolant flow in the

core and

4. Provide sufficient neutron absorbing material to ensure that the core

shutdown margin is met

Nuclear reactor heat is generated by fissioning fuel and by sustaining the

chain reaction. The neutron~ generation rate is controlled by absorption in

poisons and by inherent feedback. The shutdown margin is ensured by the use

of both fixed and movable poisons. Heat transfer to the primary coolant flow

is ensured by control of thIe core bypass flow and by maintaining the core

coolant passage geometry.

4.2.2.2 Radionuclide Control Functions

The radionuclide control functions that must be performed by the RSS to

ensure meeting the dose criteria of Goal 3 were discussed in detail in

Section 4.1.2.2 in relationship to the Goal 3 tree given in Figure 1.2-3. In

summary, the more important radionuclide control functions are:

1. Retain radionuclides in the fuel with fuel particle coatings.

2. Control heat generation with movable control rods and with inherent

feedback.

3. Remove core heat by transferring heat to helium coolant and by

providing heat transfer to the RCS by conduction and radiation.
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4. Control chemical attack by selection of corrosion-resistant materials.

4.2.2.3 Classification

All components of the RCSS, except the neutron sup sources and the inner control rods, axe

"safety related".

4.2.2.4 lOCFRI100 Design Criteria for Radionuclide Control

The following OCFRI100 Design Criteria apply:

IOCFR100 Design Criterion : The reactor fuel shall be designed, fabricated, and operated such that

radionuclides are retained within the fuel to the extent that releases to the primary coolant will not exceed

acceptable values.

IOCFRIOO Desfign Criterion M: The reactor shall be designed, fabricated, and operated such that the

inherent nuclear feedback characteristics ensure that the reactor thermal power will not exceed acceptable

values. Additionally, the reactivity control system(s) shall be designed, fabricated, and operated such that

during insertion of reactivity the reactor thermal power will not exceed acceptable values.

IOCFRIOO Design Criterion IV: The intrinsic dimensions and power densities of the reactor core,

internals, and vessel, and the passive cooling pathways from the core to the environment shall be

designed, fabricated, and operated such that the fuel temperatures will not exceed acceptable values.

4.2.3 Radionuclide Control Desigzn Requirements

The radionuclide control design requirements ae given below:

1. The RCSS shall be designed to limit primary circuit activity during normal operation to

the following levels at the 50 and 95 percent
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confidence levels:

Circulating (Ci) Plateout (Ci)
(P 50 (P >95 (PŽ>50 (P >95

Nuclide Percent) Percent) Percent) Percent)

H-3 0.2 0.7

Kr-88 5.5 22

Xe-133 2.5 10 
I-131 0.02, 0.08 20 80
Sr-90 - - 0.32 3.2
Ag-110m - 7.3 73
Cs-137 - - 70 700
Cs-134 - - 13 132

The above limits were derived from the plant release limits defined in
Section 4.1.3 with the following assumptions:

a. Compliance with the 0-2 hr PAG dose limits during a rapid
depressurization imposes the most constraining requirements on
the fuel design.

b. The fractional liftoff of plateout activity will be less than 5
percent for all credible depressurization transients, and

c. A building wake factor of 1.5 is appropriate for the Standard
MHTGR Reactor Building design.

2. The RCSS shall be designed to limit radionuclide release from the
core during core conduction cooldown transients to:
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PAG (User) Limits (Ci) 10CFR100 (Reg) Limits (Ci)

(P >50 (P >95

Nuclide Percent)* Percent),*

Kr-88 < TBD < TBD

Xe-133 < 2300 < 46,000

1-131 < 870 < 26,000

Sr-90 < 36 < 1080

Ag-11rn < TBD < TBD

Cs-137 < TBD < TBD

The above core release limits were derived from the 0-30 day release limits

given in Section 4.1.3 with the assumption that the core releases of

condensibles would be attenuated by a factor of 30 by primary circuit removal

mechanisms prior to environmental release.

3. The RCSS shall be designed to limit incremental radionuclides release

from the core during short-term design basis events, such as steam

ingress, with direct release to the environment:

PAG (User) Limits (Ci) 10CFR100 (Reg) Limits (Ci)
(P 50 (P >95 (P 50 (P >95

Nuclide Percehtj* Percent) Percent)* Percent)

Kr-88 < TBD < 148 < TBD < 3378

I-131 < TBD < 260 < TBD < 7800

The above -131 release limits were derived from the 0-2 hr limits given in

Section 4.1.3 with the assumption that the core release would be attenuated

by a factor of 100 by plateout and washout in the primary and secondary

coolant circuits prior to environmental release. This assumption will be

validated by the Regulatory Technology Development Plan.

For additional information related to this section, see the response to NRC

Comment 4-8.

*See response to NRC Comment 4-7 for discussion of TDs.
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4.2.4 Design Description

4.2.4.1 Subsystem Configuration

The annular reactor core consists of fuel elements, graphite reflector

elements, plenum elements, reactivity control material, and neutron startup

sources. Each of these components is described below.

4.2.4.1.1 Fuel Elements

There are two types of fuel elements, i. e. , standard elements and elements

that contain a channel for reserve shutdown control material.

All fuel elements are H-451 graphite in the form of right hexagonal prisms

793 mm (31.2 in. ) high and 360 mm (14.2 in.) across the flats. Fuel1 and

coolant holes are parallel through the length of the prism in a regular

triangular pattern of two fuel holes per coolant hole. The standard fuel

element, shown in Fig. 4.2-1, contains a continuous pattern of fuel and

coolant holes except for a central handling hole surrounded by smaller

coolant holes and the corner holes in which the fuel is replaced with lumped

burnable poison (LBP). Twelve reserve shutdown fuel elements differ in that

they contain a 95.25 mm (.75 in.) diameter channel for reserve shutdown

material, as shown in Figure 4.2-2. This channel replaces 20 fuel and 12

coolant holes.

At each element-to-element -interface in a column, there is a dowel/socket

connection which provides alignment for refueling, alignment of coolant

channels, and which transfers seismic loads on fuel elements.

A 35.0 mm (1.38 in.) diameter handling hole, located at the center of the

element, extends down about one-third of the height, with a ledge where the

grapple of the fuel handling machine engages.

The LBP consists of boron carbide (B4C) granules dispersed in graphite

rods. The B4G granules are pyrocarbon (PyC) coated to limit oxidation and
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loss from the system. The amount of burnable poison is determined by

reactivity control requirements, which may vary with each reload cycle. The

diameters of the rods and their concentration are specified according to

requirements for self-shielding of the absorber material to control its

burnout rate relative to the fissile fuel burnout rate. The goals are near

complete burnout of the material when the element is replaced, as well as to

minimize the hot excess reactivity swing over the cycle.

The fuel compacts, contained in the fuel holes, have a 12.45 mm (0.49 in.)

diameter with a length of 49.3 mm (1.94 in.). Each fuel compact is a mixture

of fissile, fertile, and graphite shim particles bonded by a carbonaceous

matrix. These fuel compacts are stacked in each of the fuel element fuel

holes. Each stack contains 15 fuel compacts except for the six stacks under

each of the four dowels which contain 14 fuel compacts.

The reference fuel cycle employs low-enriched uranium and thorium (LEU/Th).

The fissile fuel is a two-phase mixture of 19.9 percent enriched U02 and

UG2, usually referred to as UO, having an oxygen-to-uranium ratio of 1.7

in fresh fuel. The fertile fuel is Th02. Both fertile and fissile fuels

are in the form of dense microspheres coated in a fluidized bed with a TRISO

coating whose primary purpose is to retain fission products. The coated

fissile and fertile particles are blended and bonded together with a

carbonaceous binder into fuel compacts. Figure 4.2-3 illustrates the TRISO

coating concept and how the fuel is packaged in the fuel element. Details of

the TRISO particle design are given in Table 4.2-1. The purpose of each

TRISO particle component and reason for specification of the properties is

given in Table 4.2-2.

The TRISO particles are bonded into a fuel compact (see Table 4.2-3) for the

following reasons:

1. Prevent mechanical interaction between the fuel particles and

moderator graphite by maintaining the fuel as a free standing

nonstructural component of the fuel element.
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2. Maximize the thermal conductivity in the fuel.

3. Provide a secondary barrier to metallic fission product release

through adsorption mechanisms.

The as-manufactured fuel quality and in-service performance limits are given

in Table 4.2-4. Analysis with the design methods described in

Section 4.2.5.2.2.1.2 has de monstrated that fuel of this quality will assure

that the radionuclide requirements established in Section 4.2.3 are

satisfied. Fuel quality is being developed and qualified as part of the

Regulatory Technology Development Plan. (Ref.l)

For additional information related to this section, see the response to NRC

Comment 4-3.

4.2.4.1.2 Reflector Elements

The hexagonal H-451 graphite reflector elements have similar size, shape, and

handling hole to the fuel elements (except that some are half-height or

three-quarter height). Differences exist in the hexagonal reflectors,

depending on their locations in the core, i.e., top, bottom, side, and

central reflectors which are described below.

The reflector above the active core is composed of two layers, a layer of

full-height elements over a layer of half-height elements. The top reflector

elements channel coolant flow to the active core and provide for the

insertion by gravity, of reserve shutdown material into the active core.

They have the same array of coolant holes as the fuel element and the same

holes for the insertion of reactivity control devices.

The bottom reflector under the active core is also composed of two layers, a

layer of three-quarter height elements over a layer of half-height elements.

The bottom reflector elements provide for the passage of coolant from the

active core into the core support. In the standard columns, this is

accomplished by collecting the coolant channel flows into six intermediate

coolant holes 68 mm (2.68 in.) in diameter. The channel for the reserve

shutdown material is blind and stops in the lower reflector.
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- ~The side reflector consists of two rows of hexagonal reflector columns, as

shown in Figure 4.1-2. The side reflector hexagonal elements are solid

elements, with the exception of the fuel handling hole, and the control rod

channel in 24 of the reflector columns adjacent to the active core as shown

in Figure 4.2-4. The control rod channel diameter is 102 nun (4 in. ) and

stops at an elevation just below the active core. The control rod channel is

centered 119.4 m (4.7 in.) from the center of the reflector element, in the

corner nearest the active core.

The central reflectors consist of two types of hexagonal graphite elements,

the standard element and the control element which contains a control rod

channel of the same size as in the side reflector control columns. In

addition, the elements adjacent to the active core have coolant holes.

The hexagonal reflector elements in the four areas are further distinguished

by two residence-time designations: 1) replaceable - elements adjacent to

the active core which are scheduled for periodic replacement, and 2)

permanent - elements farther away from the core which are scheduled to reside

in place for the lifetime of the plant.

There is a dowel/socket connection at the element-to-element interface for

all elements in a column. This connection provides alignment for refueling,

alignment of control rod channels, and transfers seismic loads on reflector

elements.

4.2.4.1.3 Plenum Elements

The metal plenum elements rest on top of the upper reflector, one per core

column. Their functions are to provide relatively tight gaps between

elements for limiting the core bypass flow, to provide keyed connections

between elements for limiting lateral motion of columns during refueling, and

to provide boronated graphite for neutron shielding.

There are five variations in hole patterns for plenum elements, depending on

location. All plenum elements have pickup holes for handling during
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refueling and bottom sockets for mating with the dowels on the top of the

reflector elements. All hexagonal plenum elements also have dowels on top

for the purpose of fuel element-to-element alignment during refueling. The

plenum elements are made of Alloy 800H.

The standard fuel column plenum elements have vertical channels to direct

coolant to the channels in the top reflector. The volume between these

vertical channels is filled with boronated graphite pellets to enhance

shielding. The reserve shutdown fuel column plenum elements differ in that

they contain a hole for reserve shutdown material.

The plenum elements located on top of the regular hexagonal reflector and

reflector control columns also contain boronated graphite shielding and local

coolant channels in selected locations. The plenum elements located on top

of the permanent side reflector columns contain boronated graphite shielding,

but do not have coolant holes.

4.2.4.1.4 Control Rods

The control rod is designed to be a semi-articulated type rod, similar to the

Fort St. Vrain design, but greater in length. The control rod absorber

material consists of 40 weight percent natural boron in BC granules

uniformly dispersed in a graphite matrix. The annular absorber compacts have

an inner diameter of 52.8 mm (2.08 in.) and an outer diameter of 82.6 mm

(3.25 in.). These compacts are enclosed in metal canisters (see Figure

4.2-5) for structural support and to restrict oxidation of the boron

carbide. The canister material is Alloy 800H with a thickness of 1.27 mm

(0.050 in.).

Small tabs on the outside of the canisters center the control assembly string

in the control rod channel. Coolant flows down the outside and down the

center hole to remove heat generated in the canisters. The string of

canisters is designed with mechanical flexibility to articulate any

postulated offset between elements during a seismic event. Thus, full

insertion is ensured for any operating condition. The control rod drive
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mechanisms are described in Section 4.3.

4.2.4.1.5 Reserve Shutdown Material

The reserve shutdown material consists of 40 weight percent natural boron in

B4C granules dispersed in a graphite matrix and formed into pellets. The

B4C granules are coated with PyC to limit oxidation and loss from the

system during high-temperature, high-moisture events. When released into the

reserve shutdown channel in the fuel element, the pellets have a packing

fraction of >0.55. The release mechanism is described in Section 4.3.

4.2.4.1.6 Startup Neutron Sources

Small neutron sources in the fuel handling hole in selected fuel elements

provide adequate neutron flux levels to ensure a controlled startup.

4.2.4.2 Subsystem Arrangement

The RCSS arrangement is illustrated in Figures 4.1-1 and 4.1-2, where the

active core is shown surrounded by the reflectors. The control rod and

reserve shutdown locations are also shown in Figure 4.1-2.

4.2.4.3 Subsystem Operating Modes

The operating modes of the Reactor Core Subsystem, in conjunction with the

Neutron Control and Reactor Internals Subsystems, are discussed in Section

4.1.4.3.

4.2.4.4 Instrumentation and Control

All instrumentation and control required for the operation of the Reactor

Core Subsystem is provided by the Neutron Control Subsystem (NCSS) and

discussed in Section 4.3.4.'-,.
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4.2.4.5 Subsystem Limitations

The RSS has several design' limits. These include limits on fast neutron

fluence to the graphite 'components, peak graphite stress limits, fuel

particle packing fraction limits, metallic component temperature limits,

including control rods, and clore shutdown margin limits. These limits are:

Operating Accident
I ~ ~ 1 2 n/cmFast neutron fluence 2.5xl10n2 c 2.5xl02 2/c

Gore shutdown margin > 1% > 1%

Fuel particle packing

fraction < 60% < 60%

Peak graphite stress 35% of mean 80% of mean

strength strength

Plenum element temp. 7000F 1900'F

Control rod clad temp. 12000F 22000 F

4.2.5 Design Evaluation

The evaluation of the reactor core design is discussed in the following

sections.

4.2.5.1 Failure Modes and Effects

4.2.5.1.1 Coolant Channel Blockage

The coolant flow paths through the reactor core are maintained by the

integrity of the core graphi te elements and their dowel/socket connections.

The elements and their dowel/socket connections are designed conservatively

such that cracking or other damage that would result in blockage of any flow

path is highly unlikely. (The potential for damage is also discussed in

conjunction with the structural design criteria in Section 4.2.5.2.4.4.)
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It is unlikely, but remotely possible that flow to the coolant channels may

be disrupted by materials, such as thermal insulation, entering the core

upper plenum and blocking the coolant hole entrance. In the unlikely event

that such blockage should occur, the consequence depends on the number of

channels blocked, the extent of the obstruction, and the location of the

blockage. The most likely blockage would be a partial blockage of one or a

few coolant channels. Flow in the affected channels would be reduced, but

even in the event of a complete local blockage, would not be zero over the

full column height. Some cross-flow to and from the affected coolant

channels would occur upstream and downstream of the blockage.

The heat generated near the affected coolant channels would be removed in

part by the reduced flow in the coolant channels and in part by conduction to

adjacent, unaffected coolant channels in the affected column and adjacent

fuel columns.

The increase in fuel temperature for severe blockage incidents can result in

some local failure of fuel particle coatings, releasing activity to the

coolant. However, due to the high-temperature structural integrity of

graphite, the fuel remains in the graphite matrix, and safe conduction of

heat to nearby unblocked channels is maintained. A very extensive blockage

would result in more significant fuel failure and would be detected

ultimately by an increase in the gaseous fission product activity in the

primary circuit. If, as a result, circulating activity levels approach

operating limits, the reactor would be shutdown and the damaged fuel

replaced.

4.2.5.1.2 Control Channel Blockage

Like the coolant channels, the neutron absorber channels are maintained by

the structural integrity of the graphite elements and other components within

the RS. (These channels are the control rod channels in the reflector

columns adjacent to the active core and the reserve shutdown channels in the

innermost ring of fuel columns.) Although some limited cracking of the

graphite elements is possible (see discussion in Section 4.2.5.2.4.4),
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extensive structural damage which could lead to blockage of the channels is

extremely unlikely. For blockage to occur, it would be necessary to either

shear off the dowels or sever the graphite elements into several pieces,

neither of which is a credible event.

Even if such extensive damage should occur, several control channels would

have to be blocked before the ability to shut down the reactor would be

affected. Shutdown is normally accomplished with the outer control rods. If

one or more of these should 'fail to be inserted because of channel blockage,

the reserve shutdown control could be used.

4.2.5.2 Steady-State Performance

The steady-state performance of the reactor core is discussed in the

following subsections on nuclear, thermal/hydraulics, structural, and fuel

performance.

4.2.5.2.1 Nuclear Performance

4.2.5.2.1.1 Reactivity Control

The core reactivity is controlled by a combination of LBP, movable poison,

and a negative temperature coefficient. The LBP consists of boronated

graphite rods located in the corners of fuel elements.

The control rods are used for reactivity control during operation, as well as

ensuring that a minimum shiitdown margin of 0.01 t p is met ( p is

defined as k2-k1). The control rods are designed to be operated

k k ~ either individually or in groups (three control
k1k2

rods- per group) from the central control room,

although control on groups of rods would normally be carried out under

automatic control. The rods can be operated either manually or

automatically (in the load range of 25 percent to 100 percent feedwater

flow). The control rod group withdrawal speed is 1. 2 ips. This speed

permits load changes at < 5 percent per minute, ensures acceptable core

performance in the event of: a control rod withdrawal accident, and ensures

adequate response to a PPIS trip.
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For additional information related to this section, see responses NRC

Comments G-7.B, G-7.C, 4-15 and 4-16.

Nominal Reactivity Control Requirements: The components that make up the

nominal expected reactivity control requirements for typical beginning-of-

cycle (BOC), middle-of-cycle (MOC), and end-of-cycle (EOC) conditions are

listed in Table 4.2-5. The maximum core operating excess reactivities are

the currently estimated values to be expected at the three indicated times in

cycle and these estimates reflect two systematic biases. First, the mass

flow rates are based on a fissile uranium loading required to give an EOC

unrodded reactor keff of 101 in all cycles and second, the uranium mass

flow calculations neglect impurities in the graphite which are expected to be

worth about 0. 5 percent A at EOC. These two systematic biases then yield,

on net, a best estimate of an EOC operating excess reactivity of 0.5

percent ŽAp which is to cover any unforeseen uncertainties related to

achieving the reference burnup. Additional details of the random

uncertainties related to the control requirements, as well as the control

worths, are discussed below.
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Nominal Reactivity Control Worths: The calculation of control rod and

reserve shutdown control (RSC) worths under both hot and cold conditions have

been performed for both the initial cycle BOG conditions and the equilibrium

cycle EOC condition. En addition, the worth of all 30 control rods has been

calculated for other times in cycle for both the initial core and an

equilibrium reload cycle to determine how the total control rod bank worth is

expected to change over the cycle. Other specific rod pattern control worths

for hot conditions for the selected withdrawal of groups of three rods each

in the outer bank of control rods were analyzed to define the maximum group

worth for use in the transients analyzed in Chapter 15. These calculations

were only performed for the EOC equilibrium core loading since that cycle

condition yields the minimum temperature coefficient of reactivity and the

maximum rod group reactivity worth for a rod group withdrawal transient. No

reduction in control rod poison worth due to burnup has been assumed in this

or other EOC rod worth calculations discussed below, although this effect

would be minimal.

A summary of the calculated control reactivity worths for both hot and cold

conditions is given in Table 4.2-6 for the end-of-eqiiilibrium cycle

conditions. The eight groups of three rods each which make up the outer bank

of rods were analyzed under hot conditions for several withdrawal sequences.

The minimum group reactivity worth was for the first group withdrawn and was

worth 0.9 percent Np. The maximum group worth was found to be 2.1 percent

and 20 percent uncertainty was assumed for the Chapter 15 rod withdrawal

transients in which a value of 2.5 percent AP was assumed. The total worth

of the trip of the outer rod bank is 12.7 percent AP hot, but this worth was

reduced to 9 percent A Pfor all Chapter 15 transients involving a trip.

These results show that hot control reactivity worths are typically 15 to 20

percent higher than the cold worths. The nominal cold reactivity worth of

all 30 control rods is 20.2 percent AP which is significantly larger
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than the currently estimated nominal requirement of 7.7 percent Ap for the

EOC conditions. If a maximum worth rod in the inner bank is assumed stuck

out at shutdown, the nominal cold shutdown margin for EOC conditions would be

about 10 percentA P.

Similar nominal values of the calculated control worths for the initial core

and at other times in cycle have been combined with selected values for the

EQ-EOC conditions and are given in Table 4.2-7.

Calculations of the 30-rod bank worths for other time points during the

depletion show that the rod and RSC worths are a function of time in the

cycle rather than which cycle it is (initial or equilibrium) even though the

cycles differ greatly in length and fuel loading. (The initial cycle is all

fresh fuel with a cycle length. of 555 effective full-power days (EFPD) and a

carbon-to-thorium. atom ratio of 600, while the equilibrium reload has half

new fuel and the remainder depleted fuel, loaded for 482 EFPD and a C/Th-

1000.)

Random Reactivity Uncertainties Affecting Shutdown Margins: Uncertainties in

calculations, input data, measurements, fuel loadings, basic constants, etc.,

must be taken into account in* any estimate of core reactivity and shutdown

margin calculations to ensure that the minimum criteria are met. Two types

of uncertainties are considered, i.e. , random uncertainties and systematic

errors. The reactivity effects of random uncertainties, such as fuel loading

tolerances, can be combined in a root mean square (RMS) fashion; while the

reactivity effects of systematic errors, such as core impurities, must be

summed.

The uncertainties are assumed to be independent parameters, i.e., random in

nature. Because of their randomness, the net effect was calculated by taking

a square root of the sum of squares of the relevant items. The calculated

and/or estimated reactivity uncertainties are given in Table 4.2-8. The

total uncertainties affecting the cold shutdown margin during the cycle are

given in Table 4.2-9. The estimated cold shutdown margin, including all

uncertainties, is given in Table 4.2-10.
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The reactivity uncertainties due to systematic biases were not included in

Table 4.2-8. A systematic bias is defined as a known effect, which affects

reactivity, but which was not, for various practical reasons, included in

analytical calculations. As noted earlier, the systematic biases due to

added fissile loading and neglect of graphite impurities have already been

taken into account in the expected nominal reactivity requirements.

From the results given in Table 4.2-10 it is seen that the inclusion of the

nine random uncertainties results in combined uncertainties of typically 1.7

to +2.0 percent ŽAp for E conditions. In the worst case of the maximum

worth stuck rod, the shutdown margins, including uncertainties, range from

2.56 percent A p to 8.65 percent p depending on time in cycle.

Reserve Shutdown Reqiuirements and Reactivity Worths: The primary reactivity

requirement for the reserve shutdown control (RSC) is to maintain shutdown

(k 0.99) indefinitely at or below the refueling temperature 1920G (3770 F).

Any partially inserted control rods or other fully withdrawn control rods are

assumed not to be inserted in determining the RSC capability to meet this

requirement, i.e., the maximum core operating excess reactivity is assumed to

be held down by control rods and this excess reactivity is not a component of

the requirement for the RSC. The reserve shutdown control equipment (RSCE)

is also required to trip following the trip of the outer bank of control

rods, and after some delay, for transients initiated by moisture ingress

during power operation.

Table 4.2-11 gives the reactivity control requirement and the estimated RSC

reactivity worth for the beginning, middle, and end of cycle. The

uncertainty assignment treatment is similar to that assumed for the control

rod shutdown margin uncertainty except that the uncertainty reflects +10

percent uncertainties in the RSC requirement and predicted worths. The

nominal predicted RSC worth for the three times in cycle has been based on

the predicted RSC reactivity worth without any inserted outer control rods

that would normally be inserted to hold down the hot excess reactivity. This

results in an underestimate of the RSC worth, particularly for the MOG

condition. For example, in Table 4.2-7, the beginning of initial cycle
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(BOIG) cold reactivity worth of 12 RSC alone is 10. 1 percent p and the worth

of 24 outer rods alone is worth 8. 1 percent AP while the worth of 12 RSC and

24 outer rods is worth 28.4 percent A . Therefore, the worth of 12 RSC in

the presence of 24 outer rods is 28.4 percent p - 8. 1 percent p 20. 3

percent A p, which is double the worth of the RSC alone. The expected MOC

operating conditions would require approximately one to two groups of outer

rods inserted which would increase the RSC worth by about 10 percent or more

over the currently calculat ed value. This effect has been conservatively

neglected in these calculated RSG worths. The comparisons are also

conservative in that the cold 270C (80'F) RSG worths have been assumed to

apply to the refueling temperature condition.

These results indicate that the RSC worth exceeds the requirements for

shutdown at refueling temperature for all times in cycle. The RSC would also

meet cold shutdown requirements for both the OC and EOC condition but would

not quite allow shutdown to cold conditions for the BOG condition.

Temperature Coefficient of Reactivity: A 10CFR100 Design Criterion for the

RGSS is that the core shall have inherent feedback characteristics to control

heat generation. As discussed below, this criterion is met for all

temperature ranges includingl'accident temperatures.

The overall isothermal temperature coefficient has contributions from the 1)

prompt fuel doppler, 2) moderator, and 3) the inner and outer reflectors.

The active-core doppler and, active-core isothermal temperature coefficients

are strongly negative, particularly over the operating temperature range for

the beginning-of-cycle initial core (BOG-IC) condition up to 700'C (12920 F)]

and at the heatup temperature range [greater than 700'C (1292*F)I for the end

of cycle equilibrium core (EOG-EQ) condition. Calculations for the beginning

of equilibrium cycle condition also show strong negative coefficients. The

active core isothermal temperature coefficient is about -7.0 x lO-5 /'C at

the BOG-IC condition and about -3.7 x 10 5/OG for the EOC-EQ condition at

full power operating temperature of 7'C (12920 F).

The effective reactivity coefficient for the reflector heatup is positive for

the BOG and the EOC condition and is equivalent to about +2 x 10 5/*C for
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BOG conditions and about +3 x lO-5 /'C for EOC conditions over the normal

operating temperature range. In the calculation of the total reactor

isothermal temperature coefficient of reactivity, the fuel and moderator

temperatures up to about 1700'C (30920 F) have been varied isothermally. The

inner and outer reflector temperatures on which the reflector contributions

to the temperature coefficient calculations are based, are assumed to be in

equilibrium with the respective fuel temperatures as discussed later. Table

4.2-12 lists the assumed temperature conditions used to determine the

temperature coefficients of reactivity that have been plotted as a function

of the active core temperature in Figures 4.2-6 to 4.2-8. A nine neutron

group radial diffusion calculational model with cross sections based on the

temperatures indicated in Table 4.2-12, was utilized to determine the

temperature coefficients of reactivity.

The total reactivity change (temperature defect) due to temperature changes

over the normal operating range must include the heatup of both the inner and

outer reflectors to their full power temperatures and this effect is included

in the evaluation and in the reactivity control requirements to cover the

hot-to-cold reactivity swing given in Table 4.2-5. For all anticipated

operational occurrences (AQOs) , design basis events (DBEs) , or

"safety-related" design conditions (SRDCs) initiated by moisture ingress or

rod bank withdrawal, the resulting core temperature rise is modest up to the

time of the trip and the reflector temperature rise greatly lags behind the

active core temperature rise. The positive feedback due to reflector heatup

can be ignored in the near-term transient analysis, as discussed in Chapter

15, for all cases for which a trip is assumed to occur. For long-term

transient analysis such as conduction cooldown, the equilibrated reflector

temperatures to be expected at the indicated fuel temperature have been

assumed (see Table 4.2-12).

For long-term transient events such as conduction cooldown, the inner

reflector temperature rise lags behind the core temperature rise by typically

3 to 4 hr and only catches up to the active core temperature rise after 50 or

more hours at which time the total reactor isothermal temperature coefficient

is extremely negative (approximately -10 x 10-5/OC) i.e. Curve C of Figures
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4.2-6 and 4.2-7, as discussed below, apply only to long-term heatup

temperatures and only at high temperatures.

Figure 4.2-6 shows the calculated temperature coefficient of reactivity for

the BOG-IC condition. Curve A is the fuel prompt doppler coefficient due to

heatup of the fuel compact matrix as a function of the assumed fuel

temperature. Curve B is the active core isothermal temperature coefficient

and is the sum of the doppler coefficient and the moderator temperature

coefficient of reactivity which is also strongly negative, due in large

measure to the presence of LBP in the BOG condition. The moderator

coefficient, not shown in Figure 4.2-6, would be the difference between Curve

B and Curve A and would be -4.0 x 0O5/'C at 800'C (14720 F), for example.

Curve C is the total reactor isothermal coefficient and includes the positive

contribution of the reflector heatup to the estimated inner and outer

reflector temperatures that would result when the fuel reaches the indicated

temperature.

Transients from full power conditions involving a reactor trip result in

higher fuel element temperatures for the EOC-EQ condition. Figure 4.2-7

shows the calculated temperature coefficients of reactivity for that

condition where the three indicated curves have the same meaning as discussed

above for the BOG-IC condition. Curves A and B, and the moderator

coefficient represented by the difference between these two curves, were used

in the analyses in hapter 15. In this case the moderator coefficient would

be -1.1 x 10- 5/OG at 800'C (14720 F) for example. The moderator coefficient

is slightly positive in the range of 400'C (7520F) to about 700'C (12920 F)

and produces a small positive reactivity prior to the trip in some of the

DBEs and SRD~s. The small positive reactivity due to the moderator heatup is

overshadowed by the much larger negative reactivity contribution due to the

doppler coefficient. The moderator coefficient and the active-core

isothermal coefficient become very negative at high fuel temperatures due in

large part to the relatively high neutron capture rate in plutonium-240 at

EOC conditions. The hardening of the thermal neutron spectrum with

increasing moderator temperature leads to an increasing parasitic neutron

capture rate in the large plutonium-240 capture resonance at 1.05 eV.
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High-power conditions result in steady-state conditions of fuel and moderator

temperatures in the 70000 (1292 0F) to 8000C (14720F) range. To verify that

the EOC-EQ condition yields the least negative temperature coefficient, an

additional time point corresponding to the BOG-EQ condition was also analyzed.

The total reactor isothermal temperature coeff icient for the BOO-EQ condition,

as well as the equivalent curves for the other two time points discussed

above, are plotted in Figure 4.2-8. As may be noted, the BOG-EQ condition

yields a result that is similar to the BOO-IC condition and the EOC-EQ

condition clearly has the least negative temperature coefficient at, or

somewhat above, the nominal full power temperature range.

4.2.5.2.1.2 Fuel Cycle

The core incorporates a graded LEU/Th fuel cycle with an initial cycle length

of 1.9 years. Equilibrium burnup cycles are 3.3 years (equivalent full power

years) and one-half of the active core being replaced each 1.65 years. There

are three transition reload cycles prior to reaching the equilibrium cycl 

which on average require replacing one-half of the core every 1.5 years. The

transition cycle lengths have been specified to minimize radial power peaking

factors due to fuel age differences so that such factors do not exceed those

encountered in the equilibrium cycles. This fuel cycle is based on a

66-column annular core which operates at 350 MWt, corresponding to a power

d nity of 5.9 MW/cu m.

The core is refueled by column and the two reload segments consist of one-half

of the fuel element columns distributed uniformly throughout the core. Each

refueling column extends the full height of the active core, i.e., ten fuel

elements.

The initial core loading is characterized by an average carbon-to-thorium atom

ratio (C/Th) of 600 and a carbon-to-uranium (C/U) atom ratio of 834. This

provides initial metal loadings of 2346 kg (5161 lb) Th plus 1726 kg (3797 lb)

U (enriched to 19.9 percent in U-235). The cycle length and resultant core

loadings assure a strong negative temperature coefficient to control heat

generation with inher nt feedback.
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The specif ication of the equilibrium-cycle fuel loadings and of the loadings

in the transition to equilibrium from the first core involves an optimization

process. C/Th values by reload are determined which minimize the equilibrium

uranium requirements consistent with satisfying limits on power peaking caused

by fresh fuel in proximity to partially burned fuel. Minimizing the uranium

makeup loading contributes toward minimizing fuel-cycle costs.

After the initial cycle and three transition reloads, reloading is done at

1.65 yr intervals. For the quilibrium conditions (CITh iooo, /U= 700),
the average fuel loadings are 706 kg (1553 lb) Th plus 1032 kg (2270 lb) U

(19.9 percent U-235). These are the equilibrium combinations that sustain a

3.3-yr burnup lifetime at 80 percent equivalent availability. Table 4.2-12

gives the fuel loading for the first seven cycles.

The core delayed neutron fraction () varies from 0.0065 at beginning of cycle

in the initial core to 0.005 at the end of an equilibrium cycle. This average

delayed neutron fraction was obtained by weighting the P Ps of each of the

three major core fission isotopes, UJ.-235, Pu-239, and U-233, by their relative

contribution to the neutron production rate. For example, the relative

production rate contribution from U-235 varies from 100% at the beginning of

the initial cycle to 57% at the end of an equilibrium cycle. The relative

production rates of these three: nuclides are given in Table 4.2-13a.

4.2.5.2.1.3 Power Distributions

Power distributions are controlled to limit fuel temperature, to limit fuel

element stresses, and to meet the core exit gas temperature hot streak

requirements. The principal means of power distribution control is the

creation of zones of differing average fuel concentrations.

The power tailoring by zone is achieved by redistributing the fissile and

fertile fuel separately, basically providing heavier concentrations of fissile

material (uranium) in the higher power zones, but keeping the total core or

reload fuel loadings unchanged. The requirement for reasonably stable power
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distributions with burnup means that the within-zone conversion ratios must be

about the same. To achieve this, the relative distribution of the uranium

does not necessarily match the power distribution exactly, and the thorium and

uranium zoning factors are not identical. The burnable poison constituents

also are zoned to maintain the specified power split among the three radial

zones of the active core.

The current zoning scheme consists of three radial and three axial zones.

The three axial zones consist of five, three, and two fuel elements in the

top, middle, and bottom zones, respectively. The three radial zones
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correspond to the three annular rings of fuel elements, i.e., 18, 24, and 24

fuel columns as seen in Figure 4.1-2. Both fissile and fertile particles are

zoned for each of the nine fuel zones. The fuel zoning decreases the average

power in the inner two fuel zones, and increases the average power in the

outer fuel zone such that radial relative power factors of 0.87, 1.00, 1.10

are achieved and maintained over the cycle.

The advantages to shifting the power outward in the core are:

1. Stress in the outer blocks is decreased, because the outer reflector

is cooler than the inner one.

2. The reactivity worth of the outer control rods is increased, and the

worth of the inner control rods is decreased. This ensures earlier

withdrawal of the inner rods.

3. A reduction in peak fuel temperature in cooldown transients.

Figure 4.2-9 gives the hexagonal averaged relative power distribution at the

beginning of the initial cycle, after equilibrium xenon-135 is reached. The

values given correspond to seven hexagonal regions per fuel column and in

turn are an area-weighted average of seven point powers in each of the seven

hexagonal regions that comprise a fuel column. Each column was subdivided

into these seven subregions to yield greater power profile detail and to

allow within-column burndown of localized power tilts. The average relative

power by fuel zone is 0. 87/1.01/1.08, i.e. , close to the desired shape as

noted above.

This power distribution assumes that the control rods are withdrawn in groups

of three, separated by 120 deg, i.e., one rod in each sector. This minimum

size of rod group reduces the impact of the control rods on the axial power

profile. Control rod withdrawal during the depletion is performed by: first,

removal of the two inner rod groups, followed by the four outer groups next

to the older fuel segment, and then the four outer groups next to the newest

fuel segment. The order within these sets of four groups maintains the

widest separation between inserted rods.
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The effect on power distribution of the outer control rods is seen in Figure

4.2-9. All control rods are fully withdrawn except for group 1, which is

partially withdrawn. Although each of the eight outermost columns in the 120

degree sector has the same fuel loading, the relative power varies

significantly because of the presence of these control rods.

Figure 4.2-10 gives the hexagonal averaged relative power distribution for

the end of cycle 6 with all control rods withdrawn. The average relative

power by radial fuel zone is 0.71/1.05/1.16. This illustrates another effect

of the control rods on the power distribution. The control rod withdrawal

sequence removes outer rod group 1 last, which means that it is inserted for

almost the entire cycle. This suppression of the fuel burnup in the

adjoining column creates a power peak when outer rod group 1 is withdrawn at

the end of the cycle. This more limiting radial power profile is only

typical of the last few days of an equilibrium cycle. This limiting power

profile, for which a 1.75 radial power factor results, was used for obtaining

the maximum fuel temperature in the Chapter 15 transients including those

DBEs and SRDCs related to a three rod group withdrawal transient. A

switching of control group sequence one or two times in the 1.65-year burnup

cycle would reduce the 1.75 radial power factor to a lower value, but this

has been retained conservatively for the accident analysis.

Figure 4.2-11 shows the axial power distribution for an equilibrium cycle.

This distribution indicates 65 percent of the power in the top zone, 25

percent in the middle zone, and 10 percent in the bottom zone. This

distribution is expected to minimize peak fuel temperatures. The selection

of the active core height of ten fuel elements was made to yield a maximum

power rating while maintaining an axial power shape that remains stable with

burnup and stable to axial xenon transients.

4.2.5.2.1.4 Control Rod Positions for Rise-to-Power

From the control requirements, given in Table 4.2-5, estimates of the inner

and outer control rod group positions for typical conditions and time in

cycle are made. These estimates are given in Table 4.2-14 for typical BOC,
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MOC, and EOC conditions. Nominal calculated values of the components of the

control requirements at each cycle condition were used and these preliminary

estimates of critical rod positions do not include either requirements

uncertainties or rod group reactivity worth uncertainties.

The data shown includes the estimated hot-unrodded kef f, cold shutdown

keff, cold critical rod patterns, hot 25 percent power rod patterns and hot

100 percent power rod patterns expected for each cycle condition. Critical

rod "positions" are expressed as the expected percentage of the rod group

reactivity worth that is withdrawn at the indicated condition. A range of

critical rod "positions" at the indicated power level is shown and

corresponds to position changes expected as xenon buildup takes place at the

indicated power level.

As shown, the maximum hot excess reactivity is expected to occur at mid-cycle

(MOC) conditions and is the result of the differing burnout rate of LBP

compared to fissile fuel burnout. This hot excess reactivity results in the

highest value of the cold shutdown keff and thus to the least inner rod

group withdrawal prior to reaching the cold critical or 25 percent power

level.

The conceptual design iteration, upon which these results are based, has not

yet included a detailed and optimized LBP design required to yield an MOC hot

excess reactivity of < 2.5 percent Ak. Additional detailed LBP design will

be required to achieve the goal of < 2.5 percent Ak. The estimates given for

MOC conditions assume that this goal will be achieved after more detailed LBP

design studies have been completed.

4.2.5.2.1.5 Stability of Power Distribution to Xenon Oscillations

Preliminary analyses were made on the stability of the radial and axial power

shapes to xenon-induced transients. The degree of damping, with time, of the

resulting power oscillation was used to indicate the relative power stability

of the core. The perturbations incorporated into these test calculations

were much more severe than could be encountered in actual operation at power
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due to repositioning of control rods or other effects. (The perturbation

involved removing all the xenon from the bottom half of the core and doubling

the xenon in the top half of:the core.)

Figure 4.2-12 represents the current evaluation of axial xenon oscillation

stability to the hypothetical xenon redistribution. The relative power in

axial element 4 (in top half) and element 10 (at bottom of core) were used to

illustrate the power stability to the hypothetical xenon redistribution. The

power factors in these two e lement locations prior to the transient were 1.42

for element 4 and 0.67 for element 10. As noted from the results given in

Figure 4.2-12, the power prturbation is damped and the relative power in

these two locations returns to values that ire close to their original values

after about 75 hours.

The radial power stability of the core was calculated for an end of

equilibrium cycle condition without control rods or burnable poison present.

The two columns studied were the column with the highest power prior to the

beginning of the transient and the geometrically opposite column through the

center of the core. The relative power for these two columns as a function

of time after the transient is shown in Figure 4.2-13. The radial power

perturbation that resulted from the xenon perturbations was strongly damped

in this case. There was no evidence of power peaks rotating around the core.

These data show that the reactor is stable to xenon-induced transients.

4.2.5.2.1.6 Residual eat Loads

The preliminary afterheat rates, expressed as percent of normal operating

power, are given in Table 4.2-15. Fits to these data points have been used

to define the residual heat loads for use in the transient analyses reported

in Chapter 15.

For additional information related to this section, see the responses to NRC

Comment 4-18.
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4.2.5.2.2 Fu 1 Performance

A fuel performance analysis was conducted to predict the core temperature

distributions, fuel particle failure, and gaseous and metallic fission

product release under normal operating conditions at full power. The

calculated fission product releases were then compared with the radionuclide

design criteria, summarized in Section 4.2.3 and presented in detail in

Section 11.1 to determine the adequacy of the fuel and core designs with

regard to the radionuclide control requirements.

For additional information related to this section see the responses to NRC

Comments 4-1, 4-4, 4-5, 4-9,- G-15.E, 11-7 and 11-8.I

4.2.5.2.2.1 Methodology and Assumptions

4.2.5.2.2.1.1 Fission Product Release Barriers

Typically, the two dominant sources of fission product release from the core

are as-manufactured, heavy metal contamination (i.e., heavy metal outside the

coated particles) and particles whose coatings fail in service. In addition,

the volatile metals (Cs, Ag, Sr) can, at sufficiently high temperatures and

long times, diffuse through the SiC coating and be released from intact TRISO

particles.

There are multiple barriers to the release of fission products from an HTGR

core: the fuel kernel, the particle coatings, the fuel rod matrix, and the

fuel element graphite. The effectiveness of the individual barriers to

fission product release may depend upon a number of factors including the

chemistry and half-lifes of the various fission products, temperature, and

irradiation effects. These barriers are described briefly below.

The first barrier to fission product release is the fuel kernel itself. The

kernel of a failed fuel particle retains > 95 percent of the radiologically

important, short-lived fission gases such as Kr-88 and -131; however, the

effectiveness of a UCO kernel for retaining gas s can be reduced if the

exposed kernel is hydrolyzed by reaction with trace am unts of water vapor
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which may b present in the helium coolant; the Th02 kernel does not

hydrolyze, and its release characteristics are unaffected by the presence of

water. (These kernal compositions were selected to minimize the

susceptibility to chemical attack; UCO and Th02 are more stable in the

presence of oxidants than the all-carbide kernels used in previous HTGR

designs.) The retentivity of oxiditic fuel kernels for long-lived, volatile

fission metals such as Cs, Ag, and Sr is strongly dependent upon the

temperature and the burnup.

The primary barrier to fission product release from the core is the silicon

carbide and/or pyrocarbon coatings of each fuel particle. Both the SiC and

outer pyrocarbon (OPyC) coatings provide a barrier to the release of fission

gases. The SiC coating acts as the primary barrier to the release of

metallic fission products because of the low diffusion coefficient of fission

metals in SiC; the OPyC coating is also partially retentive of Cs at lower

temperatures but provides lit'-.le holdup of Ag and Sr.

The fuel rod matrix is rather porous and provides little holdup of th

fission gases which are released from the fuel particles. However, the

matrix is a composite material which has a high content of amorphous carbon,

and this constituent of the; matrix is highly sorptive of metallic fission

products, especially Sr. Wh ile the matrix is highly sorptive of metals, it

provides little diffusional, resistance to the release of fission metals

because of its high interconnected porosity.

The fuel element graphite, which is denser and has a more ordered structure

than the fuel rod matrix, is somewhat less sorptive of the fission metals

than the matrix, but it is much more effective as a diffusion barrier than

the latter. The effectiveness of the graphite as a release barrier decreases

as the temperature increases. Under typical steam-cycle core conditions, the

fuel elemetit graphite attenuates the release of Cs and Ag from the core by

more than an order of magnitude, and the Sr is essentially quantitatively

r tamned.

The above discussion appli s to the transport of fission products that are

produced in the kernels of intact particles. obviously, fission products
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resulting from fissions in heavy metal contamination outside of the particles

are not attenuated by the kernels or coatings, nor are the fission products

produced in the kernels of failed particles appreciably attenuated by the

failed coatings. In these cases, the fission products must be controlled by

limiting the respective sources and by the fuel element graphite in the case

of the fission metals.

For additional information related to this section, see the response to NRC

Comment 4-2.

Fuel Particle Failure

The existing HTGR fuel data base, which includes that obtained from the Peach

Bottom I Nuclear Plant and the Fort St. Vrain Nuclear Generating Station, and

the DOE HTGR fuel development program has allowed a fundamental understanding

of the failure mechanisms and performance characteristics of the HTGR fuel

system. A discussion of the extensive fuel fabrication and fuel irradiation

experience for HTGR fuels is provided in the Regulatory Technology Plan (Ref.

1). The existing data base has supported the development of performance

models for predicting the behavior of fuel materials under all conditions

expected in a prismatic core HTGR.

Under normal operating conditions, the performance of coated fuel particles

is calculated by models defining several potential failure mechanisms. The

HTGR fuel performance models calculate fission product release to the reactor

coolant during normal operation from the following six sources:

1. Coating damage during fuel manufacture, resulting in heavy metal

contamination on coating surfaces and in the fuel body matrix.

2. Pressure vessel failure in particles with defective or missing

coating layers.

3. Pressure vessel failure in standard particles, i.e., particles

without manufacturing defects.

4.2-29 Amendment 3



HTGR-86-024

4. Failure of the SiC coating caused by fission product/SiC interaction.

5. Failure of the SiC coating by thermal decomposition.

6. Failure of the SiC coating due to kernel migration in the presence of

a thermal gradient.

These failure mechanisms ad the physical models to describe them are

discussed in Ref. 2 and are 'embodied in the SURVEY/PERFOR code described in

Section 4.2.5.2.2.1.2.

Fission Gas Release

The models and material prope rty data for predicting fission gas release from

heavy metal contamination and failed particles are described in Refs. 2 and

3. These models give the release-rate-to-birthrate ratio (R/B) from

contamination and failed particles as a function of chemical element, isotope

half-life, temperature, and burnup. In addition, the effect of fuel

hydrolysis, or reaction of exposed fuel kernels with water, on gas release is

included. These gas release models are embodied in the SURVEY/PERFOR code

(Section 4.2.5.2.2.1.2).

Fission Metal Release

The models and material property data for predicting fission metal release

from fuel particles and fuel elements are described in Ref. 4. The transport

of fission metals through the kernel, coatings, fuel rod matrix, and fuel

element graphite is modeled as a transient diffusion process in the TRAFIC

code (Section 4.2.5.2.2.1.2).' The sorption isotherms which are used in the

calculation of the rate of evaporation of volatile metals from graphite

surfaces account for an increase in graphite sorptivity with increasing

neutron fluence.

For additional information related to this section, see responses to NRC

Comments 4-45.A , B, C, D, .E, G,.K,. L, 4-46, 4-47, 4-50, and 4-53.
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4.2.5.2.2.1.2 Computer Codes

Fuel Performance/Fission Product Transport Codes

The computer codes used to predict fuel performance and fission product

transport are listed below, and the supporting codes which provide input to

these fuel performance and fission product transport codes are described

below under the heading, SuDport Codes.

4.2-30a Amnendmient 3



HTGR-86-024

- ~SURVEY/PERFOR (Ref. 5): An analytical/finite-difference, core-survey code

which calculates the steady-state, full-core, fuel particle failure, and the

core-average fission gas release rates. An automatic interface with

SURVEY/THERM (see below) provides burnup, fluence, and temperature

distributions; likewise, the temperature and fuel failure distributions

calculated by SURVEY/PERFOR are passed on to the metallic release code

TRAFIC.

SURVEY/HYDROBURN (Ref. 5): An optional subroutine in SURVEY which calculates

the oxidation of fuel element graphite and the hydrolysis of failed fuel

particles by coolant impurities, particularly water vapor. Transport of

water vapor through the graphite web of the fuel element is modelled as a

combination of diffusion and convection due to cross-block ressure

gradients. The effects of catalysts and burnoff on the graphite oxidation

kinetics are modelled.

TRAFIC (Ref. 6): A core-survey code for calculating the full-core release of

metallic fission products. TRAFIC is a finite-difference solution to the

transient diffusion equation for the multihole fuel element geometry with a

convective boundary condition at the coolant surface. The temperature and

failure distributions required as input are supplied by an automatic

interface with the SURVEY/PERFOR code.

COPAR (Ref. 7): A stand-alone code, as well as a subroutine in the TRAFIC

code, which calculates the transient fission product release from failed and

intact coated particles with burnup-dependent kernel diffusivities. OPAR is

an infinite-series solution to the transient diffusion equation for a

multi-region spherical geometry and arbitary temperature and failure

histories.

Support Codes

SURVEY/THERM (Ref. 5): An analytical/finite-difference, core -survey code

which calculates the steady-state, full-core fuel and graphite temperature

distributions, fuel particle burnup distributions, and fluence distributions.
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Automatic interfaces with the physics codes provide the necessary 3D power

and flux distributions required as input to SURVEY/THERM. Flow correlations

required as input are calculated with the POKE code (Ref. 8). The particle

burnups, fluences, and the fuel and temperature distributions calculated by

SURVEY/THERM are passed on to- the fuel performance code SURVEY/PERFOR and to

the metallic release code TRAFIG.

RADG (Ref. 9): A zero-d imensional, steady-state inventory code for

calculating the overall plant mass balance for an abitrary number of

radionuclides, including the total core inventory, the circulating inventory,

the plateout inventory, and the He Purification System inventory. The

current version of RADC contains a 250-nuclide library with the nuclear

properties (decay constants, fission yields, etc.) from the 1978 compilation

by Meek and Ryder. RADC has been used extensively to calculate the source

terms that appear in Section 11.1 of previous HTGR PSARs and of the Standard

MHTGR PSID.

RANDI (Ref. 10): An advanced plant mass balance code with capabilities

beyond those of the RADC code described above; these include explicit

treatment of transient effects, a more detailed determination of core

inventories including the: inventories within fissile and fertile fuel

particles, and a compartment model of the primary coolant circuit.

4.2.5.2.2.1.3 Application of the Methodology

The methodology described above can be used to evaluate the degree of fission

product control that would be affected by a particular fuel and core design.

The evaluation is a sequential and iterative process. The first step is to

define the maximum allowable core release rates for the key nuclides (e.g.,

Kr88, s137, r90, 131) based upon externally imposed design requirements,

such as offsite dose limits, occupational exposure limits, and minimum

Reactor Building access times; these radionuclide design criteria are

summarized in Section 4.2.3 for the key radionuclides and are developed in

detail in Section 11.1.
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A two-tier set of radionuclide design criteria, referred to as "Maximum

Expected" and "Design" criteria, have been defined for the MHTGR. In

principle, the "Design" criteria are derived from externally imposed

requirements, such as site-boundary dose limits. The "Maximum Expected"

criteria are then derived by dividing the "Design" criteria by an uncertainty

factor, or design margin, to account for uncertainties in the design

methods. This uncertainty factor is a factor of 4 for the release of fission

gases from the core and a factor of 10 for the release of fission metals.

The fuel and core are to be designed such that there is at least a 50%

probability that the fission product release will be less than the "Maximum

Expected" criteria and at least a 95% probability that the release will be

less than the "Design Criteria".

The "Maximum Expected" fission product release criteria are used for

Environmental Impact Reports, for planning component removal and maintenance

procedures, and for other applications where "best-estimate" results are

appropriate. The "Design" criteria represent upper limits for all design

basis conditions. They are used for conservative safety analyses, sizing of

the Helium Purification and Radwaste Systems, the design of plant hardware

including service and shipping casks, and the specification of the associated

shielding requirements.

The terminology "Maximum Expected" reflects the expectation that the actual

primary circuit activity will always be less than that criteria throughout

the life of the plant for the following reasons. First and foremost, the

fuel and core are designed so the best estimate of the core releases are less

than these "Maximum Expected" criteria. Secondly, the long-lived fission

products, such as 30-year Cs-137, build up slowly in the primary circuit

throughout the 40-year plant lifetime. Finally, the core release rates
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fluctuate slightly during an operating cycle; they are lowest immediately

following fuel reloading and highest at end of cycle (assuming constant power

operation).

The uncertainty factors used in converting "Design" to "Maximum Expected"

values quoted above are based primarily upon engineering judgment. There has

been an ongoing effort for the past 15 years to quantify the predictive

accuracies of the design method's and codes used to predict HTGR source terms

by comparison of code predictions with observed fission product behavior in

Peach Bottom Unit 1, Fort St. Vrain, and numerous fuel irradiation capsules

and test loops. Although there is considerable scatter, the fission gas

release predictions are typically within a factor of 4 of the measurements

and the metal release predictions within a factor of 10. Moreover, a

technology development program (Ref. 1) is planned to support the design of

the Standard MTGR which is expected to refine and validate the methodology

used to predict fuel performance and fission product transport.

Using the fuel quality specifications given in Table 4.2-4 and calculating

the fission product release under various design basis conditions, releases

are estimated to meet the above criteria for both confidence levels.

The mechanical design of the fuel and core for the Standard MHTGR is

described in Section 4.2.4.1.1. The results of the nuclear analysis of the

core (Section 4.2.5.2.1) provided the core power and flux distributions for

the fuel performance analysis.

Nominal thermal and flow parameters were used in the fuel performance

analysis except that the thermal power was increased to 102 percent of

nominal full power per NRC Regulatory Guide 1.49 to account for uncertainties

in core power measurements. The major thermal parameters used in the

analysis are listed in Table 4.1-1. Nominal values of material properties

were used in the analysis. The design correlations for the material

properties of the H-451 graphite and the fuel rods account for thermal

expansion, and the effects of fluence and temperature on thermal conductivity

and irradiation-induced shrinkage. These thermal and flow parameters and
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models were used to calculate fuel and graphite temperatures as a function of
time during the first six cycles of power operation, which is sufficiently

long to adequately approximate an equilibrium core.

The reference fuel design, quality, performance models, and methods discussed
in the preceeding sections were used to calculate the fuel particle failure
and the gaseous and metallic fission product releases as a function of time.
The key attributes for fuel quality are summarized in Table 4.2-4 and the
design is in Table 4.2-16. The following fuel particle failure mechanisms

were considered in the analysis:

1. Manufacturing defect failure

2. Pressure vessel failure

3. Fission product/SiC corrosion

4. Kernel migration.

While particle failure from the latter two mechanisms are strongly dependent
on fuel temperature history, particle failure from the first two are
primarily functions of burnup and fluence; consequently, particle failures
from the first two mechanisms are distributed throughout the entire core.
The particle failures from all four mechanisms were calculated at the 50
percent confidence level.

The gaseous fission product releases were calculated for the two reference
isotopes Kr-85m and Xe-138. Nominal values for the material properties were
used in the calculation. The releases for other isotopes can be obtained by
assuming that the release-rate-to-birth rate ratio (R/B) varies as the square
root of isotope half-life. Moreover, it is conservatively assumed that
bromine and selenium isotopes have the same release characteristics as
krypton, and that iodine and tellurium isotopes have the same release

characteristics as xenon.
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Equilibrium core releases of cesium, strontium, and silver were calculated by0

using the results for the uel and graphite temperature and fuel particle

failure histories. In gener al, metallic fission product release evaluations

consider three potential sources of release: heavy metal contamination in

the fuel rod matrix, failed particles, and diffusive release from intact

particles. The following! simplifying assumptions, based upon previous

rigorous analyses of steam-cycle HTGR cores, were used in modeling fission

metal release from the fuel prticles:

For esium and Strontium

1. No release from intact particles

2. Instantaneous release~ from failed particles

In addition to the direct release of Sr-90 and s-137 from failed particles,

two additional sources of the Sr-90 and s-137 releases were considered:

1. Heavy-metal manufacturing contamination of fuel element coolant hole

surfaces.

2. Precursor release and decay (Kr-90 and Xe-137, respectively)

For Silver

1. Diffusive release from intact particles

2. Instantaneous release from failed particles.

No credit was taken for silver retention by the fuel rod matrix and fuel

element graphite because of an inadequate data base for silver transport in

fuel rod matrix and H-451 graphite. In reality, there will be some holdup of

silver by these materials, especially in the colder parts of the core, so the

reported silver releases may be conservative by about an order of magnitude.
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The 40-year plateout inventories were calculated using the predicted 3.3-year

equilibrium releases. Correction factors for the effects of mixed species on

the sorption characteristics of the fuel materials were based on the fraction

of fissions occurring in heavy nuclides and isotopic yields.

The nominal fuel failure and fission product release rates are estimated

using the segment average values of the as-manufactured fuel attributes given

in Tables 4.2-4 and 4.2-16, nominal core operating conditions (with the

exception of thermal power which is taken as 102 percent of full: power),

nominal fuel failure models, and nominal estimates of the fission product

transport properties.

The fuel failure and fission product release rates at the upper 95 percent

bound are determined by a full-core propagation-of-errors analysis comparable

to that described in Reference 11. The uncertainties in the as-manufactured

fuel attributes (e.g., defect fractions as defined in Table 4.2-4), the core

operating conditions, the fuel failure models, and the fission product

transport properties are combined by conventional statistical techniques to

determine the total variances in the fuel failure and fission product release

rates from which the upper 95 percent bound values can be calculated.

Once fission product release rates have been determined at the nominal and 95

percent upper bound values, they are compared with the "Maximum Expected" and

"Design" core release criteria, respectively (Section 11.1). If any of the

criteria are exceeded, changes are made in the fuel and/or the core design,

particularly the as-manufactured fuel attributes, and the fuel performance

analysis is repeated until all the criteria are satisfied.

For additional information related to this section, see the responses to NRC

Comments 4-45.E, G, and 4-48.

4.2.5.2.2.2 Results and Discussion

The results of the fuel performance analysis under normal operating

conditions at full power are presented and discussed in this section.
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Included in the results are fuel and graphite temperature predictions,

fluence and burnup fractions, and fuel particle failure and fission product

release predictions. A comparison is made between the predicted fission

product releases and the fission product release criteria defined in

Section 11.1.

As described in the previous section, the requirement is to calculate both

the nominal and the upper 95 percent bound fission product release rates for

the core during normal operation and to compare the results to the "Maximum

Expected" and "Design" release criteria, respectively (Section 11.1). The

practice during the early design phases is to calculate just the nominal core

release rates and to compare them to the "Maximum Expected" criteria. During

later design phases, both nominal and upper 95 percent bound release rates

will be determined.

4.2.5.2.2.2.1 Fuel and Graphite Temperature Distributions

Fuel centerline temperature volume distributions for refueling segment 2 are

shown in Figure 4.2-14 and on a time-averaged basis in Figure 4.2-15; the

temperatures for segment 1 we re slightly lower. A summary of predicted fuel

temperatures is given in Table 4.2-17. A peak fuel temperature of 329'C

(24250 F) is predicted to occur in fuel segment 2 during fuel load 3 (see

Figure 4.2-14). The local peak temperatures are predicted to occur at a few

points of the active core neAr the outer reflector boundary in the proximity

of control rods. Thus, only a very small fraction of fue. volume is

predicted to experience such high temperatures, as can be seen in Figure

4.2-14. Also, such temperatures are predicted to occur at the end of year

when control rods are withdrawn and to be maintained for only very short

periods of time. Consequently, the maximum time-average temperature is

predicted to be considerably lower, 110100 (2014'F). This fuel temperature

is considerably lower than the core design guideline for a time-average,

maximum fuel temperature of < 125000 (2282'F).

Distribution of graphite temperatures are illustrated in Figure 4.2-16 and

4.2-17. The peak predicted graphite temperature is 128400 (23440 F), and it

is also limited to the points near the outer reflector boundary in the

proximity of control rods.
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4.2.5.2.2.2.2 Fluence and Burnup Distributions

Figure 4. 2-18 shows the fuel volume distribution of fast neutron fluence by
year from beginning of cycle (BOG) for refueling segment 2; again, the values
for segment 1 were slightly lower. The peak fast fluence, predicted to occur
in segment 2 at the end of year 6, is 4. 5 x 12 n/sq m, which is lower
than the design guideline of 5.0 x 10 25 n/sq m. Figure 4.2-19 shows the
fuel volume distributions of fissile burnup by year for the two refueling
segments; similar distributions of fertile burnup are shown in Figure
4.2-20. The maximum fissile and fertile burnup values are 0.25 and 0.035
FIMA, which are lower than the design guidelines of 0.26 and 0.07 FIMA,

respectively.

4.2.5.2.2.2.3 Fuel Particle Failure

The reference fuel performance models account for the effect of partially
failed fuel particles on the fission gas and fission metal releases; the
particles with failed SiC but intact OPyC coatings retain fission gases but
not metals. The peak predicted core-averaged fuel particle failures from all
mechanisms are given in Table 4.2-17, which shows the failure fractions used
to predict both the fission gas and fission metal releases. Time histories
of particle failures are shown in Figures 4.2-21 and 4.2-22 for the fissile

and fertile particles, respectively.

At each reload, the fuel failure fraction in the core decreases due to the
replacement of the oldest one half of the fuel in the core with fresh fuel.
The results indicated that the predicted fuel particle failure due to
temperature effects was very small even at the high temperature points (at
the outer boundary of the active core in the proximity of the control rods)
since such high fuel temperatures are maintained for only short periods of
time. The predicted pressure vessel failure was negligible. Thus, the
overall particle failure was predicted to be caused by manufacturing defects,

primarily by particles with missing buffer layers.

The peak fissile particle failure for fission gas release was predicted to be
0.00085 percent; the peak fissile failure for fission metal release was
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predicted to be 0.0063 percent. The difference between these two predicted

failure rates reflects the fact that particles with failed SiC coatings but'

intact OPyC coatings retain. fission gases but release fission metals. In

other words, the first value is the percentage of totally failed particles

with exposed kernels which 'release both gases and metals, and the second

value is the sum of the tot ally failed particles (exposed kernels) and the

"partially" failed particles (failed SiC but intact OPyC), both of which

release metals. Comparable values for the fertile particles were 0.00011

percent and 0.00543 percent, respectively. The failures for the fertile

particle were lower as a result of the lower burnup.

For additional information rlated to this section, see the responses to NRC

Comments 4-45.B, D, and G.

4.2.5.2.2.2.4 Fission as Release

The R/Bs or fractional release for the two reference isotopes Kr-85m and

Xe-138 are shown in Figures 4.2-23 and 4.2-24 as a function of time; the

values shown are 50 percent: conf ident values. The peak core-averaged R/Bs

are shown in Table 4.2-18 where the values for ThO2 and hydrolyzed UCO

particles are given along with the percentage contribution due to failed fuel

particles and heavy-metal contamination.

The dominant source of fission gas release was predicted to be

as-manufactured, heavy metal contamination in the fuel rod matrix which

accounted for up to 91 percent of the gaseous release. The peak predicted

R/B for Kr-85m was 5.0 x 10- which satisfies the "Maximum Expected"

criterion of 9.3 x 0-7 (Se6ction 11.1) with a factor of 1.9 margin. The

peak predicted R/B for Xe-i38 of 5.8 x 10- 8 also satisfies the "Maximum

Expected" criterion of 6.8 X 10-. With the reference design assumptions

that the R/B varies as the square root of isotope half life and that Br and

Se isotopes behave like Kr isotopes and I and Te isotopes like Xe isotopes,

the above results for Kr-85m and Xe-138 indicate that the core release

criteria for all the fission gases, including the radiologically important

iodine isotopes, are satisfied.
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4.2.5.2.2.2.5 Metallic Fission Product Release

The s-137, Sr-90, and Ag-110m predicted releases are shown in Tables 4.2-19,

4.2-20, and 4.2-21, respectively. The maximum cesium release was predicted

to occur at the bottom of axial layer 8 where relatively high fuel and
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graphite temperatures were predicted to occur; as a result of high graphite

temperatures, graphite attenuation of cesium at this location is

substantially reduced. Table 4.2-19 shows a large axial variation in the

cesium release which could be made more uniform and, probably, lower by

further optimization of the axial fuel zoning. The predicted 40-year Cs-137

plateout inventory of 37.3 Ci is below the "Maximum Expected" criterion of

70.0 Ci.

The direct Sr-90 release is negligibly small, as shown in Table 4.2-20. The

dominant contribution to the strontium release is from the release and

subsequent decay of its Kr-90 precursor, which accounts for 88 percent of

total release; the remaining contribution is from heavy-metal manufacturing

contamination of the fuel element coolant hole surfaces (a minimum fractional

release of 5 x 0-9 is assumed for all fission products to account for

possible heavy metal contamination on the fuel element coolant hole

surfaces). The predicted 40-year Sr-90 plateout inventory of 0.20 Ci is

below the "Maximum Expected" criterion of 0.34 Ci.

As shown in Table 4.2-21, the predicted 40-year plateout inventory of Ag-110m

is 38 Ci, which exceeded the "Maximum Expected" criterion of 8 Ci. However,

it must be emphasized that the predicted inventory for silver is conservative

since the only effective barrier to silver release considered in the analysis

was the SiC coating, and no credit was taken for silver retention by the fuel

rod matrix and fuel element graphite. The reason that no credit was taken

for the matrix and graphite as a barrier to Ag release is because of the

presently large uncertainties in the transport properties of Ag in irradiated

matrix material and H-451 graphite. Data from the erman HTR program and

from the previous Dragon Project for somewhat different grades of matrix

material and graphite imply that the fuel rod matrix and fuel element

graphite in the Standard MHTGR core will attentuate the Ag release to the

primary circuit by at least an order of magnitude under standard MHTGR core

operating conditions. Technology development programs (Ref. 1) are planned

to quantify the transport of Ag in graphite which should demonstrate

significant Ag attenuation by the fuel element graphite, especially in the

colder regions of the core.

4.2-41



HTGR-86-024

Alternatively, it may be possible to relax the current Ag release criteria

for the Standard MHTGR core. Ag-110m is not a significant contributor to

offsite doses during normal operation or accidents. Its importance is as a

contributor to occupational doses during plant maintenance and in-service

inspection () , and even in this context it is a relatively minor

contributor to the radiation fields around the NSSS compared to that from the

Cs-134 and Cs-137 plateout and the from direct shine from the core.

4. 2. 5 .2 .3 Thermal/Hydraulic Performance

The fuel element hole pattern, of two fuel holes per coolant hole and the

pitch between the holes was selected to meet the core pressure drop limit in

addition to limits on fuel temperature. In addition, the coolant channel

roughness and the minimum pressure drop through the plenum elements are

limited to ensure that the active core pressure drop limit of 5 psi is met.

The calculated equilibrium cycle peak active core pressure drop at the

nominal 100 percent feedwater flow operating conditions is 4.33 psi.

The active core bypass flows are roughly divided into four categories

depending on their path. These are in-core gaps, ex-core gaps, reflector

coolant channels and control rod channels. Approximately 1.0 percent to 1.5

percent of the total cavity flow is in the gaps between the fuel elements,

and is called the in-core gap flow. The ex-core gaps include gaps around all

reflector columns and the gap between the permanent side reflector columns

and the core barrel. The ex-core gap flow, which totals less than 6.5

percent, consists of a maximum of 0.5 percent in the gaps around all central

reflector columns, a maximum of 3 percent in the gaps around all side

reflector columns, and a maximum of 3 percent in the gap between the

permanent side reflector columns and the core barrel. Both the in-core and

ex-core gap flows exit, for the most part, via the gaps in the core support

floor blocks and into the lower core plenum.

About 3 percent of the total cavity flow is allocated to the reflector

coolant and 30 control rod channels to cool the control rods. Flow is

supplied to the control rod channels via small holes in the guide tubes
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inside the plenum elements. This flow traverses the reflector control column

and is directed into the flow channels around the post block as discussed

above. Before being collected, however, the diameters of these control rod

channels are reduced from 102 mm (4.0 in.) to 25 mm (1.0 in.).

The small holes in the guide tubes in the plenum elements and the reduced

diameter channels in the lower reflector supply the principal flow

resistances in the channels, even when the control rods are inserted. This

design ensures that there are no large flows in these channels when the rods

are withdrawn, and keeps the flow velocities in these channels low enough to

prevent flow-induced vibrations of the control rods.

The 3 percent flow in the control rod columns is divided roughly into 0.75

percent in the coolant channels in the inner reflector control rod columns

and 2.25 percent in the control rod channels.

The core bypass flows are estimated based on the time-averaged nominal gaps

between the core as well as reflector columns. At the beginning-of-life cold

conditions all gaps within the RCSS are nominally 1 mm (0.04 in.), except in

the plenum element layer where they are reduced to 0.75 mm (0.03 in.). The

core gaps normally increase at BOL hot conditions due to higher thermal

expansivity for the metal core support structure than for core graphite. The

gaps increase further with accumulation of fast neutron fluence.

Flow exchange between the coolant channels in the core columns and the gaps

between columns (cross-flow) occurs when gaps between stacked columns develop

as a result of thermal or irradiation-induced distortions, or column bowing

from pressure or mechanical loads. Cross-flow may be controlled in part by

adjusting the flow resistances in the plenum element and in the core support

floor to create a pressure profile in the gaps as near as possible to that in

the coolant channels. Similarly, the pressure profile in the control

channels is made as near as possible to that in the coolant channels by

selecting the relative resistances supplied by the guide tube holes and the

small exit channels.

For additional information related to this section, see the responses to NRC

Comments 4-28 and 4-29.
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4.2.5.2.4 Structural/Mechanical Performance

4.2.5.2.4.1 Stress Field Description

During normal steady-state operation, the graphite elements of the core are

subjected to stresses induced by the strain gradients resulting from the

varying temperature and fluence fields. In addition to stresses created by

thermal and irradiation effects , the fuel elements are subject to mechanical

loads of gravity, fluid forces and seismic events. Of these mechanical loads

only the seismic loads are significant, and even those are small in relation

to those due to thermal and irradiation effects.

The variation in strain ;is typically much greater in the in-plane

(horizontal) direction than in the vertical direction, due to the larger

in-plane temperature gradients. The strains build up stresses which are

relaxed by irradiation-induced creep. If creep did not occur these strains

would induce stresses that would cause extensive damage to the graphite

structure. Thus, creep is an essential factor in maintaining the structural

integrity of the core elemeAts. The effects of creep are included in the

structural analysis, using experimentally determined values of the creep

coefficients. Since the. variation in strain occurs primarily in the

horizontal plane, the core elements are analyzed as generalized plane strain

structures.

In a typical fuel element, t he stresses vary across the web between fuel and

coolant holes from tension on one side to compression on the other side. At

the start of life, the areai'near the fuel hole is in compression because it

is hotter than the average of the surrounding graphite, whereas the region

around a coolant hole is in tension. During the first phase of the operating

life, the fast fluence causes the hotter portions of the graphite to shrink

more slowly than the cooler portions, such that the irradiation strain

increases to the initial thermal strain. After the first phase is complete,

the hotter portions shrink more quickly than the colder portions for the rest

of the design life. Eventually, this shrinkage cancels the initial thermal

strains and the stress field reverses with tension occurring near the fuel

hole and compression near the coolant hole.
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O When the reactor is shut down, the thermal strain field is eliminated from

the total strain while the irradiation-induced strain remains. The stress

caused by this residual strain is referred to as shutdown stress. If the

reactor is shut down during the initial irradiation phase when the

irradiation and thermal strains are additive, the shutdown stresses are lower

than the operating stresses. After the initial phase is complete, the

operating irradiation strains act in the opposite direction of the thermal

strain, resulting in a higher shutdown stress. Thus, the beginning-of-life

stresses are largest during operation, while later in life, the shutdown

stresses tend to be largest.

In the side reflector elements where there are no coolant holes, stresses are

induced by thermal and irradiation strain gradients across the elements.

Furthermore, the exponentially decaying flux field causes the graphite

nearest the active core to shrink faster than the graphite away from the

active core. Thus, in addition to stresses, bowing of the elements is

expected and sufficient clearance between elements has been provided to avoid

potential interactions. In the control reflector elements, additional

variations in strain are produced as a result of temperature differences

between the control rod holes and the surrounding graphite. The control

reflector elements also have some coolant holes which cause local temperature

gradients.

4.2.5.2.4.2 Stress Analysis Results

The first step in the stress analysis of the core is to run the SURVEY code.

This code models each fuel and reflector element with a coarse finite-element

grid and takes into account all the important environmental and structural

factors that contribute to the generation of thermal- and irradiation-induced

stresses in the graphite structure. The grid is fine enough to differentiate

and rank the core elements with regard to peak deformation and stress-to-

strength ratio, but too coarse to give the detailed stress field. The most

critically stressed and deformed elements, as identified by SURVEY, are
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selected for a follow-on analysis of the critical fuel elements to determine

the detailed stress levels.

Due to the symmetry of the. thermal load, it was only necessary to include

one-half of the standard fuel element in the analyses. The maximum tensile

stress/strength ratios during normal operation for the in-plane and axial

principal stress directions: are 0.35 and 0.30, respectively. (Stress-to-

strength ratios rather than !simply stresses are given since the strength of

the graphite is not a single'value but varies both spatially and as a function

of temperature and fluence.)~ Even though the compressive stresses are of the

same order as the tensile stresses, the compressive stress/strength ratios are

typically a factor of 4.5 smaller than the tensile ratios because of the much

greater compressive strength, of the material. As a result, only the tensile

ratios are of concern and henceforth will be the only ones discussed. The

highest values for the tensile stress/strength ratios are found in layer 5,

i.e. , the fifth element from the top. Both the peak in-plane stress/strength

ratio and the peak axial stress/strength ratio are found at mid-life. These

stress/strength levels are within the allowable limit of 0.35 for standard

fuel elements (a summary of the allowable limits is given in Table 4.2-22).

The stress-to-strength ratio~ for SRDC events are included in the response to

NRC Comment 4-30. -

The maximum tensile stress/strength ratios for the reserve shutdown fuel

elements, for the in-plane and axial principal stress directions, are 0.35 and

0.30, respectively. These highest values for the stress/strength ratios were

found in layer 5. Both the. peak in-plane and the peak axial stress/strength

ratio are found at the mid-portion of the element's life. These stress levels

are within the allowable limits for control fuel elements (see Table 4.2-22).

The highest value for the stress/strength ratios in reflector control elements

was found in layer 5. Both the peak in-plane stress/strength ratio of 0.20

and the peak axial stress/strength ratio of 0.20 are found at mid-life. These

stress/strength levels are within the allowable limits for control reflector

elements (see Table 4.2-22)..

The results discussed in the foregoing paragraphs are all for thermal/
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irradiation loads alone. The mechanical steady-state loads (pressure and

deadweight) are, however, small and also largely compressive, and the

resulting stresses have no significant effect on the structural performance of

the core.

For additional information related to this section, see the response to NRC

Comments 4-31 and 4-55.

4.2.5.2.4.3 Oxidation Effects On Strength

The calculations discussed above do not include the effects of graphite

corrosion caused by impurities such as water, carbon dioxide, and other

oxidants in the coolant. This corrosion, or '"burnoff", of the graphite will

result in some loss of strength and changes to the elastic modulus and other

mechanical and thermal properties. The maximum burnoff occurs in the hottest

element.

The effect of burnoff on graphite strength has been determined for H-327

graphite which shows strength losses of 5 percent to 20 percent at percent

burnoff. In that study, the graphite samples were oxidized at 900'C (16520F),

and the burnoff was relatively uniform throughout the samples, which maximizes

the effect of burnoff on strength. In another study done at GA Technologies,

Inc. (A) the graphite was oxidized at 1000'C (18320 F) , and lower strength

losses with burnoff were found. Due to the high helium pressure in the

reactor, the diffusion of water vapor through the graphite is greatly reduced,

and calculations indicate that above 900'C (16520 F) the oxidation will not be

uniform, but will be restricted mainly to surface attacks. Thus, at

temperatures above 900'C (16520F), the corrosion results in roughening of the

coolant surfaces or perhaps slight enlargement of the coolant channels, and

the concomitant strength loss is much less than the values given above. The

near isotropic graphites such as H-451 have been shown to oxidize in the same

manner as H-327 graphite; thus these results apply to either type of graphite.

It is estimated that loss of strength and decrease in elastic modulus due to 1

percent burnoff above 800'C (14720F) will be about 5.2 percent and 10.5

percent, respectively, for H-451 graphite. With increasing temperature, the
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loss of strength and decrease in elastic modulus are lower [about 3.6 percent
and 5.2 percent, respectively, at 1000'C (18320 F)] for 1 percent burnoff.

The estimation of 1 percent burnoff is for the hottest element [9000G
(16520F) to 9650G (17690F)] in a large HTGR core for a 4-year life with
circulating impurities of <1 ppm for H 0, 9 ppm for O, and <0.5 ppm for

GO2. In this modular reactor, the burnoff is less due to the 3-year fuel

cycle. Assuming a maximum of 1 percent burnoff and using the above values of

5.2 percent loss of strength: and 10.5 percent reduction in elastic modulus,

in combination with estimated values of other material properties, the
effects of corrosion were conservatively estimated to result in about a 10

percent increase in the calculated stress/strength ratios.

4.2.5.2.4.4 Graphite ore omponent Allowable Stress Limits

The replaceable graphite core components are designed to satisfy a set of

limits on the ratio between the maximum principal stress in the structure and

the mean value of the strength of the material at the same location. The

allowable peak stress-to-strength ratios for the various graphite elements

are shown in Table 4.2-22. Differences in the allowable ratios reflect

differences in the function, structural redundancy, and loading of each type

of element.

The allowable peak stress-to-strength ratios are developed on a probabilistic

basis. In a probabilistic analysis, the safety and investment risk
associated with the occurrence of structural damage is assessed and related

to the overall plant risk envelope. Structural damage here refers to the

inability of the elements to perform their functions, which are to 1) allow

normal refueling, 2) maintain coolant-hole integrity, 3) retain fission
products, and 4) maintain, control channel integrity. The safety and

investment risk goals for the core are then expressed in terms of the

nonprobabilistic stress-to-strength limits given in Table 4.2-22.

The stress-to-strength limits in Table 4.2-22 are not intended to preclude

limited cracking which does: not reduce the capacity of the elements to

perform their required functions and does not affect safety. Analyses and

tests of Fort St. Vramn elements have demonstrated that 1) the effect of
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cracks would be to relieve the stresses in elements and prevent more

extensive cracking, 2) the seismic strength of the elements is not

significantly reduced by the presence of the cracks, and 3) the calculated

peak stress-to-strength ratio of the cracked elements was two to three times

the limits in Table 4.2-22.

In addition to the limits in Table 4.2-22, limits are required to ensure

adequate safety against fatigue failure. These limits have been tentatively

proposed to be the limits in the draft of Subsection CE of the ASME Code

which is used for permanent graphite core support structures. The data used

to construct the design fatigue diagram accounts for the effects of operating

temperatures and fast neutron fluence on the fatigue strength of graphite.

Due to the high fatigue stength of graphite (manifested in a relatively flat

S-N curve, where S is the stress amplitude and N is the number of cycles to

failure) fatigue failure is not expected to be a critical failure mode.

For additional information related to this section, see the response to NRC

Comment G-15.C.I

4.2.5.3 Anticipated Operational Occurrence Performance

The structural effects of the five postulated anticipated operational

occurrences (AOOs) on the reactor core are discussed in this section. The

AO0s have no effect on fuel integrity as discussed in Section 11.6. The

events, referred to as AOO-l through AOO-5, are described in Chapter 11.

Evn 0- is a main loop transient with forced core cooling. The event has

four variants, designated AOO-l(A) through AOO-l(D) in Chapter 11. Forced

core cooling is maintained in all four variants. The response of the core is

similar for variants A, B, and C, all three of which involve shutting down

the reactor by inserting the outer control rods. The RSS response is

discussed in the following paragraph. For variant D, the reactor continues

to operate and in this case, the transient is so mild that the effects on the

core are negligible.
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'When the control rods are1 inserted in variants A, B and C, the core

temperatures drop in the following minutes from normal operating temperatures

to near uniform temperatures , nearly equal to the core inlet temperature.

During this transient period, the stress fields in the core components go

from operating stresses to shutdown stresses.

In the fuel elements, the 'graphite temperatures change rapidly with the

changing coolant temperatures. As a consequence, the stresses in the fuel

elements during the transient will not be significantly greater than the

normal operating or shutdown stresses (whichever is greater).

In the case of the reflector elements, however, especially the solid side

reflector elements, the temperature of the graphite will drop at a slower

rate than that of the coolant resulting in somewhat more severe gradients

than during normal operation. The consequent increase in stresses is

expected to be below 10-15 percent and well within the allowable limits, thus

ensuring that no unacceptable' structural damage will occur.

Evn O- is a loss of mailn and shutdown cooling loops. In this event the

core undergoes a heatup, ith decay heat in the core being removed by

conduction and natural convection.

During this event, the temperatures in the core blocks initially change from

the normal operating temperatures to near-uniform temperatures, and then

gradually increase during the pressurized heatup. During the initial change

to near uniform temperatures, the block stresses go from operating stresses

to a stress field nearly the same as at shutdown. During the subsequent

heatup, the temperature gradients imposed on the blocks are near uniform,

which result in some block distortions and possibly small increases in peak

stresses. However, since the graphite strength will increase (the strength

of graphite increases with temperature up to about 2500'C (4500'F)), the

stress-to-strengh ratios in the fuel elements will be lower than during

normal operation or shutdown (whichever is higher).

In the r flector el ments above and outside the active cor ther will be

som moderately severe t mperature gradients, but du to th higher graphite
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strength, the str ss-to-strength ratios are not expected to be significantly

higher than during normal operation. The thermal expansion of the graphite
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components will be less than that of the core barrel so the core will remain

loose.

The temperature of the outer control rods will reach a maximum value of

870'C (1590'F) after about 100 hr and will then gradually decrease (the inner

control rods are not inserted during this condition). The time spent above

the normal operating temperature of approximately 540'C (1000'F) will be in

the range of 400 to 500 hours. At these temperatures, the structural effects

on the metallic components of the control rods are minimal. The stresses

will be less than 1000 psi which is well below the rupture strength of

Incoloy 800H (for example, at 8750C (1600'F) the stress to rupture at 100 hr

is about 4000 psi). The amount of creep will be insignificant.

The temperature of the metal plenum elements on top of the core will reach a

maximum level of about 760'C (1400'F) in the middle of the layer and be

somewhat lower toward the outside. At these temperatures, no structural

damage is expected in the plenum elements which are made of the same material

(Incoloy 800H) as the control rods. The temperatures are, however,

considerably higher than those of the surrounding core barrel and to preclude

any problem from high compressive forces developing due to the differential

thermal expansion, the gaps between the plenum elements will be sufficiently

large so that they do not close during the AOO-2 event. To the extent that

this requirement is in conflict with the requirement for tight gaps during

normal operation for flow control purposes (see Section 4.2.4.1.3) separate

seals will be used.

Event AOO-3 is an accidental withdrawal of a group of control rods followed

by reactor shutdown. The overall effects on the core are minimal; the

average fuel temperature increases only about 50'C (90'F) and the graphite

temperature even less. The local effects are somewhat more significant. The

control reflector elements in the three columns from which the rods are

withdrawn will develop somewhat more severe thermal gradients than during

normal operation, but the stresses are expected to be within the allowable

limits ensuring no unacceptable structural damage. In the fuel elements

surrounding the withdrawn rods, the thermal gradients between the fuel and
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the coolant holes are expected to increase less than 10 percent and since

these thermal gradients typically cause about 30 percent of the total

operating stress, the increases' in stresses will be very small (3 percent or

less).

Event AOO-4 is a small steam generator leak which is estimated to release

about 18 kg (40 lb) water into the primary coolant. The core temperatures

remain at normal levels for the first few minutes of the event after which

the temperatures start decreasing gradually to reach 200'C (400'F) after

about 2 hours. At these temperatures, the rate of graphite oxidation is so

low that only a fraction of the water is expected to react with the

graphite. Even if all the water should be consumed in chemical reactions

with the graphite, the total graphite weight loss would be only about 14 kg

(30 lb). If limited to a single graphite element, this would amount to a 10

percent weight loss and a corresponding loss of strength of about 50

percent. Distributed over the several hundred elements of the core, however,

the graphite corrosion and its effects would be negligible.

Event AOO-5 is a small primary coolant leak through a postulated 650 sq mm

(1 sq in. ) hole in the pressur e boundary. The reactor vessel will be fully

depressurized in less than 1 hour at which time the pressure in the remaining

helium will be atmospheric.' The depressurization will not have any

significant effects on the core, as the temperatures are the same as or lower

than during normal operation and the pressure forces are far from large

enough to cause any disarray. Vent holes are provided in the control rod

cans and in the plenum elements to prevent these components from becoming

pressure vessels during this or other depressurizations. At the termination

of the accident, a small amount of air may leak into the reactor vessel. if

that happens, the resulting graphite corrosion will be minimal.

4.2.5.4 Design Basis Event Performance

The effects of the 11 postulated design basis events (DBEs) on the reactor

core are discussed in the following. The effects of these events on fuel

integrity are discussed in Chapter 15 which shows that the fuel integrity is
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not compromised and the dose limits of 10CFR100 are not exceeded for any of

the DBEs. The events, referred to as DBE-l through DBE-ll, are described in

Chapter 15.

Of these design basis events listed below, DBE-1, with loss of forced

circulation represents a challenge to the function of heat removal. DBE-2,

-3 and -4 represent challenges to the function of controlling heat

generation. DBE-6 and -7, by addressing moisture ingress, not only challenge

the function of heat generation control, but also chemical attack. DBE-8 and

-9, with smaller water ingress and DBE-10, which leaves the primary coolant

system open to the environment, also challenge the function of controlling

chemical attack. Finally DBE-11, a smaller depressurization event,

challenges the function of heat removal but under depressurized conditions.

The successful accomplishment of these three functions, as verified in the

results obtained for these several DBEs, do not result in any unacceptable

degradation of the fuel. The highly retentive fuel plays a dominant role in

successfully meeting the challenges to these safety functions.

DBE-1 is a loss of HTS and SCS cooling involving a conduction cooldown

similar to AOO-2. As discussed in Section 4.2.5.3, the event will not have

any adverse effects on the core components.

DBE-2 is a Heat Transport System (HTS) transient without control rod trip,

requiring reactor shutdown with the reserve shutdown control equipment

(RSCE), and core cooling with the Shutdown Cooling System (SCS). During the

first 5 minutes of the event the core temperatures rise by a maximum of about

80'C (150 F) above the normal operating levels. After this initial phase,

the core gradually cools down.

At the start of this event, the temperature gradients are intitially reduced

with the loss of flow and power. The temperatures in the blocks become more

uniform, gradually increasing. Once the SCS begins operating, the core

temperatures are then gradually reduced to shutdown temperatures.

Throughout this transient, the temperature gradients will be, for the most

part, between those that exist during normal operation and at shutdown.
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Consequently, the stresses during this period will not be significantly

higher than the operating or shutdown stresses (whichever is greater).

DBE-3 is an accidental withdrawal of a group of control rods followed by

reactor shutdown. The event i s similar to AOO-3, except that cooldown is

with the SCS rather than the H-TS. As discussed in Section 4.2.5.3 for AOO-3,

the effects on the core are minimal.

DBE-4 is initiated by a spurious control rod group withdrawal, as in DBE-3.

However, in this case both th6. HTS and SCS fail to provide forced helium

circulation. Gore heat removal is accomplished by conductive and radiative

heat transport to the RS. The initial phase of this event is identical to

AOO-3 and DBE-3, but the subsequent temperature history is that of a

pressurized conduction cooldown. The effects on the core are therefore the

same as for DBE-3 during the initial phase and the same as for SRDC-1 during

the later phase. (The SRD~s are evaluated in Section 4.2.5.5.)

DBE-5 is an earthquake which trips the HTS. The duration of the earthquake

is too short for any transient thermal effects to develop in the core.

Consequently, during the first phase of the event, seismic loads are

superimposed on the normal operating thermal-irradiation loads. The core

must withstand the combination of these loads and retain its essential safety

functions which are to maintain a coolable geometry and allow control rod

insertion. These functions may' be impaired if 1) the dowels which align the

graphite elements within the core columns shear off, or 2) the elements break

into two or more pieces.

The integrity of the fuel and reflector elements during an SSE is ensured by

keeping the maximum combined seismic and thermal-irradiation stresses below

the strength of the material to prevent cracking. A safety concern would not

exist, even if the stresses sh ould exceed the strength of the material in

local areas, since only local cracking would result. Massive cracking, which

could separate the element into pieces, would require the stresses to exceed

the strength in the bulk of the volume of graphite.
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Current estimates give SSE design spectrum values for the core of about 1.0 g

horizontally and 0.5 g vertically. Based on these loads, preliminary

analyses show that the seismic stresses, in combination with the thermal and

irradiation induced stresses, will not exceed the acceptable limits. The

predicted stress-to-strength ratios and the corresponding acceptable limits

are summarized in Table R 4-30-1. The maximum shear forces predicted in the

dowels during the SSE are below the experimentally determined shear capacity,

thus ensuring the integrity of the dowels. (The seismic loads are the only

significant dowel loads.)

Subsequent to the earthquake, the core will be cooled by the SS. This phase

of the DBE-5 event is similar to the corresponding phase of DBE-3 (following

control rod insertion and SS startup).

DBE-6 is a water ingress event that results from a moderate feedwater/steam

leak in one or more steam generator tubes [5.67 kg/sec (12.5 lbm/sec)]. The

reactor is shut down and subsequently cooled by the SS. About 270 kg (700

lb) water are postulated to leak into the reactor vessel. Only a fraction of

the water will react with the graphite in the core and the reactor internal

structures and the amount of burnoff is very small, less than 0.1 percent

weight loss in the region of maximum burnoff which is the bottom reflector.

A weight loss of 0.1 percent will result in a loss of strength of about. 0.5

percent which is negligible compared to the safety margins in the core.

DBE-7 is the same as DBE-6, except that the SS fails to start and the core

is cooled by conduction and radiation to the RCCS. The temperature history

is similar to the conduction cooldown event in DBE-l. The amount of water

entering the reactor vessel is the same as in DBE-6, but a larger fraction of

the water reacts with the graphite as a result of the slower cooldown.

However, the weight loss due to graphite oxidation is also, in this case,

less than 0.1 percent even in the most exposed locations, resulting in

negligible reductions in the structural strength.

DBE-8 is a moisture ingress with moisture monitor failure. More moisture

leaks into the core than for DBE-6 or -7, but less reacts than for DBE-7

because of the SS cooldown.

4.2-55 Amendment 3



HTGR-86-0247(

DBE-9 is a moisture inleakage with steam generator dump failure. This DBE

includes the family of events that result from a small steam generator leak

[0.045 kg/sec (0.1 lbm/sec)]~ followed by a failure of the steam generator

dump valves to reclose. DBE-9 is less severe than DBE-6 because the leak is

smaller and less moisture reaches the core.

In DBE-10 the reactor ves sel is depressurized through an 8,200 sq mm

(12.7 sq in.) primary coolant leakage area. Gore cooling is with the SCS.

The effects on the core of tis event are minimal. The temperatures decrease

gradually from the normal operating levels and the thermal gradients are the

same or less severe. The maximum pressure forces due to the relatively rapid

depressurization are oy slightly higher than during normal to. Any

net upward pressure force will not develop. At the termination of the event

there will be some air ingress, but the resulting graphite corrosion will be

minimal.

In DBE-11 the reactor vessel is depressurized through a 32 sq mm

(0.05 sq in.) hole. Since the leakage area is so small, the depressurization

will take about 19 hours. During the first phase of the event, the core will

be cooled with the HTS. Aftier 15 hours, the HTS is postulated to fail and

subsequent core cooling will be through conduction and radiation to the

RGCS. The maximum core tem erature will reach about 870'C (1600'F). This

will not have any adverse consequences on the structural integrity of the

core, since the small increas es in the severity of the thermal gradients will

be more than compensated for by graphite strength. The temperature of the

control rods will reach 0750 C (19700 F). Some creep and distortion of the

Incoloy 800H cladding may occur, but this will not have any safety

consequences since the rods already are inserted (reactor shutdown by

inserting the outer control rods occurs about 35 minutes after the event is

initiated).

4.2.5.5 "Safety-Related" Design Condition Performance

A set of 11 "safety-related" design conditions (SRDCs), which challenge the

safety functions as in the similar set of DBE events described above, are

4.2-56



HTGR-86-024 /

def ined and discussed in Chapter 15. In the SRDCs, def ined to meet the

challenges to the functions of controlling heat generation, heat removal,

and/or chemical attack, only "safety-related" SSCs may be assumed for

accomplishing the safety functions.

The effects of these conditions on fuel integrity and release rates are

discussed in Chapter 15. The effects of the 11 defined SRDCs on the reactor

core components are discussed in the following paragraphs.

For additional information related to this section, see the response to NRC

Comment 4-17.

SRDC-l is a conduction cooldown condition similar to AOO-l and DBE-1. As

discussed in Section 4.2.5.3, the condition will not have any adverse effects

on the core components.

SRDC-2 is similar to SRDC-l, except that the reactor is shut down with the

reserve shutdown rather than with the control rods. The initial phase of

this condition is similar to the initial phase of DBE-2 and the later phases

to SRDC-1. As stated in the discussions of those two cases, no damage or any

safety consequences will occur.

SRDC-3 and SRDC-4 are both the same as DBE-4 and as discussed the effects on

the core are minimal.

SRDC-5 is similar to DBE-5, except that following the earthquake the core is

cooled by conduction and radiation to the RCCS rather than by the SCS.

Accordingly, the response of the core is the same as for DBE-5 during the

initial phase and the same as for the conduction cooldown case (DBE-1 and

AOO-3) during the later phases. As stated in the discussion of DBE-5, it is

anticipated that the core can safely withstand the SSE.

SRDC-6 and SRDC-7 are two essentially identical conditions involving water

ingress through a moderate size leak in a steam generator tube. Core cooling

is by conduction and as such the two conditions are the same as DBE-7. In

DBE-7, however, the leakage is stopped after about 30 seconds such that only

a small volume of water will enter the reactor vessel. As discussed in the
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evaluation of DBE-7, the graphite oxidation in that case is minimal. In

SRDC-6 and SRDG-7, on the other hand, the leak is detected in about 5 minutes

and the duration of the leakage is no more than one-half hour. Since these

are conduction cooldown casIes, temperature of the core will continue to

increase until a peak of about 1540'C (2800'F) is reached after approximately

100 hours. At these temperatures, the rate of graphite oxidation will be

relatively high and some burnoff will occur. The weight loss as predicted is

on the average no more than 2.1 percent with the hot channel about 3.1

percent. The corresponding strength loss is 10 and 14. 5 percent

respectively. However, sincelthere are no large loads on the core beyond its

own weight, the remaining sti ength would be more than sufficient to preclude

core disarray or other damage which would interfere with any safety

functions. The estimated stress-to-strength ratios for SRDC-6 are summarized

in Table R 4-30-1. As it, can be seen, the ratios are well below the

acceptable limits.

SRDC-8 involves water ingress through a small hole, but the sequence is

otherwise the same as SRDC-6 and SRDC-7. Since, for SRDC-8, the water

ingress will occur a a much slower rate, the effects of graphite oxidation

are much less than for SRDG-6 and -7 when the ingress is stopped after no

more than one-half hour.

SRDC-9 is another variant of ithe water ingress condition. The effects on the

core are the same as for SRDCL8.

SRDC-10 differs from DBE-10 'in that the core is cooled by conduction and

radiation to the RCS. For this reason, the core temperatures rise until a

peak of 1620'C (2950'F) is reached after 80 hr. The peak temperature occurs

in the fuel elements next to the central reflector at an elevation somewhat

above core midheight. A portion of the central reflector is also hotter than

1600-C (29000 F). These high temperatures will have no adverse effects on the

graphite structures; the thermal gradients will be the same or less severe

than during normal operation and the strength of the graphite will be

higher. The estimated stress-to-strength ratios are summarized in Table

R 4-30-1. As can be seen, the ratios are well below the acceptable limits.

As in DBE-l0, some air is po stulated to ingress after the reactor vessel is

fully depressurized, but the: resulting graphite corrosion is minimal. This
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condition produces control rod temperatures of 1130'C (20720 F) which are the

highest of any of the postulated conditions. At these temperatures it is

probable that metallic component damage will result. Little strength is left

in those components, and the cable and spine have to support the assembly

weight in tension. However, the damage will be limited to the metallic

components and will not adversely affect the safe shutdown of the core. The

neutron absorber compacts will remain trapped in the graphite control channel

and maintain the reactor in a shutdown condition.

SRDC-11 involves depressurization at a slower rate than in SRDC-10, but the

temperature rises and the effects on the core are essentially identical.

4.2.6 Interfaces

Interface requirements imposed on other systems by the Reactor Core Subsystem

are identified in Table 4.1-2, which also includes a description of the

interface and a quantitative expression for the interface.
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TABLE 4.2-1

TRISO PARTICLE DESIGN

Inner Silicon Outer
Isotropic Carbide Isotropic

Property Kernel Buffer (IPYC) (sic). (OPyC)

LEU Fuel (19.9% U-235 Enriched)

Composition UCO.30 1 .7 -- -----

Density (Mg/rn 3 10.7 1.0 1.90 3.20 1.87

Mean diameter or 350 100 50 35 40

thickness ()

Fertile Fuel

Composition ThO2 - - -----

Density (Mg/rn3) 9.8 1.0 1.90 3.20 1.87

Mean diameter or 500 65 50 35 40

thickness (urn)
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TABLE 4.2-2

BASIS FOR SPECIFICATION OF TRISO-COATED FUEL PROPERTIES

Particle Specified
Component Property Purpose of Specification

Kernel Diameter Assure adequate heavy metal.

Control power produced per particle.

Control pressure vessel failure.

Density Assure adequate heavy metal.

Minimize fission gas release.

Buffer Thickness and Control gas pressure.
density

IPyC Thickness and Assure impermeability to chlorine

density during SiC deposition.

sic Thickness and Control pressure vessel failure.

density
Minimize impact of Si - fission
product reactions.

Contain metallic and gaseous fission
products.

Minimize core Si content.

OPyC Thickness Provide structural support to SiC

layer throughout irradiation.

Provide backup to SiC for fission
product containment

Provide bonding surface for fuel rod
matrix.

Density Assure maximum irradiation stability
with minimum permeability.
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TABLE 4.2-3
FUEL COMPACT CHARACTERISTICS

Process Hot injection

Diameter [mm (in.)] 12.4 (0.49)

Length [mm (in.)] 49.3 (1.94)

Carbonizing In packed A1203 bed

Heat-treat temperature [C (F)] 1700 (3092)

Shimming Graphite particles

Binder type Petroleum pitch

Filler Petroleum-derived flake graphite

Matrix density, (Mg/in3 0.8 to 1.2
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TABLE 4.2-4

FUEL QUALITY AND PERFORMANCE LIMITS

Segment
Average Upper 95% Bound

Parameter Value Value

As-Manufactured Fuel Quality:

o Heavy-Metal Contamination Fraction < 1.0 x 0O < 2.0 x 0O 

o Missing Buffer Fraction < 5.0 x 0O < 2.0 x l0- 

o Missing or Permeable Inner Pyrocarbon < 4.0 x 10O < 1.0 x 0O 

o SiC Coating Defect Fraction < 5.0 x 1O- 5 1.0 x 10O 

o Missing or Defective OPyC < 1.0 x 10O < 1.0 x 10O 

Fuel Performance:

o In-service Failure Fraction (Normal) K 5.0 x 1O- 5 2.0 x 10O 

o Incremental Failure During Accident < 1.5 x 10- 4 6.0 x 10- 
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TABLE 4.2-5
REACTIVITY CONTROL REQUIREMENTS

Percent A P (1

BOG MOC EOC

Maximum core operating excess 1.0 2.5 0.5

Temperature effect (hot-to-cold) 4.8 3.0 1.2

Xenon decay 3.7 3.7 3.7

NP, PA, other short term decay -- 1.0 1.3

Shutdown 1.0 1.0 1.0

Total normal requirements (cold @ 270 C) 10.5 11.2 7.7

(without random uncertainties
included)

(1) jAp- k2-k1

klk2
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TABLE 4.2-6

CONTROL ROD AND RESERVE SHUTDOWN REACTIVITY WORTHS

H-ot, End-of-Equilibrium-Cycle Conditions %__P

Maximum-worth group of 3 outer rods, 0 other outer group inserted 2.0

Maximum-worth group of 3 outer rods, other outer group inserted .2.1

Minimum-worth group of 3 outer rods, 7 outer groups inserted 0.9

24 outer rods 12. 7

24 outer plus 6 inner 24.1

6 inner rods in presence of outer rods 11.4

12 RSC 13.2

12 RSC plus 24 outer rods 40.1

Cold, Decayed. End-of-Equilibrium-Cycle Conditions

24 outer rods 11.0

24 outer plus 6 inner 20.2

24 outer plus 5 inner rods (maximum-worth rod withdrawn) 18.0

24 outer plus 6 inner rods plus 12 RSC 35.7

24 outer rods plus 12 RSC 34.0

12 RSC 11.3
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TABLE 4.2-7

CONTROL ROD AND RSC REACTIVITY WORTHS

(Number inserted) Reactivity Worth (% AP 
Inner Outer RSC BOIC BOIC MOIC EOIC BOEC MOEC EOEC EOEC

Rods Rods Cold Hot, <---Hot 100%-----> Hot, Cold,
100% 100% Decayed

6 0 0 4.5 5.4 5.8 4.7

6 24 0 16.8 20.5 21.0 24.2 20.7 21.1 24.1 20.2

o 24 0 8.1 9.9 12.7 11.0

O 24 12 28.4 34.0 40.1 34.0

6 24 12 30.4 36.3 42.1 35.7

6 0 12 10.9 12.6 14.0 12.0

0 0 12 10.1 11.7 13.2 11.3
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TABLE 4.2-8
RANDOM REACTIVITY UNCERTAINTY COMPONENTS

Reactivity Uncertainty (AP')
IC-BOC IC-EOC EQ-BOC EO-MOC EQ-EQC

1. U +1% +0.0021 +0.0018 +0.0012 +0.0009 +0.0007

2. Th +1% +0.0013 +0.008 +0.0005 +0.0004 +0.0003

3. LBP +3% +0.0021 +0.0001 +0.0017 +0.004 +0.0001

4. Core graphite +1% +0.0026 +0.0020 +0.0013 +0.0010 +0.0007

5. Combined (RMS) +0.0041 +0.0084 +0.0025 +0.0042 +0.0010

6. Calculation model +0.005 +0.003 +0.003 +0.002 +0.001

7. Depletion effect 0.0 +0.003 +0.002 +0.0015 +0.001

8. Combined (RMS) +0.005 +0.0042 +0.0036 +0.0025 +0.0014

9. Temperature defect +10% +0.0048 +0.0012 +0.0040 +0.0030 +0.0012

10. Xenon +10% +0.0037 +0.0037 +0.0037 +0.0037 +0.0037

11. Rod bank +10% +0.0170 +0.0200 +0.0170 +0.0180 +0.0200

12. Bank worth, max worth +0.0150 +0.0180 +0.0150 +0.0160 +0.0180

stuck rod out +10%

Combined (RMS)

13. No stuck rod +0.0192 +0.0224 +0.0184 +0.0193 +0.0204

14. With stuck rod +0.0174 +0.0207 +0.0165 +0.0174 +0.0184
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TABLE 4.2-9

TOTAL REACTIVITY UNCERTAINTIES AFFECTING COLD SHUTDOWN MARGIN

Reactivity Uncertainty (P)

IC-BOC IC-EOC EQ-BOG EQ-MOC EQ-EOC

Shutdown Margin-All Rods

Combined RMS of items +0.0191 +0.0225 +0.0184 +0.0192 +0.0205

5, 8, and 13 of Table 4.2-8

Shutdown Margin-Max Rod Stuck Out(')

Combined RMS of items +0.0174 +0.0207 +0.0166 +0.0174 +0.0185

5, 8, and 14 of Table 4.2-8

(')Assumes maximum reactivity worth stuck rod reduces calculated rod

bank worth by 2%,6p for all cycle conditions.
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TABLE 4.2-10
ESTIMATED COLD SHUTDOWN MARGINS

Shutdown Margin (%AP)
IC-BOG IC-EOG EQ-BOG EQ-MOG EQ-EOG

All Rods Inserted

Nominal bank worth 16.8 19.8 17.0 17.3 20.2

Nominal requirement 10.5 8.0 10.5 11.2 7.7

Total uncertainty +1.91 +2.25 +1.84 +1.92 +2.05

Minimum shutdown margin (1) 4.9 9.55 4.66 4.18 10.45

Max Rod Stuck Out

Nominal worth (29 rods) 14.8 17.8 15.0 15.3 18.2

Nominal requirement 10.5 8.0 10.5 11.2 7.7

Total uncertainty +1.74 +2.07 +1.66 +1.74 +1.85

Minimum shutdown mri(1) 2.56 7.73 2.84 2.36 8.65

)1 Minimum % A P below a cold Keff of 0.99, since the, nominal
requirement includes a .0%Ap shutdown margin as part of the total
nominal requirement.
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TABLE 4.2-11

RESERVE SHUTDOWN REQUIREMENTS AND REACTIVITY WORTH

Reactivity Worth (% AP)
BOG MOG EOC

Temperature defect (to 192 0G) 3.1 1.6 0.7

Xenon decay 3*7 3.7 3.7

Np, Pa and other decay -- 1.0 1.3

Shutdown 1.0 1.0 1.0

Nominal requirement 7.8 7.3 6.7

Uncertainty +1.10 +1.08 +1.08

Requirement with uncertainty 8.9 8.4 7.8

Calculated RSC worth (cold) 10.1 10.6 11.3
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TABLE 4.2-12

ACTIVE CORE AND CORRESPONDING REFLECTOR TEMPERATURES

USED IN ONE-DIMENSIONAL RADIAL DIFFUSION CALCULATION

OF THE TEMPERATURE COEFFICIENT EVALUATIONS

Total Reactor Isothermal Temperature [C (F)]

Inner Active Outer
Reflector Core Reflector

27 (81) 27 (81) 27 (81)

Normal Operating Range 252 (486) 327 (621) 127 (261)

477 (891) 627 (1160) 327 (621)

827l(12) 927 (1700) 452(l)(845)

Accident Heatup Range( 1227 (2240) 1227 (2240) 627 (1160)

)1527 (2780) 1527 (2780) 827 (1520)

1827 (3320) 1827 (3320) 1027 (1880)

(')For active core temperature coefficient calculations, the inner and

outer reflector temperatures were assumed constant at 827 0C
(1520'F) and 4520C (8450F), respectively.
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TABLE 4.2-13
FUEL LOADINGS

Fuel Loading kg (lb)l
Cycle EFPD C/Th C/U C/HM Uranium- Thorium

1 555 600 834 349 1726.4 (3798) 2346.3 (5162)

2 380 1000 784 440 922.8 (2030) 707.1 (1556)

3 490 1000 722 419 1001.1 (2202) 706.1 (1553)

4 450 1000 730 422 990.7 (2180) 706.2 (1553)

5 482 1000 701 412 1030.6 (2267) 705.7 (1553)

6 482 1000 689 408 1048.2 (2306) 705.4 (1552)

7 482 1000 700 412 1032.2 (2271) 705.7 (1553)

I of 1



HTGR-86-024

TABLE 4.2-13a

RELATIVE POWER PRODUCTION RATES, PERCENT

Isotope BOC-IC EOC-IC BOC-Equilib EOC-Equilib

U-233 -- 18 4 13

U-235 100 61 86 57

Pu-239 -- 17 8 23

Other* -- 4 2 7

*Pimril Pu-241 and U-238 fissions.

Peff (U-235) = 0.0065

Peff (U-233) = 0.00266

Peff (Pu-239) = 0.00212

1 of 1
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TABLE 4.2-14

ESTIMATED CONTROL ROD POSITIONS FOR RISE-TO-POWER

Condition BOC-IC BOC-:EO MOC-EO EQC-EQ

keff, hot unrodded 1.010 1.010 1.025 1.005

keff, cold rodded; 0.93 0.93 0.94 0.88
xenon decayed

Hot-to-cold keff 0.05 0.04 0.025 0.012

Xenon decay cold, Akeff 0.037 0.037 0.037 0.037

Critical rod group (GP) (% withdrawal) (')

o Cold critical GP2 (66%) GP2 (66%) GP2 (40%) OP5 (TBD)

o 25% power, no xenon GP3 (TBD) GP2 (90%) GP2 (50%) GP5 (TBD)

o 25% power, with xenon CP4 (TBD) CP4 (TBD) CP2 (80%) CP6 (TBD)

o 100% power, 100% xenon GP1O (60%) CPIO (60%) CP9 (TBD) CP1O (100%)

(')Percent withdrawal represents the percentage of the critical rod bank
total reactivity worth that is withdrawn at the indicated condition.

Withdrawal sequence is:

Group 1, group 2 (inner), then group 3 through group 10 (outer).
(A rod group consists of 3 control rods, separated by 120 deg)
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TABLE 4.2-15

ESTIMATED AFTERHEAT RATES WITH LEU/Th FUEL

Time P/P0 (%)

10 sec 6.5

100 sec 3.8

1 hr 1.5

5 hr 0.85

10 hr 0.77

20 hr 0.66

30 hr 0.56

240 hr 0.37

2,400 hr 0.097

3.2 yr 0.004
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TABLE 4.2-16

TRISO FUEL PARTICLE NOMINAL DIMENSIONS AND STANDARD DEVIATIONS

ThO2 UCO

Nominal Standard Nominal Standard

Dimension Deviation Dimension Deviation

i(imL (% of nominal) (JM)L (of nominal)

Kernel diameter 500 4.9 350 5.0

Buffer thickness 65 18.0 100 18.0

IPyC thickness 50 16.3 50 16.3

SiC thickness 35 15.2 35 15.2

OPyC thickness 40 14.0 40 4.14.0

Particle diameter 880 800
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TABLE 4.2-17
TEMPERATURE AND CORE-AVERAGED FUEL PARTICLE FAILURE SUMMARIES

Peak fuel temperature, C (F) 1329 (2425)

Maximum time-average fuel temperature, C(0F) 1101 (2014)

Peak graphite temperature, C (F) 1284 (2344)

Maximum time-average graphite temperature, C (0F) 1071 (1960)

Peak fissile particle percent failure

Total failure for fission gas release 0.00085

Total failure for fission metal release 0.0063

Peak fertile particle percent failure

Total failure for fission gas release 0.00011

Total failure for fission metal release 0.0054
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TABLE 4.2-18

PEAK CORE-AVERAGED GASEOUS RELEASES

COMPARISON OF PREDICTED RELEASES AND CRITERIA

Kr-85m

Total Predicted R/B, Hydrolyzed Fuel, 50% Confidence 5.0 x 0O7

Percent R/B due to manufacturing contamination 91.1

Percent R/B due to failed fissile particles 8.7

Percent R/B due to failed fertile particles 0.2

Total R/B, "Maximum Expected" criterion (Section 11.1) 9.3 x -

Xe-138

Total Predicted R/B, Hydrolyzed Fuel, 50% Confidence 5.8 x 10-8

Percent R/B due to manufacturing contamination 82.1

Percent R/B due to failed fissile particles 17.8

Percent R/B due to failed fertile particles 0.1

Total R/B, "Maximum Expected" criterion (Section 11.1) <6.8 x 10-8
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TABLE 4.2-19
COMPARISON OF

PREDICTED Cs-137 RELEASE WITH CRITERIA

Axial Block Releasem (Ci)

1 ~~~~~~~~~~~~~~2.5 x 10-13

2 ~~~Axial Zone 1 1.9 x 10-8

3 ~~~~~~~~~~~~~~5.4 x 0r 4

4 ~~~~~~~~~~~~~~6.3 x 10-2

5 1.01

6 ~~~Axial Zone 2 0.17

7 ~~~~~~~~~~~~~~~0.43

8 ~~~~~~~~~~~~~~~1.91

9 ~~~Axial Zone 3 0.51

10 0.63

Total 3.3-year equilibrium predicted release 4.72

40-year predicted plateout inventory 37.3

"Maximum Expected" criterion <70.0

(1) Values include mixed isotope, mixed species, and geometry correction
factors.
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TABLE 4.2-20
COMPARISON OF PREDICTED Sr-9O

CORE RELEASE WITH CRITERIA

40-year Plateout Inventory (Ci)

Direct predicted release 1. 5xl10 6

Direct predicted release from manufacturing

contamination (f.r.min - 5xl10 ) 0.04

Predicted release from Kr-90 Decay 0.16

Total predicted release 0.2

"Max. Expected" criterion (Section 11.1) <0.34
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TABLE 4.2-21
COMPARISON OF PREDICTED Ag 11rn PLATEOUT INVENTORY WITH CRITERIA

3.3-year equilibrium predicted released1 ) 35.0 Ci

40-year predicted plateout inventory 38.0 Ci

"Maximum Expected" criterion (Section 11.1) <8.43 Ci

(')Assuming no Ag-11rn retention by the fuel rod matrix and fuel element

graphite; the actual core release is expected to be an order of magnitude

lower.
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TABLE 4.2-22

REPLACEABLE GRAPHITE CORE COMPONENT

STRESS-TO-STRENGTH RATIO LIMITS

Normal Operating

Element Type Operation Basis Earthquake DBE and SRDC

Standard Fuel Element 0.35 0.50 0.80

Reserve Shutdown Fuel 0.35 0.50 0.68

Element

Standard Reflector TBD TBD 0.57

Element

Control Reflector 0.20 0.28 0.57

Element
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4.3 NEUTRON CONTROL SUBSYSTEM

4.3.1 Summary Description

The Neutron Control Subsystem (NCSS) consists of the drive mechanisms for

positioning the control rods, the rod controls, the reserve shutdown control

equipment (RSCE) with its controls, and the instruments for measuring neutron

flux levels within the reactor vessel (i.e., in-vessel flux mapping units and

startup detectors) and around the perimeter of the reactor outside the vessel

(i.e., ex-vessel flux detectors). The control rods and the reserve shutdown

material are part of the Reactor ore Subsystem (Section 4.2). Most of this

equipment is configured into assemblies which are normally installed in

penetrations in the top or bottom of the reactor vessel. These assemblies

are periodically removed either to provide access to the core for refueling

or for maintenance of the equipment.

Five types of assemblies are provided for each reactor module:

1. Twelve outer neutron control assemblies (ONGA).

2. Six inner neutron control assemblies (INCA).

3. Six ex-vessel neutron detector assemblies.

4. Three startup detector assemblies (SDA).

5. Five in-vessel flux mapping units (IFMU).

Each ONCA is equipped with two independent control rod and drive assemblies.

These assemblies are interchangeable in any of the assigned penetrations.

Figure 4.3-1 shows an overall view of an ONCA.

Each INCA is equipped with one control rod and drive assembly and two

independent sets of RSCE. These assemblies are also interchangeable in any

of the assigned penetrations. Figure 4.3-2 shows an overall view of an
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INCA. Figure 4.3-3 shows the ONCAs and INCAs installed in the reactor 

vessel.

The ex-vessel neutron detection equipment consists of fission chamber neutron

detectors mounted in six equally spaced vertical wells located just outside

the reactor vessel as illustrated in Figure 4.3-4. The signals from these

detectors are supplied to the nuclear instrumentation cabinet and Safety

Protection Subsystem equipment located primarily in the reactor building.

These data are used by the utomatic control systems to operate the control

rod drives or the reserve shutdown equipment, thereby changing the neutron

flux levels within the reactor core.

The startup detector assemblies (SDA) are fission chambers with the

appropriate cabling and support structure. The SDAs are inserted into

vertical channels in the reflector elements near the bottom of the core

through three equally spacedi penetrations in the bottom head of the reactor

vessel. The SDA locations are shown in the plan view and vertical section of

reactor core, Figures 4.3-5 and 4.3-6. The SDAs are interchangeable in any

of the assigned locations.

Each in-vessel flux mapping unit (IFMU) consists of a small vertical rod with

multiple integral gamma detec tors along its axis. The IFM4Us are installed in

vertical channels in the inner and outer reflector elements through

penetrations in the bottom head of the reactor vessel. The integral gamma

detectors are monitored periodically to obtain data on the core axial power

offset. The IFMU locations are shown in the plan view and vertical section

of the reactor core, FigureIs 4.3-5 and 4.3-6. Identical assemblies are

installed at all locationsi but the IFt4Us are not normally interchanged

between locations since the 'activation which they experience while installed

in the reactor will normally require their destruction upon removal.

4.3.2 Functions and 10CFRlOO! Desig-n Criteria

4.3.2.1 Power Generation Functions

The primary power generation function performed by the NCSS is to control the
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neutron generation rate in the core. During power production and

startup/shutdown the neutron generation rate is controlled by monitoring the

neutron flux and by moving the poison material into or out of the core.

During shutdown, the NCSS continues to monitor the neutron flux level.

4.3.2.2 Radionuclide Control Functions

The radionuclide control function performed by the Neutron Control Subsystem

is to control heat generation assuring that control with movable poisons is

accomplished to shut down the reactor. These functions are accomplished by:

1. Insertion of neutron absorbing materials to shut down the reactor

2. Maintaining geometry for insertion of the neutron-absorbing materials

to shut down the reactor

3. Monitoring neutron flux and providing signals to the Plant Protection

and Instrumentation System (PPIS).

The Neutron Control Subsystem also has the functions of controlling direct

exposure to operating personnel and of controlling transport of radionuclides

during handling operations.

4.3.2.3 Classification

The Neutron Control Subsystem is safety related. The classification of

specific components is given in Table 4.3-1.

For additional information related to this section, see the response to NRC

Comment 4-38.

4.3.2.4 10CFR100 Design Criteria for Radionuclide Control

The following 1CFR100 Design Criterion applies:
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10CFR100 Desig-n Criterion I: The reactor shall be designed, fabricated,

and operated such that the inherent nuclear feedback characteristics ensure

that the reactor thermal power will not exceed acceptable values.

Additionally, the reactivity control system(s) shall be designed, fabricated,

and operated such that during insertion of reactivity the reactor thermal

power will not exceed acceptable values.

4.3.3 Radionuclide Control Design Requirements

Neutron control assemblies shall be provided to operate control rods in 24

columns in the inner ring o the hexagonal side reflector and in six columns

in the outer ring of the inner (central) reflector. The neutron control

assemblies shall also provilde the ability to insert the reserve shutdown

material into 12 columns of the active core.

The control assemblies shall incorporate features which ensure that the

control rods and reserve sutdown material enter their designated channels

for all reactor configurations resulting from anticipated operational

occurrences (AOOs) and design basis events (DBEs).

Th outer control rod drives (CRDs) shall be designed to permit the Safety

Protection Subsystem to interrupt the power supply to the drives when reactor

trip levels are reached, causing the control rods to drop by gravity into the

core. The inner control rod drives shall operate in a similar manner but are

tripped from the Investment Protection Subsystem. This trip command shall

override all other commands. The reserve shutdown material shall be stored

in hoppers above the core and released to fall into the core upon receipt of

a signal from the Safety Protection Subsystem.

Two of the three ex-vessel~ detectors contained in the six wells equally

spaced around the core shall generate signals for use by the Safety

Protection Subsystem.

4.3.4 Design Description I
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4.3.4.1 Subsystem Configuration

The Neutron Control Subsystem uses five types of assemblies to monitor

neutron flux, and to move control rods and insert reserve shutdown material

in response to signals generated by the NSSS Control Subsystem (NCS) and the

PPIS.

For additional information related to this section, see the response to NRC

Comment 4-24.

4.3.4.1.1 Outer Neutron Control Assembly

4.3.4.1.1.1 Outer Neutron Control Assembly Structural Equipment

The ONCA structural equipment consists of an upper structural frame, gamma

shielding, neutron shielding, thermal barrier, upper and lower guide tubes,

and various seals. This equipment, which is illustrated in Figure 4.3-1,

performs the mechanical functions for the (NCSS). The following paragraphs

provide additional information about the various items.

Uvper Structure and Seal: The upper structure consists of vertical carbon

steel structural angles welded to a top lifting ring and a lower horizontal

plate. The upper structure provides support for the mechanisms in the upper

part of the refueling penetration where the environment is relatively mild,

i.e., low radiation and moderate temperature.

A circular elastomer seal attached to the horizontal plate is normally in

contact with the inner diameter of the surrounding penetration to restrict

flow into or out of the upper region of the ONCA. Lifting the ONCA for

removal retracts the elastomer seal to a smaller diameter to prevent damage

during vertical movements of the ONCA.

Gamma Shield: The gamma shield is a round carbon steel plug that fits

tightly into the penetration. It protects the mechanisms and the maintenance

crew against gamma radiation from the core and the activated control rods.

It provides small vertical passages for the control rod support cables. Each
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passage contains a hardened Iannular insert to minimize wear during control

rod movements. The inner diameter of each insert is carefully sized to

permit free motion of the ontrol rod support cable while restricting the

flow between the upper region of the ONCA and the control rod guide tubes.

The gamma shield provides structural attachments for the fixed guide tubes,

the neutron shielding, and the thermal barrier.

Neutron Shield and Thermal Barrier: The neutron shield consists of a

cylindrical stainless steel container filled with boronated graphite material

which is positioned beneath the gamma shield. The container is approximately

356 mm (14 in. ) in length and is intended to restrict activation of

components in the upper portion of the ONCA.

Nine inches of thermal arrier is positioned between the gamma shielding and

the neutron shielding and another 279 mm (11 in. ) of thermal barrier is

positioned near the lower end of the fixed guide tubes. The thermal barrier

within the ONCA combines with additional thermal barrier and cooling coils

provided by the Reactor Plant ICooling Water Subsystem outside the penetration

to maintain the temnp erLature of the upper portion of the ONCA within

acceptable limits.

Guide Tubes: The guide tubes for the control rods extend from the gamma

shield downward through the top head of the reactor vessel and the upper

plenum to interface with the plenum elements on top of the core.

The primary purpose of the guide tubes is to provide guidance for the control

rods during reactor operation and to assure a clear passage for these

components as they are inserted and withdrawn from the core. The guide tube

structure is subdivided into he upper and lower guide tubes.

The upper guide tubes are fixed and extend from the gamma shield, where they

are attached, to the elevati on of the top head of the reactor vessel where

they are joined to the loweri guide tubes. Circular stainless steel castings

attached to the fixed guide tubes near their lower ends mate with a support

ledge in the surrounding penetration and transfer the weight of the ONCAs to

the reactor vessel.
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O The lower guide tubes extend from the elevation of the top head downward

through the upper core plenum to the interface point with the plenum blocks.

The lower guide tubes have articulating joints which allow limited angular

movements in all directions to compensate for core movements and

misalignments.
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A seal member surrounds the upper end of each of the lower guide tubes. This
member is supported by a bellows attached to the upper end of the lower guide
tube and is intended to restrict flow between the upper core plenum and the

relatively stagnant helium layer in the region between the upper plenum

structure and the top head of the reactor vessel while permitting

misalignment of these two large structures.

4.3.4.1.1.2 Control Rod Drive Equipment

The control rod drive (RD) mechanisms are located in the upper part of the
ONCA as shown in Figure 4.3-1. A single mechanism is illustrated in Figure

4.3-7. It consists of a dc torque motor, harmonic drive unit which provides
an 80:1 speed reduction, and the cable storage drum. The control rod is

lowered and raised with a flexible aircraft quality steel cable which is
taken up on the cable storage drum. Small cable guide rollers locate the

cable in the proper position above the gamma shield penetration.

The motor speed reducer and storage drum are mounted on a metal frame. The

frame is attached to the upper support structure by means of a pivoting

support shaft. The rotation of the mechanism is resisted by redundant load
cells which are used to monitor cable load (i.e. , the weight of the control
rod plus friction). These devices are used to detect a stuck control rod or

a broken control rod cable.

The drive motor is a brushless dc torque motor, rated for continuous duty.

Motor winding insulation is a high grade material which is capable of a
service life of 40 years in the reactor helium atmosphere. The stator

windings are vacuum impregnated.

Two load resistors are provided to slow down the control rod in case of power
failure or reactor trip. In this case, the motor acts as a generator and the

resistors absorb the energy. The resistors are lug-type tubular units of

ceramic construction with enamel coating on the surface and are mounted on
the inside of the mechanism frame for their protection. This feature is
provided for investment protection of the rod and RD but is not required for

the safety function.
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Control rod position indicati'!on is accomplished with redundant precision

potentiometers. The multiturn, movement of the cable drum shaft is reduced

with small harmonic drive speeId reducers to less than one revolution on the

potentiometer shaft.

All bearings in the RD are precision ball bearings which are lubricated with

a special grease that has been' developed for this type of low radiation and

moderate temperature applicati In. This lubricant, which is also used in the

harmonic drive components, haIs been subjected to long duration tests in

helium. Therefore, the possibIility of bearing or speed reducer seizure from

deterioration of the lubricant is minimized. Relubrication of these

components at regular maintenance intervals is planned.

A manual cable-locking device is provided for use during removal of the ONCA

from its penetration. When he control rods are completely withdrawn from

the core, the cable-locking device is manually actuated to ensure that the

control rods will not accidentally drop while the ONCA is moved with the

auxiliary service cask.

4.3.4.1.2 Inner Neutron Control Assembly

4.3.4.1.2.1 Inner Neutron Control Assemblies Structural Equipment

The INCA structural equipments consists of an upper structural frame, gamma

shielding, neutron shielding, ithermal barrier, upper and lower guide tubes,

and various seals.

The INCA structural equipment is very similar to the ONCA structural

equipment described earlier with minor differences to accommodate the

different equipment within the INCA package. The following paragraphs

provide additional information about the various items.

Up~per Structure and Seal: The upper structure and seal components for the

INCA package are only slightly different from the ONCA components. The steel

structure has been modified to support a single CRD and the horizontal plate

at the bottom of the upper str'ucture has been modified to clear two
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independent release mechanisms for the reserve shutdown material. The

mechanisms are bolted to the upper surface of the gamma shield.

Gamma Shield: The gamma shield for the INCA package also differs only

slightly from the ONCA gamma shield. It provides only one control rod cable

passage and has additional passages for filling the reserve shutdown hoppers

and movement of the actuator rods for the gates at the bottom of shutdown

material hoppers.

Neutron Shield. Thermal Barrier, and Guide Tubes: The only differences in

these components for the INCA in comparison to the ONGA are caused by:

1. The alternate construction at the point where the INCA enters the top

head of the reactor vessel as a single large cylindrical member

rather than two much smaller cylinders. A horizontal plate attached

to the fixed guide tubes rests on a ledge in the surrounding

penetration and transfers the weight of the INCA package to the

reactor vessel.

2. A large diameter bellows permits limited misalignment of a seal

member which engages the upper plenum structure and restricts the

flow of hot helium to the relatively stagnant helium layer between

the upper plenum structure and the pressure vessel.

4.3.4.1.2.2 Control Rod Drive Equipment

There is no difference in the construction of the control rod drive equipment

for the INCA and the comparable equipment in the ONCA. There is, however,

only one drive mechanism in the INCA package while two mechanisms are

provided in each ONCA package.

4.3.4.1.2.3 Reserve Shutdown Control Equipment

Two sets of reserve shutdown control equipment (RSCE) are mounted in each

INCA package. Each set consists of a reserve shutdown hopper which contains

the shutdown material, the fuse link mechanism which opens the hopper gate
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by means of the actuation rod,1 and the reserve shutdown material gate. The

reserve shutdown guide tube, p rovided with the INCA structural equipment,

guides the reserve shutdown material into a special channel in the core.

Figure 4.3-8 shows the arrangement of the RSCE within the INCA package.

Figure 4.3-9 shows the construction of the storage hopper. Figure 4.3-10

shows the fuse link construction.

Reserve Shutdown Hopper: Each reserve shutdown hopper is a stainless steel

cylinder, extending from a point just below the upper thermal barrier to the

circular plate near the top o the lower guide tubes. The hopper is filled

with neutron absorber material. A gate at the lower end of the hopper

retains the material. Afterl opening the gate, the material is channeled

through a funnel into the RS~E guide tube, which is capable of following

lateral core movements by means of an articulating joint just like the lower

guide tubes of the control rod system. The guide tube directs the neutron

absorber material into the channel provided within the control column.

A storage hopper fill tube is! provided to refill the hopper at the Reactor

Equipment Service Facility after the neutron absorber material has been

released into the core.

Removal of the reserve shutdown material from the core is accomplished with

the reserve shutdown vacuum tool described in Section 9.1.2.1.4.1.4.

Fuse Link Actuators: The redundant fuse link actuators are shown in

Figure 4.3-10. Two fuse lin ks support the actuation rod for the hopper

gate. Severing either fuse link by the application of an electrical current

will allow the actuation rod to drop a short distance, which will open the

hopper gate.

The structural portion of th6 fuse link actuator is a braided multistrand

aluminum wire rope. Each aluminum wire is surrounded by a thin palladium

jacket. Whenever the temLperature of the wire is raised above a critical

temperature, an exothermic chemical reaction between the palladium and the

aluminum takes place, melting the wire and severing the fuse link. This

allows the actuation rod to drop and the hopper gate to open, releasing the
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reserve shutdown material into the core.

To minimize the current required to sever the fuse link, a small starter wire

of only six strands is provided and wrapped tightly around the mechanical

load carrying strands of the fuse link. Upon actuation, a small amount of

current is sufficient to start the exothermic reaction in the starter wire,

which then carries over to the main link. Continuity in the starter wire is

checked on-line by trickle current. Samples of manufacturer's batches of

fusible links are tested prior to installation. Statistical sampling

techniques will be used.' Also, the fusible links will be test actuated when

the control rod assembly is removed for periodic inspection and maintenance.

4.3.4.1.3 Ex-Vessel Neutron Detection Equipment

The ex-vessel neutron detection equipment consists of neutron detectors

mounted in six equally spaced vertical wells located just outside the reactor

vessel, near the core midplane, as illustrated in Figure 4.3-4. This spatial

distribution of detectors provides adequate neutron monitoring coverage and

redundancy in measurement.

Each well extends vertically upward from the accessible area beneath the

reactor vessel to the opposite of the upper portion of the reactor core. The

wells are located in the inlet air stream of the Reactor Cavity Cooling

System (RCCS) to assure that the neutron detectors are not exposed to

undesirable temperature transients. The atmosphere in the wells is air at

ambient pressure.

Each well contains three neutron detectors. Two neutron detectors provide

neutron flux signals to the PPIS for use in the reactor trip circuitry. The

third neutron detector provides a neutron flux signal for use by the NCS and

Rod Control Systems for reactivity control during plant operation. The

detectors used are fission chambers. The ranges covered are shown in Figure

4.3-11.

Signals from the ex-vessel neutron detectors in conjunction with the

in-reactor startup neutron detectors are utilized to derive neutron flux
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levels from startup source level to above 100 percent power. The associated

electronics circuitry provides three basic types of nuclear channels as shown

in Figure 4.3-12.

Three extended wide range nrIuclear channels combine signals from the three

in-vessel detectors with signals from three ex-vessel detectors to measure

reactor power on a logarithm Iic scale and rate of power change from startup

source level to full power. These signals are used for rod drive control as

the reactor is started up and brought to power.

One linear channel for power irange (approximately 1.5 percent to 150 percent)

flux control is provided foIr the reactor flux control portion of the NS.

This channel utilizes signals from the six mid-level detectors in each of the

ex-vessel wells. (Three of these detectors are also employed in the extended

wide-range channels.) Th pL ower range neutron flux controller utilizes the

average of the six detector signals for rod drive control. (The controller

includes comparators to monitor individual input signals and automatically

disconnect a faulty input rom the average calculation.) The power range

neutron flux controller positions control rods to adjust reactor power based

on a setpoint signal received from the NCS.

The remaining 12 ex-vessel neutron detectors (top and bottom) provide linear

power signals to reactor trIip portions of the Safety Protection Subsystem.

(The signals are combined io four groups of three for use in the two-out-

of-four trip system.) The detectors and circuitry used for protection are

separated from the detectors ad circuitry utilized for control.

4.3.4.1.4 Startup Detector Assemblies

The need for startup neutr on detectors in-vessel is dictated by the low

neutron flux at the ex-vess !6 detector location at startup and to ensure a

controlled startup. Therefore, in-vessel startup detectors are used for flux

monitoring while the reactor is brought to a critical. configuration and

during reactor shutdown eriods. Three startup neutron detectors are

installed to ensure adequate neutron flux measurements during these low power

intervals.
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The startup detector assemblies are fission chambers with appropriate cabling

and support structures. The SDAs are inserted into vertical channels in the

reflector elements near the bottom of the core through three equally spaced

penetrations in the bottom head of the reactor vessel. The SDA locations are

4. 3-12a
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illustrated in Figure 4.3-5.

The neutron detectors employed are regenerative U-234/U-235 fission

counters. The use of regenerative detectors results in a useful life of

approximately 7-1/2 years at operating conditions without the need for

retraction to a lower neutron flux environment to reduce detector burnup.

4.3.4.1.5 In-Vessel Flux Mapping Units

The in-vessel flux mapping units (IFMU) are required to measure the axial

power offset over a plant power range of 5 percent to 100 percent. Each IFMU

consists of a small cylindrical assembly with a string of six gamma

thermometers along its axis. The IFMUs are installed in vertical channels in

the inner and outer reflector through penetrations in the bottom head of the

reactor vessel as illustrated in Figure 4.3-6. The integral gamma detectors

are monitored periodically to obtain data on the core axial power offset.

For power measurements, gamma thermometers depend upon heating of the

instrument sensing area by fission and fission product gamma rays. A central

heater cable along the assembly is provided for in situ calibration.

4.3.4.2 Subsystem Arrangement

The mechanical arrangement of the Neutron Control Subsystem is illustrated in

Figure 4.3-3, 4.3-4, 4.3-5, and 4.3-6. Figure 4.3-3 shows typical ONCA and

INCA equipment installed in their respective penetrations in the top head of

the reactor vessel. The neutron control assemblies are supported on ledges

in their respective penetrations while the lower portions of the neutron

control assemblies extend down into the control channels of the core sector

below the penetration.

Figure 4.3-5 shows a plan view of the reactor core and the related neutron

control equipment. There are a total of six fuel sectors shown on Figure

4.3-5. Each sector is equipped with two ONCAs and one INCA.

Figure 4.3-5 also shows the location of the five IFMUs which are installed in
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the reflector columns adjacent; to the fuel columns and the three startup

detector assemblies.

Figure 4.3-4 shows the location of the six ex-vessel detector wells. These

vertical wells are equally spaced just outside the reactor vessel.

Electrical cabling joins the subsystem components to four local control

cabinets within the reactor building and the appropriate power supply

systems.

4.3.4.3 Subsystem Operating modes

The operating modes of the Neutron Control Subsystem, in conjunction with the

Reactor Core and Reactor Internals Subsystems, are discussed in Section

4.1.4.3.

4.3.4.4 Instrumentation and Cox~trol

4.3.4.4.1 Neutron Control Assempbly Structural Equipment

The neutron control assemblies (i.e., ONCAs and INCAs) are equipped with

thermocouples to monitor the ambient coolant temperature immediately above

the thermal barrier in the low~er portion of the assemblies and the ambient

temperature in the general area of the drive mechanisms.

4.3.4.4.2 Control Rod Drive Equipment

Control rod withdrawal occurs' when rotation of a selected drive motor is

commanded by the rod control instrumentation. Control rod insertion can

occur either by actuation of th drive motor or as a gravity powered movement

following receipt of a reactor Itrip signal.

The position of the control i rod is monitored by two redundant position

sensors which are coupled to 'the cable storage drum through an instrument

gear train.
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- The total tension in the control rod support cable is monitored by redundant

load cells to assure that the control rod is intact and is moving freely in

its guide tube and core channel.

Video display capability of abnormal cable tension, rod motion, rod position

and various Control System malfunctions is available in the main control

room. These displays provide alarm and system status indication to the

operator.

Separation of power and signal cabling to the CRD mechanism is provided. One

load cell and one position indicator are grouped together with their wires

separated from the other system which supplies the other load cell and the

other position indicator. The dc drive motor wires are grouped in a third

cable to separate power from control.

The control rods are operated in groups of three. Various controls are used

to withdraw or insert all control rods in a group simultaneously and to

disengage any control rod from movement with the group. Interlocks in the

Rod Drive Control System prevent withdrawal of more than one rod group at a

time.

A rod worth calibration test capability is provided. The test is generally

performed on each rod as it is first withdrawn during each cycle and requires

a rod withdrawal speed approximately three times normal. A separate servo

controller is used for this calibration test. Interlocks prevent the testing

of more than one rod at a time.

A rod withdrawal interlock function is implemented for equipment protection

and for enhancement of plant availability. Other control circuit interlocks

prohibit control rod motion beyond the inner and outer limits of rod motion.

Powered control rod motion is also prohibited if preset limits on allowable

cable tension are exceeded.

The gravity powered insertion of the control rods is accomplished by

disconnecting power to the holding brakes of the RD motors. This disconnect

is part of the PPIS and operates upon various reactor trip signals. Opening
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the circuit removes the rod holding power and the rods drop into the core.

Any rods being withdrawn or in serted by the Rod Drive Control System at the

time of reactor trip are also released.

4.3.4.4.3 Reserve Shutdown Control Equipment

The instrumentation and controls for the reserve shutdown control equipment

are designed to actuate thIe release of the reserve shutdown material

automatically. Major features include provisions for redundant actuation

circuits, for continuous monitIoring of the actuation circuits, and a limit

switch on each release rod to confirm movement of the storage hopper gate.

The reserve shutdown control E9quipment is powered by two 125 VDC, Class E

battery supplies.

The RSCE is actuated automatically by signals from the Safety Protection

Subsystem. A time delay assurIes that power is applied for at least three

seconds to ensure transferring enough energy to the fuse links to sustain the

exothermic reaction. A limit switch in the actuator mechanism verifies that

the actuation rod has dropped to open the gate.

For monitoring purposes a coIntinuity circuit is provided as a means of

verifying system integrity.

4.3.4.4.4 Ex-Core Neutron Detelction Equipment

This instrumentation and control equipment consists of the neutron detectors

that provide inputs to the PPIS, NCS, and the rod control assemblies. It is

described in Section 4.3.4.1.3.'

4.3.4.4.5 Startup Detector Assemblies

This instrumentation and contrcl equipment consists of three startup detector

assemblies, described in Sectioln 4.3.4.1.4.

4.3-16



HTGR-86-024

4.3.4.4.6 In-Vessel Flux Mapping Units

This instrumentation and control equipment consists of five IUs described

in Section 4.3.4.1.5.

4.3.4.5 Subsystem Limitations

The rod control assembly is limited to operation when the reactor trip

circuit is energized. Three rods at a time, constituting a group, can be

operated simultaneously. Interlocks prevent the withdrawal of more than one

group at a time. Also, only one rod at a time can be moved during rod worth

testing when a higher rod drive speed is utilized. The speed at which the

rods move is limited by the servo controller power which controls power to

the RD motor. Detection of slack cable stops rod motion as does detection

of excessive cable tension. Interlocks prevent rod movement beyond inner and

outer limits.

The reserve shutdown control equipment operates automatically as a bank.

Once actuated, it necessitates plant depressurization, removal of the inner

neutron control assemblies for reloading of adsorber material and removal of

the reserve shutdown material from the core before the reactor can return to

power.

The nuclear instrumentation must be operable prior to reactor startup. The

automatic rod control during startup will not operate if more than one of the

three ex-vessel wide-range channels is out of service. The Safety Protection

Subsystem requires at least three of its four nuclear input channels

operating. The power range neutron flux control will not operate

automatically with more than two of the six input channels out of service.

Setpoints are given in Table 4.3-2.

4.3.5 Design Evaluation

For additional information related to this section, see the responses to NRC

Comments 4-22, 4-23, 4-25 and 4-26.
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4.3.5.1 Failure Modes and Effects

The failure modes and effects discussion of the Neutron Control Subsystem is

divided into separate discussIions of the control rod drives, reserve shutdown

control equipment, IFMUs, SDAs ad ex-vessel detectors.

4.3.5.1.1 Control Rod Drives

There are two effects which result from any of a multitude of failures in the

CRDs. One effect is that the rods do not move when they should. The second

is that the rods move when they should not.

Undesirable rod motion can 'result from control system failure and can be

either inward or outward. Inward motion is a plant availability problem, but

is not a safety concern. The extreme case of undesirable inward motion is an

inadvertent reactor trip. This event might be caused by a loss of power or

erroneous trip signals. This event places the plant in a safe condition.

Outward motion can be a more significant threat to equipment and people. The

consequence of control systemi failures which cause rod withdrawal are limited

by several system features. The first is the limit on rod withdrawal speed

due to the maximum amount of power that can be delivered to the RD motor.

Second is the control circuitry which limits the number of control rods that

may be withdrawn at any one~ time. Third is the alarm system which will

inform the operator of the iroperPC rod motion so that he may take corrective

action. Finally, a reactor trip signal will cause rods to be inserted.

Failures which can prevent rod motion by a RD mechanism are of concern

because they might preclude a reactor trip of the associated rod. To detect

such failures, redundant load~ cells and position sensors are installed. The

load cells detect rod binding Ior breaking, and the position sensors measure

rod position. The position Isensors can be used to test all aspects of rod

motion such as rod speed and rod mobility. When either the load cells or

position sensors indicate a ialfunction, this information is conveyed to the
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- reactor operator.

4.3.5.1.2 Reserve Shutdown Control Equipment

Failures in the RSCE can result in the RSCE hopper failing to dump when

signalled to do so, or the RSCE hopper dumping inadvertently.

The situation in which the hopper fails to dump can be caused by actuation

system failure (the actuation failures include electrical failures of the

fusible links) or by material bridging in the hopper. The RSCE design

minimizes the probability of failure due to actuation system malfunction by

providing redundant and separate initiation circuits. Also, the continuity

of the initiating circuits is continuously monitored during reactor

operation. Material bridging in the hopper is undetectable during plant

operation. Therefore, at each refueling, a minimum of one RSCE hopper is

tested (out of the reactor) to see whether it can dump properly. if

unsatisfactory conditions are encountered during the "out of reactor" test,

additional assemblies will be removed for testing and/or modifications as

appropriate.

The procedure for recovery of material which has been inserted into the core

requires verification that the recovery equipment has been fully inserted and

a weight check of the recovered material at the reactor equipment service

facility. These two checks provide assurance that essentially all of the

reserve shutdown material has been recovered.

4.3.5.1.3 In-Vessel Flux Monitoring Units

Failures to this equipment can occur in the gamma thermometers or the signal

conditioners, resulting in erroneous flux level readings. Because there are

five strings of IFMUs, a failure in one or several detectors reduces the

amount of data available to map the axial power offsets. These failures have

no immediate effect on the plant operation.
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4.3.5.1.4 Startup Detector Assemblies

Failures in the SDA equipment lead to erroneous signals. However, sufficient

redundancy in neutron detectors exists so that loss of a detector does not

result in unsafe operation or r equire immediate plant shutdown.

Failure of a startup detector while at power is of little consequence because

the power is above the startup detector range. Failure during startup, a

small portion of the plant operation, can be handled by the redundancy

provided. Failure during shu itdown (or shutting down) would generally be

corrected prior to the next startup.

4.3.5.1.5 Ex-Vessel Detectors~

Failures in the ex-vessel neutron detectors can result in erroneous signals.

However, sufficient redundancy in neutron detectors exists so that loss of a

detector does not result inL unsafe operation or necessitate immediate plant

shutdown. The startup contr ol and power range flux control both utilize

several signals based on he input from several neutron detectors.

Comparators between redundant channels automatically disconnect suspect

inputs from the average signal'and alert the operator.

Loss of an input to the Safety Protection Subsystem does not cause a spurious

action at the system level because of the redundancy built into the

protection system. Malfunctioniing channels are alarmed.

4.3.5.2 Steady-State Performance

Specific characteristics of' the NCSS normal operation are divided into

discussions of five equipment, groups: control rod drives, reserve shutdown

control equipment, ex-vessel'neutron detection equipment, startup detector

assemblies, and in-vessel flux mapping units.

4.3.5.2.1 Control Rod Drives'

Each outer neutron control assembly contains two independent control rod
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drives while each inner neutron control assembly contains a single control

rod drive. All of these CRDs are identical in their performance

characteristics but are controlled somewhat differently depending upon their

location. These differences will be identified whenever there is a

significant effect on the subsystem performance.

The control rod positioning is generally done on a symmetrical group of three

rods moving at a time.

The rods may also be operated one at a time in a rod worth calibration test

mode. This latter mode is primarily used the first time rods are withdrawn

following a refueling.

For a short time just after refueling, 25 percent of full power is achieved

before the inner group of rods is fully withdrawn. During this brief period

and at power levels below 25 percent, some of the inner control rods may be

partially inserted to control core reactivity. Also, these inner rods may

occasionally be used to control reactor power at other levels. However, in

most circumstances the automatic operation will be limited to the outer

control rod drives.

All RDs not being driven to change reactor power level are held in position

by holding power applied to one set of the motor windings. In the absence of

either holding power or signals from a CRD motor controller, control rods

that are either fully or partially withdrawn drop into the core by gravity.

The rod velocity during this type of insertion is limited by resistors wired

in parallel with the motor windings, The resistors limit damage during

control rod deceleration but are not required for the rods to shut down the

reactor effectively.

The normal holding power for the RDs is controlled by the reactor trip

portion of the Safety and Investment Protection Subsystems.

4.3.5.2.2 Reserve Shutdown Control Equipment

The RSCE is in standby at all times except when it is used to shut down the
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core following a reactor trip signal to which the control rods and/or control

rod drives fail to respond addequately. That is: 1) an anticipated transient

without scram (ATWS) or 2) following an outer rod trip to prevent

recriticality following an unterminated large water ingress.

During refueling intervals, two of the six INCAs may be removed to provide

access to the core. During these intervals, the remaining four INCAs which

contain a total of eight independent reserve shutdown hoppers are on standby.

The continuity of thefueln release is continuously monitored and loss of

continuity of power is alarmed.1

4.3.5.2.3 Ex-Vessel Neutron Detectors

The ex-vessel neutron detectors provide signals to the Safety Protection

Subsystem, the NSSS Control Subsystem, and the rod drive control equipment

from the startup range to as high as 200 percent power. Two detectors in

each of six wells feed the Saf~ty Protection Subsystem and one from each well

feeds the NSSS Control Subsystem and rod drive control equipment. The NCS

and rod drive control equipment use the signals to control reactor power

through the flux controllers ~while the Safety Protection Subsystem signals

are used to provide protection for abnormal plant conditions.

4.3.5.2.4 Startup Detector Assemblies

The startup detector assemblies (SDAs) are used at low power levels only.

When the plant is above approximately 0- percent power, the ex-vessel

detectors are utilized. Durixng shutdown, the SDAs provide signals to allow

monitoring of the core neutron activity. During startup, the SDAs monitor

neutron flux changes as the con~trol rods are withdrawn.

4.3.5.2.5 In-Vessel Flux Mapping Equipment

During plant operation, the in-vessel flux mapping units (IFt4Us) are

monitored at predetermined intervals to record the flux level at fixed axial

positions, so that a core axial power offset can be determined.
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4.3.5.3 Anticipated Operational Occurrence Performance

The plant anticipated operational occurrences (AOOs) are described in detail

in Section 11.6. For the As in which the outer control rods are tripped,

the trip occurs quite early in the event, before there can be a significant

temperature transient or environmental change affecting the equipment. For

AOO-5 the trip may occur long after the event is initiated and there is no

significantly detrimental transient imposed on the CRDs prior to the time

when they are signalled to release the rods.

The RSCE, IFMUs, and SDAs are not called upon to respond to any As.

The ex-vessel neutron detectors are involved in As. The ex-vessel

detectors are unaffected by the transient imposed on the vessel internals by

the rod withdrawal event (AOO-3) because they are located outside the

vessel. Their function is carried out when they detect a high power level

and send the signal to the Safety Protection Subsystem which combines it with

a flow signal resulting in a reactor trip command.

4.3.5.4 Design Basis Event Performance

The DBEs are discussed in detail in Chapter 15. All the DBEs include actions

to shut down the reactor. The outer control rods are the means for shutting

down in all but DBE No. 2.

The PPIS receives signals from the ex-vessel detectors of the NCSS or other

protection system sensors and interprets these signals to determine

appropriate protective actions. In all DBEs except DBE-2, the control rod

drives are tripped and their function is completed in the very early stages

of the event. For DBE No. 2, which includes shutdown by the reserve shutdown

control equipment, the shutdown action (release of the reserve shutdown

material) is delayed for a brief interval (i.e., minutes). However, if the

shutdown action should take place after considerable delay (i.e., several

hours), the RSCE is designed to withstand the most severe environment to

which it might be exposed prior to completing the required action.
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4.3.5.5 "Safety-Related" DesignL CoitLUion Performance

The "safety-related" design conditions (SRDCs) are discussed in detail in

Chapter 15. As in the DBEs, the NCSS performs its detection and shutdown

functions early on, before conditions progress to a point where the

capability of the NCSS equipment to perform its "safety-related" functions is

threatened and none o the Sus cause a significant rise in the temperature

of the control rod drives prior to their being tripped. The same is true of

the reserve shutdown control equipment. Also, these two sets of equipment

are not affected by pressure changes or other changes in environment that

occur prior to their being called upon to perform.

4.3.6 Interfaces

Interface requirements imposed' on other systems or subsystems within the

Reactor System by the NCSS are identified in Table 4.1-2, which also includes

a description of the interface and a quantitative expression for the

interface.
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TABLE 4.3-1
SAFETY CLASSIFICATION FOR THE NEUTRON CONTROL SUBSYSTEM EQUIPMENT

Pnincival Comonent Classification

1) Control Assembly Structural Equipment -Safety related"

Instrumentation & Controls Not "safety related"

2) Control Rod Drive Equipment

Mechanical Components, Inner Not "safety related"
(cables, drive mechanisms, and associated
parts)

Mechanical Components, Outer "Safety related"
(cables drive mechanisms, and associated
parts)

Instrumentation & Controls

a) Power to CR1) Motor Not "safety related"

b) CR1) Motor, Potentiometer and Not "safety related"
Velocity Controls

* ~3) Reserve Shutdown Control Equipment

Mechanical Components "Safety related"
(hoppers and gates, guide tubes, fusible
links, and associated parts)

Instrumentation & Control

a) Actuation circuitry "Safety related"

b) Indicators of condition Not "safety related"

4) Neutron Flux Monitoring Equipment

Ex-Vessel Detectors "Safety related"
(supplying signals to the Safety Protection
Subsystem)

Ex-Vessel Detectors Not "safety related
(for use in the NSSS Control Subsystem)
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TAB-LE 4.3-1 (Cont)

Princi~al Com~onent Classification

In-Vessel Neutron Detection
Equipment

a) In-Vessel Flux Hqnitoring

Equipment

Mechanical Components Not "safety related"

Instrumentation and Not safety related
Controls

b) Startup Detector Equipment

Mechanical Components Not "safety relatedn

Instrumentation and: Not safety related"

Controls

2 of 2
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TABLE 4.3-2
SETPOINTS FOR NEUTRON CONTROL EQUIPMENT

System
Parameter Setpoint

Rod "in" limit 0 in.

Rod "out" limit 366 in.

Rod cable tension - high 105 percent nominal rod weight

Rod cable tension - low 95 percent nominal rod weight

Rod controller speed 1.3 ips

Rod worth test controller speed 3.5 ips

Excessive rod speed >1.05 normal

RSCE continuity detector Loss

startup level neutron flux >2 cps

Rate of neutron flux change - high Ž2 dpm

Excessive wide range channel flux >15 percent
deviation

Excessive power range flux deviation Ž15 percent

1 of 1
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4.4 REACTOR INTERNALS SUBSYSTEM

4.4.1 Summary Description

The Reactor Internals Subsystem (RISS) consists of the core lateral restraint

(CLR), permanent side reflector (PSR), graphite core support structure

(GCSS), metallic core support structure (MCSS), upper plenum thermal

protection structure (UPTPS), and the hot duct. Figure 4.4-1 illustrates the

location of the components of the RISS within the Reactor System.

The core lateral restraint and the permanent reflector surround the core; the

graphite core support structure and metallic core support structure are

located below the core; the upper plenum thermal protection structure is

located above the core; and the hot duct is located within the cross duct

between the reactor vessel and the steam generator vessel.

4.4.2 Functions and 10CFR100 Design Criteria

4.4.2.1 Power Generation Functions

The principal function of the Reactor Internals Subsystem is to provide

support and lateral restraint for the reactor core. Other important

functions are to channel the primary coolant flow to the core, to control the

amount of core coolant bypass flow, and to mix the core exit coolant flow.

The reactor internals also augment shielding of the reactor vessel from core

radiation.

4.4.2.2 Radionuclide Control Functions

The radionuclide control functions, which are performed by the core lateral

restraint, permanent side reflector, graphite core support structure, and

metallic core support structure are mainly to remove core heat and to control

heat generation as discussed in Section 4.1.2.2. These functions are

performed by maintaining cooling pathways and the geometry for reactivity

control material insertion.
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As discussed in Section 4.1.29.2, the radionuclide control function which is

performed by the upper ple Ium thermal protection structure is to limit

chemical attack on the fuel by limiting fuel oxidation. This structure

functions to provide protection to the upper vessel assuring primary coolant

boundary reliability and res tricting the possibility of air ingress to the

core.

4.4.2.3 Classification

The core lateral restraint, the permanent side reflector, the graphite core

support structure, the metallic core support structure, and the upper plenum

thermal protection structure' are "safety related". The hot duct is not

"safety related".

For additional information related to this section, see response to NRC

Comment 4-38.

4.4.2.4 10CFR100 Design Criteria for Radionuclide Control

The following 10CFR100 Design Criteria apply:

10CFR100 Desig-n CriterionI.: The vessels and other components that limit or

prevent the ingress of air' or water shall be designed, fabricated, and

operated such that the amount of air or water reacting with the core will not

exceed acceptable values.

10CFR100 Design Criterion IV: The intrinsic dimensions and power densities

of the reactor core, internals, and vessel, and the passive cooling pathways

from the core to the environment shall be designed, fabricated, and operated

such that the fuel temperatures will not exceed acceptable values.

4.4.3 Radionuclide Control Design Requirements

The RISS shall maintain the core geometry for removing core heat by means of

conduction and radiation during a module pressurized shutdown.
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la - The RISS shall maintain a controllable geometry of the core in order to

control the heat generation rate, and to assure the capability to insert

control into the reactor during both normal and off-normal conditions.

4.4.4 Design Description

4.4.4.1 Subsystem Configuration

Stability and alignment of the reactor core components, as well as shielding

for the Vessel System (VS), are provided by the permanent side reflector

which consists of graphite blocks stacked to form a cylinder around the core,

as shown in Figures 4.4-1 and 4.4-2. Radial restraint is provided to the

core, through the PSR, by the core lateral restraint located between the

outer side reflector and the reactor vessel. The core lateral restraint

includes the core barrel with attached coolant inlet channels, and the core

barrel seismic keys.

~~ The hexagonal side reflector and the reactor core columns are supported by

the graphite core support structure which consists of two layers of graphite

blocks supported by graphite posts to form a core outlet plenum. The

graphite core support structure (in the lower plenum) under the central

reflector columns and above the SCS inlet port consists of 12 column

supports. Half are hexagonal columns and the other half are double columns

which form a vaulted support with the centermost column. Figures 4.4-1 and

4.4-3 show the lower plenum support structures. The entire array of graphite

posts and column supports is supported on the lower plenum floor which

consists of a layer of graphite on top of a layer of ceramic blocks, the

latter acting as an insulator on top of the metallic core support structure.

Vertical support of the reactor core components is provided by the metallic

core support structure which is a weldment of two circular plates separated

by radially oriented beams that meet at a central hub. The structure is

supported by a forged ring that is integral to the reactor vessel.

The upper plenum thermal protection structure consists of metallic plates

formed into a shroud within the top head of the reactor vessel to create the

core inlet plenum. It includes a thermal barrier attached to the outside of
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the shroud. It is supported by a flange on top of the core barrel.

The hot duct consistsd of thrLee sections of metallic pipes, two of which are

covered with thermal barrier The assembly is attached to the core barrel

and extends through the crossduct to the steam generator vessel. The hot

duct includes bellows to accoImmodate thermal and seismic movements and seals

to prevent bypass flow. The hot duct assembly also includes a set of two

shrouds, one of which is part of the elbow installation device, and both of

which form a channel for the gas being directed to the main circulator.

4.4.4.1.1 Graphite Structures

A high-strength, oxidation-re'sistant rate, grade 2020 graphite from Stackpole

Carbon o. (or equivalent) is used for the lower plenum floor blocks, lower

plenum support structure, co re support posts, core support blocks, and PSR

blocks. Grade 2020 graphite has a mean ultimate axial compressive strength

of approximately 71 MPa (10,300 psi) and tensile strength of 20.9 MPa (3000

psi).

4.4.4.1.1.1 Permanent Side Reflector

The PSRs extend over the full height of the core array. The top plane is. the

top surface of the top reflector. The bottom surface interfaces with the

ceramic pads on the metallic 'core support structure. The PSRs are bounded by

the core barrel as shown in 1figure 4.4-2. The inner boundary conforms to the

faces of the hexagonal side reflector columns. The boundaries form a ring of

PSRs which encircle the core. The one location which is an exception to this

definition for side reflector is the primary coolant flow channel which

connects the lower plenum cavity to the hot duct entrance. The PSR block

arrangement in this region isi shown in Figure 4.4-8.

Axially, there are a total f 25 layers of PSR, with 42 graphite blocks in

each layer. There are seven, blocks which repeat in pattern every 60 degrees

around the PSR, as shown 'in Figure 4.4-2. Vertical shear keys, either

dowels or flange-socket connections, are provided in all side reflector
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columns. The outermost portion of these reflectors contain several rows of

circumferentially staggered boronated pins. Radial thickness of PSR blocks

ranges from 399 to 663 mm (15.7 to 26.1 in.).

The pattern for PSR blocks is repeated for all layers except for the local

area around the hot duct entrance. The PSR blocks in this location must

maintain the geometry of the cylindrical flow channel from the lower plenum

cavity to the hot duct entrance. The local area, where the block sizes

differ from the normal, contains 34 different shaped blocks and two support

posts as shown in Figure 4.4-4. These blocks will provide support for the

standard PSR block above and around the channel. Two graphite horizontal

beams are used to bridge the top of the channel. These beams are stressed

well below the design limit of the high-strength graphite material by

themselves. In addition, two vertical posts (located at the midspan of the

beams) are added to provide redundant support. These posts are the same

diameter as the core support posts [228.6 nun (9 in.)] which are near the hot

duct entrance.

4.4.4.1.1.2 Graphite Core Support Stucture

The graphite core support structure (GCSS) is designed for a 40 year life and

consists of all graphite components below the bottom transition reflector

block and above the ceramic alumina pads located on the metallic core support

structure. The side boundary is circumscribed by the inner face of the PSR

blocks with the exception that GSS components extend under the PSR at the

entrance to the hot duct.

Discussion of the structural features is divided into four areas, those under

the active core, under the side reflectors, support posts and seats, and

under the center reflector columns.

GCSS Under Active ore: Under each active core column there are two layers

of graphite core support blocks and one support post providing a lower plenum

cavity height of 900 mm (35.4 in.). The top and bottom geometry of the

support post and seat is shown in Figure 4.4-5. The first support block
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below the bottom reflector blocks is called the flow distribution block. The

coolant flow channels leaving the active core pass through two reflectors as

shown in Figure 4.4-6. The fuel-element-type channels are converged into six

intermediate coolant channels in the bottom transition reflector block as

shown in Figure 4.4-7. These' six coolant channels are directed to the six

vertices of the hexagonal flow distribution block which is shown in Figure

4.4-8. A vertical channel of :a cross section of a 120-degree circular sector

at every vertex is machined at the lower end of the flow distribution block

shown in Section D-D of Figure 4.4-9 as well as the post block beneath it,

shown in Figure 4.4-10. The corner 120-degree sector channels form a

complete circular channel at the intersection of each three adjacent

hexagonal blocks. This intersection and merging of column flow streams

provides premixing of the core flows prior to discharging into the lower

plenum cavity.

Within the two block layers, three layers of borated pins are provided.

Horizontal staggering of the pins from layer to layer provides the maximum

shielding effect. The arrangement is conceptually indicated by Figures

4.4-7, 4.4-9, and 4.4-10.

GCSS Under Side Reflector: Under the side reflector columns there are two

layers of graphite core support blocks and one support post in each column

providing a lower plenum cavity. These blocks and post heights are universal

for the side reflector columns except in front of the hot duct entrance. In

this region the post block and lower plenum graphite floor blocks are

shortened and the post height! is increased in order to locally increase the

plenum height in front of the channel. The 24 side reflector columns with

control rod channels have coolant passages at the bottom of the channels

which connect with the lower plenum cavity. These flow channels connect to

the adjacent fuel column flow distribution block. The core support blocks in

the side reflector columns have one layer of boron pins to provide thermal

neutron shielding.

GCSS Support Posts and Seats: The 144 core support posts are 228.6 mm (9.0

in.) in diameter and are in three lengths, seven posts are 1257.3 mm (49.5
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in.) long, 71 posts are 1161.8 mm (45.74 in.) long, and 66 posts are 963.7 mm

(37.94 in.) long. Each post is cylindrical with spherical ends that mate

with a spherical radius post seat, as shown in Figure 4.4-5. The top seat is

in the lower core support block (post block) and the bottom seat is in the

graphite lower plenum floor. A post diameter larger than structurally

required is used to provide more graphite material in the lower plenum cavity

to reduce neutron streaming to the hot duct and to provide additional flow

mixing.

GCSS Under Center Reflector: Under each of the 19 central (inner) reflector

columns there are two core support blocks. These blocks are supported on 12

graphite block column supports shaped as shown in Figure 4.4-3. Six of these

are hexagonal columns approximately 305 mm (12 in.) across flats. Each one

supports one reflector column. The remaining six column structures are

ten-sided columns in cross section which support two center reflector columns

directly above them and which also collectively support the centermost

reflector column in a cantilevered arrangement. Configuration and

arrangement of these blocks is shown in Figures 4.4-1 and 4.4-3. There is no

lower plenum floor footing to support the center column because of the exit

port in the center of the lower plenum floor (as shown in Figure 4.4-1) which

leads to the shutdown cooling heat exchanger (SCHE). The SCHE is located at

the axis of the core but underneath the metallic core support structure.

Primary coolant flow normally passes around the 12 support column structures

in the lower plenum cavity on its flow path to the hot duct entrance. During

SCHE operation, the primary coolant flow enters the SCHE inlet port (located

in the center of the lower plenum floor) by means of 12 gaps between the 12

column supports. The 12 gaps are manifolded into six flow paths to the

centermost entrance plenum of the SCHE inlet port as shown in Figure 4.4-3.

The width of the gaps is sized to provide the total flow area at any radial

location equal to the area of the SCHE inlet port.

The present graphite core support structure (CSS) differs from that of 2240

MW(t) LHTGR CSS in the following ways. Under the active core, the adjacent

side reflector and the columns at the entrance of the hot duct, the single
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column per post concept is ued in the present design. The remaining

graphite blocks, including the permanent and outer hex side reflectors as

well as the central reflectors are stacked up from the metallic CSS, while in

the LHTGR, the whole core is supported by posts. Seven hex columns (less

columns in the periphery) form a region which sits on a star-shaped solid

core support block. This CS block, as well as the permanent side reflector

(PSR) support block, are supported by three posts.

The graphite core and reflector-columns are laterally restrained by the core

barrel. In the LHTGR, the PSR blocks are preloaded radially inward by spring

pack to form a tight ring. This tight graphite "core barrel" provides

restraint to the core columns inside. The R and D requirements related to

the SS are described in the Regulatory Technology Development Plan. (Ref.1)

4.4.4.1.2 Metallic Structures

Metallic structures of the Reactor Internals Subsystem consist of the core

lateral restraint, metallic core support structure, upper plenum thermal

protection structure and hot duct assembly. Materials specifications for

these structures are listed in Table 4.4-1.

4.4.4.1.2.1 Core Lateral Restraint

The core lateral restraint structure is composed of metal components

consisting of a core barrel, seismic keys, coolant channels, and boss located

between the PSR and the reactor vessel as shown in Figures 4.4-11 and

4.4-12. The core barrel is a cylinder composed of approximately 76 mm (3

in.) thick steel to locate, restrain, and limit the motion of the core outer

radial boundary. It is attached to the top plate of the core support

structure.

The 12 primary coolant inlet channels with internal dimensions of 152 mm x

660 mm (6 in. x 26 in.) are located on the outside surface of the core barrel

to direct the primary coolant to the top inlet plenum. During loss of forced

circulation, these channels, in conjunction with the core barrel and the
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upper plenum thermal protection structure, provide a convection flow path and

barrier for the high temperature helium, thereby preventing overheating of

the reactor vessel.

There are 48 seismic keys, 12 at each of four elevations. These seismic keys

are radially oriented between, and attached to, the core barrel and the

reactor vessel to provide lateral restraint for the core barrel. The keys

are designed to permit relative expansion between the core barrel and reactor

vessel while still maintaining accurate location and lateral restraint of the

barrel within the vessel.

A boss located on the external surface of the core barrel provides a flat

surface to which the hot duct is attached. A hole through the core barrel

and boss permits the primary coolant to flow from the lower plenum to the hot

duct.

4.4.4.1.2.2 Metallic Core Support Structure

The metallic core support structure (MCSS) is a component whose basic form is

that of a spoked wheel as shown in Figure 4.4-13. The outer perimeter of the

structure rests on a ring forging that is integral with the reactor vessel.

All major loads are transferred to the vessel through this support. The

upper flange of the structure is a solid plate that interfaces with the lower

plenum floor. It also supports the side reflector blocks and the core

barrel. This plate is solid to limit flow from the bottom plenum to the core

outlet plenum. The plate is penetrated by a hole for the ducting to the

shutdown cooling heat exchanger. Insulation isolates the shroud of the SCH-E

from the MCSS. Webs connect the top and bottom plates, effectively forming

radial beams from the hub to the perimeter. This hub is insulated from the

6870 C (12680F) gas entering the SCHE during an SS cooldown. The bottom

plate contains holes for passage of the primary coolant. The perimeter is

formed by a cylinder connecting the top and bottom plates for added

stiffness. The cylinder is penetrated by a series of holes that allow

transfer of the primary coolant from the side annulus to the peripheral

coolant channels on the core barrel.
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4.4.4.1.2.3 Upper Plenum Thermal Protection Structure

The upper plenum thermal protection structure is composed of two basic

elements: 1) a 'hot" shroud into which, during normal and SS operation, gas

is exhausted from channels attached to the core barrel and from the core

during pressurized conduction cooldown, and 2) a thermal barrier, consisting

of insulation and coverplates, that is attached to the outside of the shroud

and is designed to protect the reactor vessel from over temperature during

the pressurized conduction cooldown. Figure 4.4-14 shows the basic form of

the structure.

4.4.4.1.2.4 Hot Duct

The hot duct consists of three primary sections: two cylindrical, horizontal

pipe-like sections, and a 90-degree elbow section. The latter includes an

integral bellows that attaches to one of the horizontal sections as shown in

Figure 4.4-15. Supplemental to these are inner and outer shrouds and an

installation/removal mechanism, guide/support rails to assist in the

installation and removal of th~ horizontal sections, and horizontal section

attachments.

The attached horizontal sections have a 1.37-in (54-in.) outside diameter with

a 13 mm (0. 5 in.) thick wall. Each section has a length of approximately

2.76 m (108.5 in.. The pipe thickness is determined by the requirement to

sustain the pressure differential as well as to support itself under the

imposed environmental conditions. The factors determining the inside

diameter of the pipe are: the thermal barrier thickness, the desire to

restrict the gas velocity to 61 in/s (200 ft/s) or less, to minimize the

pressure drop through the duct, and the desire to use a commercially

available bellows stock size (i.e., diameter and thickness).

Each of the horizontal sections is lined with 76 mm (3 in.) of thermal

barrier consisting of 13-mm (0.5-in.) thick c'overplates having nominal

surface dimensions of 508 by 508 mm (20 by 20 in.), 0.64-mm (0.025-in.) thick

seal sheets and high temperature fibrous insulation blankets. With the

4.4-10



HTGR- 86-024

thermal barrier, the free-flow diameter of the duct is 1.19 m (47 in.). This

results in a nominal gas velocity at rated power of approximately 44 in/sec

(145 ft/sec) . The assigned pressure drop from the inlet at the core outlet

plenum to the exhaust at the steam generator vessel flange interface is 4.8

kPa (0.7 psi).

The elbow section is compressed against the exit flange of the horizontal

sections by a levered mechanical device. A bellows accommodates horizontal

and vertical movements (thermal and seismic). The bellows is designed as a

double-walled type to provide structural redundancy as well as a means for

monitoring the pressure differential between the hot and cold gas regions.

The vertical element of the elbow interfaces with a component of the upper

steam generator shroud. Sealing is achieved with metallic -rings at all

interfacing surfaces.

4.4.4.1.3 Shielding Features

The permanent side reflector (PSR), in conjunction with the core barrel,

protects the reactor vessel and the core lateral restraint structure from

excessive neutron fluence.

The fast (E > 0.18 MeV) neutron flux exiting the active core is attenuated by

the graphite reflectors. The attenuation of the total neutron flux exiting

the permanent side reflector is enhanced by inclusion of borated steel pins

(a neutron absorber material) in the outer portions of the reflector. The

shielding poisons are located as far as practical away from the active core

boundary to limit their impact on the core reactivity.

The PSR is required to limit the total neutron fluence to the core barrel and

seismic keys to 1019 n/sq cm. The predicted total fluence to the core

barrel is 3 x 11 n/sq cm across the top section of the core which is the

maximum flux location. The predicted value is 3 percent of the allowable

limit. The PSR in conjunction with the core barrel is required to limit the

total neutron fluence to the reactor vessel to 2 x 1018 n/sq cm. The

predicted fluence is 1.7 x 1017 n/sq cm which is 8.5 percent of the
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allowable limit (see Section 4.4.5.2.3 for additional shielding performance).

4.4.4.2 Subsystem Arrangement

The general arrangement of the RISS comprising the core lateral restraint,

core support structures, PSR, upper plenum thermal protection structure, and

hot duct is shown in Figure 4.4-1.

Top access into the reactor vessel for the purpose of repair/replacement is

provided via the reactor vessel op head.

Provision for access during any of the periodic in-service inspections of the

reactor internals components is' made by the top head refueling penetrations

and the three startup detector penetrations in the bottom head of the reactor

vessel. These inspections would be performed during reactor shutdown

conditions.

Access to the hot duct components is provided through the main circulator

penetration. In order to inspect the components, the circulator must be

removed followed by the assembly containing the bellows and elbow. The

bellows, because of shroud and duct geometries, must be inspected and

repaired external to the vessel:. Both the thermal barrier on the inside of

the hot duct as well as the exterior of the pipe and the interior of the

outer duct can be inspected after the elbow assembly has been removed.

4.4.4.3 Subsystem Operating Modes

The RISS consists of passive structures that have the primary functions of

supporting and restraining the' reactor core during all plant conditions,

channelling the primary coolant from the reactor vessel to the steam

generator vessel during normal operation, and protecting the reactor vessel

from overtemperature during pressurized conduction cooldown.

4.4-12



HTGR- 86-024 /3

4.4.4.4 Instrumentation and Control

The only instrumentation required for the Reactor Internals Subsystem is a

pressure transducers) to monitor the pressure in the space between the

double-walled bellows of the hot duct. The transducer indicates a leak in

the bellows by indicating a pressure increase or decrease.

4.4.4.5 Subsystem Limitations

To prevent damage to the structures and components, design limits have been

imposed on the RISS, by applicable ASME Code, Section III requirements.

These are the proposed Subsection CE, Div. 2, for the graphite structures and

Subsection NG, Div. 1, for the metallic structures.

4.4.5 Design Evaluation

For additional information related to this section, see the responses to NRC

Comments 4-27 and 4-37.

4.4.5.1 Failure Modes and Effects

4.4.5.1.1 Graphite Structures

Graphite structural components can be subject to thermal, neutron

irradiation, and mechanical strains along with vibrational fatigue, chemical

attack, and erosion. The potential modes of failure include loss of

structural material, cracking, and ultimately, fracture of the component.

In order to provide adequate structural strength and reliability, corrosion

allowances are incorporated in component designs on the basis of their

sensitivity to oxidation, conditions causing erosion, and surface cracking.

4.4.5.1.1.1 Core Support Block Failure Modes and Effects

The functions of the core support blocks are to support and locate the core

components to provide flow passages for the core flow to exit, to partially
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mix the core exit flow, and to provide shielding for the core downstream

components.

The core support blocks receive little fast neutron irradiation, so that

irradiation-induced strains nd stresses are very small. Stresses arise from

deadweight loads, seismic loads, and from strains due to thermal gradients in

the blocks. The stress levels due to these effects are low and failure of a

core support block is very un likely.

The most probable failure of a core support block is a crack into the block

propagating from a high stress location. This crack could result in some

block fragmentation, with fragment separation up to the cumulative transverse

clearances across the core support block array. Total cumulative gap

clearance across the array at operating conditions is about 20 mm

(0.79 in.). This limits separation of the block pieces such that only small

downward displacement around' the 229 mm (9 in.) diameter post could occur.

The change in cumulative transverse clearance across the array from shutdown

to operating conditions is predicted to be small, about 1 mm (0.04 in.).

Thus, transverse compression failure of adjacent blocks or further

fragmentation of a cracked bock due to cyclical wedging during load swings

is not expected to occur.

This postulated failure mode lwould not significantly affect the functions of

the core support blocks to sUpport and locate the core components or to m.

f lows exiting the core. The core flow passages would be maintained, as would

the channels for the insertion of reactivity control material. Therefore

safe shutdown of the reactor core would not be affected. A localized loss of

shielding material could result, but this would not have significant effect

of the shielding function of the core support floor blocks. Such a block

fracture could reduce coolant, flow in one or more of the six flow passages at

the corners of the block. Decreased coolant flow would result in some higher

fuel temperatures in the core. However,- the temperature increases would be

slight and localized, so that significant additional fuel failure would not

be expected.
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OF ~4.4.5.1.1.2 Lower Plenum Support Structure Failure Modes and Effects

The lower plenum support structure comprises the core support posts beneath
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the hexagonal side reflector and fuel columns and the support columns beneath

the 19 center reflector columns. The functions of these components are to

support and locate the core, to partially mix the core exit flow and to

provide shielding for core downstream components.

All hexagonal side reflectors and fuel columns have an individual support

post with a post seat at the top and bottom of the lower plenum cavity. The

support post diameter is 228.6 mm (9 in.). This size is selected to provide

additional graphite in the lower plenum cavity for neutron shielding as well

as mixing the primary coolant. The post size is much larger than

structurally required to support the column loads. A fracture of lower

plenum support structure is a very unlikely event since the mechanical and

thermal stresses are far below design limits.

Should a failure occur in the support structure, it would most probably occur

in the post tip or seat. This has been observed in failure tests, where

failure has resulted in graphite fragmentation around the post tip/seat,

where high local bearing stresses occur.

With this failure, the block elements in the core column above could drop a

short distance and became jammed on the damaged post. The functions of the

post would continue to be met since the core column flow would be maintained

and it would be possible to insert reactivity control material. Safe

shutdown of the reactor would not be affected, nor would the flow mixing or

shielding functions of the posts.

Failure of the column supports beneath the 19 center reflector columns is

even less likely than failure of the surrounding support posts. These

graphite column supports are larger in cross section than the cylindrical

posts [ i.e. , 305 mm (12 in. ) across -flats versus 229 mm (9 in. ) diameter] .

Flat bearing surfaces on these larger column supports also result in lower

interface bearing stresses. However, support deflections from a vertical

position can produce locally high bearing stresses at the contact edge which

could result in edge cracking failure. But the loss of some edge graphite

from the structure would not result in downward axial displacement of the
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column. Transverse position ofthe column would continue to be maintained by

the surrounding array.

The center column is supported by the arched structure formed by the six

ten-sided columns. The bending'loads in the structure are small to provide a

large margin of safety for the design. In the unlikely event that two or

three of the restraining column supports fail, the center column could not

drop into the SCS exit port bellow. The remaining undamaged column supports

will provide more than adequate 'strength to support the center column.

4.4.5.1.1.3 Lower Plenum Floor Failure Modes and Effects

The lower plenum floor graphite layer contains the lower core support post

seats. The functions of the core support seats are to support and locate the

reactor core.

As discussed in Section 4.4.5.1.1.2, a core support seat could fail as a

result of localized high bearing stresses in the post tip/seat. Also,

failure of the seat could occur, due to bending loads from locally non-uniform

contact with the supporting structure beneath.

The most probable failure mode due to high post tip/seat stresses would be a

core failure, where the central part of the seat is punched out. The most

probable failure mode due to non-uniform contact with the supporting

structure beneath would be a vertical crack across the seat. With either

failure mode, the core support seat fragments would remain in place, so that

only a small downward displacement of the core could occur. The component

would continue to perform its functions of supporting and locating the core.

Safe shutdown of the reactor core would not be affected.

4.4.5.1.1.4 Permanent Side Reflector Failure Modes and Effects

The PSR blocks provide lateral -restraint for the hexagonal core elements and

maintain the core radial geometry. The PSR transmits lateral seismic loads

from the core barrel to the reactor core and it limits neutron fluences to
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the core barrel, seismic keys, and the reactor vessel providing graphite

material and borated pins for shielding. It also controls the core bypass

flow.

If a crack were to occur, the permanent side reflector would continue to

perform its functions of restraining and locating the core and of controlling

the core bypass flow. The block fragments would be restrained between the

core side reflector columns and the core barrel, and by neighboring PSR

blocks on each side and above and below. Safe shutdown of the reactor would

not be affected. It is possible that a small amount of shielding material

could be displaced but this would not be expected to significantly reduce the

ability of the permanent side reflector to perform its shielding function.

4.4.5.1.2 Metallic Structures

4.4.5.1.2.1 ore Lateral Restraint Failure Modes and Effects

The design of the core lateral restraint (LR) is intended to make failure of

the structure highly unlikely. The LR is designed to be sufficiently stiff

to provide a natural frequency of 20 Hz or greater during an OBE. The core

barrel is designed as a welded structure with all welds being full

penetration. All CLR components are designed for the life of the plant. The

CLR can be inspected in situ from the top-head penetrations of the reactor

vessel. Any crack in the core barrel would result in leakage of cold gas to

hot gas which would possibly affect the plant efficiency but would not

endanger the primary coolant boundary integrity. The CLR is designed to be

accessible for repair/replacement.

Because of the large number of seismic keys (48) restraining the LR

structure and the method of doweling one PSR block on top of another, the

consequences of failure of a seismic key or several seismic keys would be

insignificant as far as its effects on the PSR structure would be concerned.

Therefore, it is very unlikely that a failed seismic key, or the failure of

several seismic keys, would prevent a normal, orderly shutdown of the reactor

core, nor would core cooling be impaired.
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4.4.5.1.2.2 Metallic ore Support Structure Failure Modes and Effects

The failure of the metallic tore support structure (MCSS) is a highly

unlikely event. The MCSS is designed to be sufficiently stiff to provide a

natural frequency of 20 Hz or greater during an OBE. It is also designed for

a maximum deflection. To achieve this, the maximum stresses and deflections

developed during any of the de sign conditions are very small and are well

below design limits. The MSS, is designed as a welded structure with all

welds being full penetration. The entire structure will be fully annealed

after fabrication. The interior of each of the 12 "cells" (i.e. , the volume

contained by portions of the top and bottom plates, segments of the outer and

inner cylinder, and the vertical webs) can be inspected in situ. The MSS is

designed to be accessible for repair. Should local failures occur by weld

separation, the MSS is designed so that loads could be spread to adjacent

cells to prevent structural collapse. Hence, its ability to perform its

functions will be maintained.

4.4.5.1.2.3 Upper Plenum Thermal Protection Structures Failure Modes and

Effects

The upper plenum thermal protection structure (UPTPS) is composed of a shroud

formed from welded plates and a thermal barrier attached to the outside of

the shroud. The main purpose o the UPTPS is to protect the upper portion of

the reactor vessel from being overheated during pressurized conduction

cooldown. Also, by virtue of its design, it serves to channel the normal

operation return gas to the top:of the core. The structure, which interfaces

with the core barrel, is essentially self-supporting.

The structure is designed for the life of the plant during which time the

normal operating temperature is less than 2600 C (5000F). Since the

structure is fabricated from ASME B409 (Alloy 800H), no degradation of the

material is anticipated, since the normal temperature is well below the creep

range and carburization-effects range. During the pressurized conduction

cooldown event, the peak temperature of the UPTPS is predicted to be less
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than 7600 C (14000F). Although the duration of the event is several

hundred hours, only four occurrences are predicted. Hence, any structural

failure is extremely unlikely.

Similarly, the thermal barrier metallics are Alloy 800H while the insulation

is high quality, high-temperature fibrous blanket material. The attachments

and the coverplates are redundantly designed and oriented such that the

failure of any one set will not jeopardize the ability to protect the

vessel. However, in the unlikely event the thermal barrier becomes

dislodged, the panels cannot move beyond the top row of seismic restraints by

virtue of their relative sizes compared to the spaces between the

restraints. Even with a panel dislodged, the insulation will remain in place

because of component overlap. Hence, the vessel will remain protected, which

is the primary function of the UPTPS.

For additional information related to this section, see the response to NRC

Comment G-8.A.

4.4.5.1.2.4 Hot Duct Failure Modes and Effects

The hot duct is designed for the life of the plant, and gross structural

failure is unlikely. The most likely failure areas are associated with the

seals and bellows. Here the most probable modes of failure are relaxation of

the seals, distortion of the pipe sections or interfacing flanges, and

cracking of the bellows. The result of any of these would be leakage of cold

gas to hot gas which would possibly affect the plant efficiency but would not

endanger the vessels.

The thermal barrier in the hot duct is designed with considerable redundancy,

and failure is highly unlikely. However, the failure of the thermal barrier

in the form of loss of insulation would result in an increase in heat load to

the cold return gas. The magnitude of this heat load increase depends on the

type of failure postulated, e.g. , a single coverplate or the loss of the

entire thermal barrier. Potential damage to steam generator components from

dislodged cover plates is prevented by a flow-moderating screen at the elbow

exit. This screen will be sufficiently strong to prevent that passage of a

coverplate.
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For additional information related to this section, see the response to NRC

Comment G-8.B.

4.4.5.2 Steady-State Performance

4.4.5.2.1 Thermal Hydraulic Performance

Helium coolant enters the RS from the cold leg of the cross duct. From there

it flows up through the 12 colant channels outside the core barrel to the top

of the core.

Primary coolant enters the lupper plenum above the reactor core and flows

downward through the coolant, channels in the plenum element, then to the top

reflector elements above the active core. The metal plenum element on top of

each core column contains small flow plenum. The coolant holes in the

plenum elements and the coolant channels in the fuel and top reflector columns

below are offset horizontally: to minimize the neutron streaming effect.

Approximately 89 percent ofl the circulator flow passes through the upper

plenum and traverses the active core through the coolant channels in the fuel

elements. The remaining 11 percent bypasses the active core in the gaps

between columns and in the-;coolant holes in the central reflector and the

control rod channels. A small amount of flow is directed to the control rod

channels to provide cooling for the control rods. This flow is dictated by

the large entrance and exit 'flow resistances of the control rod channels, so

that the flow in these channels is only a weak function of control rod

position.

The primary coolant is collected into six larger channels in the lower portion

of the bottom reflector blocks, and then splits and merges with the coolant

flow from the neighboring fuel elements in the core support block layer prior

to exiting to the lower plenum. This coolant flows to the cross duct, located

at one side of the lower plenum.

The pressure drop allocated t o the RISS is 0.005 MPa (0.7 psi) for the coolant

inlet channels, 0.016 MPa (213 psi) for the core outlet plenum, and 0.005 MPa

(0.7 psi) for the hot duct.
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When the Shutdown Cooling System (SCS) is in operation, the thermal/hydraulic

configuration is different in the lower plenum area. The primary coolant

exiting from the core is still collected in the lower plenum. From there it

flows radially inward via narrow vertical channels between the central

reflector column supports at the lower plenum elevation to a central

chamber. The central chamber collects the primary coolant and directs it

downward through an opening in the metal core support structure to the

shutdown cooling heat exchanger.

The returning primary coolant from the shutdown cooling circulator enters the

reactor vessel at its bottom end. The openings in the lower f lange of the

metal core support structure allow the coolant flowing upward to the space

between the flanges of the core support structure, from there to the coolant

inlet channels again.

4.4.5.2.2 Structural/Mechanical Performance

4.4.5.2.2.1 Graphite Structure

The structures are designed for the deadweight and pressure differential

loads. The dimensions of load-bearing components are increased to account

for possible material thickness which can be affected by erosion, chemical

attack (such as oxidation), or minicracking. The core support structures are

all subject to bearing and compression loads which are well below the

allowable limits of the high-strength graphite material. Since the strength

of the graphite material is approximately 3.4 times greater in compression

than tension, the tensile support post/seat Hertzian stresses become the

controlling parameter. These stresses are evaluated from previous post/seat

test results. For steady state operation of the reactor, the allowable load

based on Hertzian stress in both the post tip and seat for a 228.6 mm (9.0

in.) diameter post is 29,393 kg (64,800 lb). For comparison, the steady

state maximum load applied is <2,950 kg (<6,500 lb). The compressive stress

in a 228.6 mmn (9.0 in.) diameter post based on 6.35 mm (0.25 in.) radial

reduction for oxidation is 0.73 MPa (106 psi). The allowable compressive

strength limit is 11.72 MPa (1700 psi) for the high strength graphite.
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The neutron irradiation dose to the core support structure is very small.

The flow distribution block, which is the nearest component to the active

core, has a maximum fluence of 2 x 01 n/sq cm (E > 0. 18 MeV). All other

core support components havei fluences less than 3 x 10 15 n/sq cm. The core

support graphite fluence limit in proposed ASME Code Section III Division 2

Subsection CE, is 4 x io0 n/sq cm (E >0.18 MeV).

The PSR blocks are protect ed from excessive neutron irradiation by two

concentric rings of hexagonal side reflector elements. The inner ring of

reflectors may require replacement after three to six fuel replacement cycles
I ~~21

with cumulative exposure fluence of 5 x 10 n/sq cm (E > 0.18 MeV).

The PSR blocks are not subjec ted to severe thermal gradients or high vertical

deadweight loads. The PSR design of the 1193.8 mm (47 in.) diameter primary

coolant channel for the loweri plenum cavity to the hot duct entrance is shown

in Figure 4.4-4. The preliminary estimate of the tensile stress in the

support beam above the channel is 0.76 MPa (110 psi) without the use of the

support post. The allowable !tensile stress for the high strength graphite is

4.69 MPa (680 psi).

For additional information re'lated to this section, see the responses to NRC

Comments 4-34 and 4-35.

4.4.5.2.2.2 Metallic Structures

4.4.5.2.2.2.1 Core Lateral Rstraint

The core lateral restraint (CLR) is a passive structure which has the primary

function of restraining the core during all plant conditions. During normal

full- and partial-power operation, shutdown, and refueling, the stresses in

the CLR are extremely low as only deadweight loads are present in the

structure. The operating temperature of the core barrel is less than 270 0C

(5180F) during normal full-power operation due to the continuous flow of

core inlet gas through the vertical coolant channels positioned at 12 equally

spaced locations on the outer face of the barrel. CLR material design

allowables from ASME Section~ III, Div. 1, Subsection NG for Alloy 800H are

well above the steady-state conditions.
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4.4.5.2.2.2.2 Metallic ore Support Structure

The MCSS is a passive structure which has the primary function of supporting
the hexagonal reflectors, permanent side reflector, core barrel, and lower
plenum floor. Additionally, it provides passages for the primary coolant to
be transferred from the reactor bottom plenum to the inlet channels attached
to the core barrel. During normal full- and partial-power operation, shutdown
and refueling, the stresses in the MSS are very low because only deadweight
loads are imposed. The maximum steady state operating temperature of the top
plate of the MSS is 3430C (6500F). The source of the heat is the core
outlet gas as transferred through the graphite and ceramic blocks atop the
MGSS. The underside of the top plate is bathed by the return coolant at
approximately 2600 C (5000F) . The MSS material design allowables from
ASME Section III, Division 1, Section NG for 2-1/4 r-lMo steel are well above
the steady-state conditions.

4.4.5.2.2.2.3 Upper Plenum Thermal Protection Structure

* The UPTPS is a passive structure which has the primary function of limiting
the heat flow to the reactor vessel during pressurized conduction cooldown
events. During normal steady-state operation it provides a sealed plenum for
the return gas from the coolant channels to be directed into the core inlet.
During normal and full-power operation, the stresses in the UPTPS are very low
because only deadweight loads are imposed. During refueling, very minor side
loads are imposed by the penetrations and handling equipment. The maximum
steady state operating temperature of the shroud is approximately 2600C
(500 0F). The UPTPS material design allowables for Alloy 800H from ASME
Section III, Div. 1, Section N are well above the steady-state conditions.

For additional information related to this section, see the response to NRC

Comment 5-43.

4.4.5.2.2.2.4 Hot Duct

The hot duct is a passive structure which has the primary function of
channeling the primary coolant flow from the core outlet plenum to the steam
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generator vessel. For normal steady-state operation the hot duct is designed

for the nominal core outlet~ temperature 6870C (12680F) plus streaks up to

7600C (14000F). The metallic components of the hot duct are made of Alloy

800H which will adequately accommodate these temperatures. The most

significant loads imposed on the duct are expected to be from acoustic

vibration and these are well within the capability of the duct (see Section

3.9.3). Also to be considered are the seismically-induced loads, particularly

with regard to the bellows.1 The bellows design can accommodate more than

twice the predicted vertical and axial movements. Preliminary calculations

show that the stresses are well below those specified in ASME Boiler and

Pressure Vessel Code Case N-4.7.

4.4.5.2.3 Shielding Performance

The RISS is designed to reflect neutrons into the core and to thermalize and

absorb neutrons leaving the reactor.

4.4.5.2.3.1 Permanent Side Reflector

The PSR has an average radial thickness of 0.548 m (21.5 in.). This radial

thickness combined with the two rings of hexagonal side reflector elements

which circumscribe the annular core provides a combined average radial

thickness of 1.218 m (47.98' in.) of graphite material. The outer portion

152.4 mm (6 in.) of the PSR has four layers of staggered borated steel pins.

The borated steel pins are contained vertically in holes in the PSR blocks.

They serve as a thermal neut ron shield to limit the total neutron fluence to

1019 n/sq cm to the core bre and seismic keys and to 2 x 10 18 n/sq cm

to the reactor vessel. The PSR design limits the fluences to below the

allowable limits, based on the preliminary shielding analysis of the core and

lower portion of the support structure.

The PSR graphite and boron pins also are required to limit neutron streaming

down the annular gap between the reactor vessel wall and the core barrel to

the hot duct and MCSS. The, total fluence is limited to 01 n/sq cm to the

MCSS and 11 n/sq cm to the hot duct. The fluence to the hot duct thermal

barrier metallics is limited to 10 18 n/sq cm for both thermal neutrons
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(E < 2.4 eV) and epithermal (E > 2.4 eV). The calculated total fluences to
the MSS and the hot duct are 3 x 11 n/sq cm and 1. 7 x 1017 n/sq cm,

respectively.

4.4.5.2.3.2 Graphite Core Support Structure

The GSS components limit the neutron fluences to the MCSS, the hot duct and
the bottom head of the reactor vessel. Two layers of hexagonal core support
blocks are directly above the lower plenum cavity. They include graphite and
metal clad boronated graphite pins to limit the fluences to metal structures
located laterally and directly below the GSS. The primary coolant passages
in the distribution and post blocks are designed to minimize the diameter of
the flow channels and to offset the channel paths to limit neutron streaming
into the lower plenum cavity. The shielding analysis is an estimate based on
results for the 2240-MW(t) HTGR core support blocks having much larger
channels of 191.8 mmn (7.55 in.) to 482.6 mm (19 in.) diameter compared to 67
nun (2. 63 in. ) to 116 mm (4.57 in.). The effect should reduce the neutron
streaming factor of 20, appropriate for the 2240-MW(t) HTGR core support
block, to a much lower value. The total neutron fluence in the hot duct,
however, is approximately 2 x 11 n/sq cm using a factor of 20 for neutron
streaming. The conservative preliminary evaluation of the shielding effects
of the bottom reflector and core support blocks is that the shielding is

adequate.

4.4.5.3 Anticipated Operational Occurrence Performance

The plant anticipated operational occurrences (AOOs) are described in
Section 11.6. Those which affect the reactor internals are discussed below.

4.4.5.3.1 Structural/Mechanical Performance

The graphite SS and PSR are required to maintain geometry of the core and
reflector array in order to assure capability to shut down the reactor and to
provide convection and/or conduction heat paths for the removal of heat.
Conditions of potential structural consequence to performance of these
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functions are discussed below for identified A00s.

4.4.5.3.1.1 Graphite Structures,

AOO-l includes four accident families which have similar scenarios and

radionuclide release paths. The resulting effects of each of these

occurrences on the reactor inter nals graphite structures are:

AOO-l(A) and AOO-l(B) both involve the loss of main loop cooling followed by

forced convection cooldown using the Shutdown Cooling System. These

occurrences do not result in increased deadweight or pressure differential

loads on the graphite structure. Some increase in thermal stresses in the

core support blocks occur during the cooldown transient. These stress cycles

are accounted for in the fatigue life design of these components. The

maximum rate of change of core exit helium coolant temperature for these

occurrences is about 100C/minute (170F/minute) over about 50 minutes

duration. The resulting transient thermal stresses in the graphite core

support components will be significantly lower than those experienced during

AOO-l(C). No other adverse consequences to the graphite structure have been

identified for these occurrences.

AOO-l(C) is a reactor trip with main loop cooldown. In this occurrence a

higher cooldown rate, and ;thus higher transient thermal stresses are

experienced in the core support components. Core exit helium coolant

temperature decreases initial ly at a maximum rate of about 55 Cmiut

(1000F/minute) for about 3 minutes, then at a lower rate of about

22 0 C/minute (400 F/minute) over 10 minutes. During rapid cooldown

transients, coolant channel surfaces of the graphite core support blocks and

surfaces of the support posts are cooled relative to the deeper structural

mass, creating surface tensile stresses. The magnitude of these stresses has

not been established, but based on analytical results for earlier HTCR design

configurations, maximum stress levels can be maintained within allowable

event and fatigue-life limits by appropriate geometric and/or control

response design adjustments if necessary. This occurrence does not result in

any other conditions of loading or displacement which might be of structural
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significance for th reactor internals graphite structures. AOO-l D) is
less severe and is bounded by A-l (A,B and C).

AOO-2 is a loss of main and shutdown cooling loops. This results in slow
heatup of the midheight PSR graphite to a maximum local temperature at the
inner face of about 680'C (1256 0F) after about 100 hr. The core support
graphite structures experience a gradual slight decrease from operating
temperatures under RCCS cooling conditions. No structural interferences or
degradation of strength of the graphite internals components will occur
during this event.

AOO-3 is a control rod withdrawal followed by reactor trip and cooling on the
HTS. It results in a slower cooldown rate in the core support graphite
structure than AOO-l (C). No structural or heat removal consequences have
been identified for this event.

AOO-4 is a small steam leak followed by cooldown using the SCS. Thermal and
structural load conditions are essentially the same as AOO-l(A). Moisture
ingress conditions result in <0.02 mm (0.001 in.) maximum local surface
oxidation of 2020 graphite core support structural components. Based on 0.4
events per reactor year mean frequency, total surface oxidation of 0.3 mm
(0.01 in.) thickness is predicted during the reactor lifetime. This
cumulative oxidation is within the design corrosion allowance of 2 mm
(0.08 in.) thickness on graphite core support structural components.

AO- is a small primary coolant leak. Reactor vessel depressurization over
a 1-hour period does not result in increased structural loads. Thermal
transient conditions are less severe than AOO-l(A).

4.4.5.3.1.2 Metallic Structures

4.4.5.3.1.2.1 Core Lateral Restraint

Two As have been analyzed for effects on the core lateral restraint:
AOO-1, reactor trip from full power, and AOO-3, rod withdrawal with reactor
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trip and cooling on HTS. Both eents have a negligible effect on core barrel

temperature or thermal transie nts resulting from approximately 2.40C/min

(50F/min) decrease in inlet gas temperature. Changes of this magnitude

have little or no effect on interfacing components experiencing differential

expansions/ contractions owing to different coefficients of thermal

expansion.

The CLR structure was designed to achieve tangential stiffness and a

frequency in excess of 20 Hz during an OBE event to maintain structural

integrity. Seismic analysis was performed with two-dimensional special

purpose computer codes to develop the loads on the structure. Stress

criteria consistent with ASME Boiler and Pressure Vessel Code Section III,

Div. 1, Subsection NG is utilized to demonstrate adequately that failure of

the structure is not credible.

4.4.5.3.1.2.2 Metallic Core Support Structure

Two AO0s have been examined for their effects on the MCSS: AOO-1, reactor

trip from full power, and AOO-3, rod withdrawal with reactor trip and cooling

on HTS. The anticipated rate of change in temperature of the structure

during these AQ0s is 10F/min; hence, the effect is negligible.

4.4.5.3.1.2.3 Upper Plenum Thermal Protection Structure

AOO-1, reactor trip from full power, and AOO-3, rod withdrawal with reactor

trip and cooling on HTS, were! examined for their possible effects on the

UPTPS. The maximum predicted temperature is 2740C (5260F) which occurs

with a temperature rate of rise of less than 2.40C/min (50F/min). Since

Alloy 800H1 has been selected for all of the UPTPS metallic components, and it

is capable of sustaining long durations at 7600C (14000F) , no detrimental

effects are foreseen. Likewise, the selection of high temperature, high

purity fibrous insulation greatly minimizes the possibility of its

deterioration.
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- ~4.4.5.3.1.2.4 Hot Duct

Two As have been examined for their effects on the duct components. The

anticipated temperature rate of decrease for AOO-l and AOO-3 are

approximately 800 (140F)/min. This temperature change is not expected to

have any detrimental effect on the structure.

4.4.5.4 Design Basis Event Performance

Eleven design basis events (DBEs) are described in Chapter 15. Conditions

imposed on the reactor internals are described below.

4.4.5.4.1 Structural/Mechanical Performance

4.4.5.4.1.1 Graphite Structures

DBE-1 is a loss of HTS and SCS cooling involving a pressurized conduction

cooldown. The conduction cooldown thermal transient in this event is similar

to AOO-2 in its effects on the reactor internals graphite components. At the

time of maximum core temperature, the core support block maximum temperature

is 4140C (7770 F). This event is less severe than DBE-11 discussed below,

and the reactor internals graphite components will safely perform their

functions of maintaining controllable geometry and conduction heat paths for

decay heat removal.

DBE-2, which is an HTS transient without control rod trip, and DBE-3, which

is a control rod withdrawal without HTS cooling, do not result in rapid

temperature transients, heatup, or structural loading of graphite reactor

internals components.

DBE-4, which is a control rod withdrawal with Reactor Cavity Cooling System

(RCCS) cooling, results in internals graphite temperatures essentially the

same as AOO-2. Structural support and heat path functions are not affected.

DBE-5 is an earthquake which trips the H-TS. The seismic design spectrum
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loads for the graphite reactor internal components are 1.0 g horizontal and

0.5 g vertical, which are the same loads applied to the core. Preliminary

analyses show that these loads will not cause component stress allowables to

be exceeded. Compared to the fuel elements, the permanent reflector blocks

and core support blocks will ha~e larger margins to allowables for combined

seismic, thermal and irradiation~.induced loads. This is because thermal and

irradiation stresses in the permanent reflector blocks are lower as are

irradiation stresses in the core support blocks.

Horizontal displacement of the core support blocks (within available

transverse clearances) relative to the core support floor causes the core

support posts to tilt slightly from vertical. The allowable load decreases

with an increasing post angle increment from the true vertical position. The

upper post seat is located in the post block layer of the core support

blocks. If the layer of blocks are all moved in the-same direction, the gaps

between the blocks will diminish -until the layer goes solid. This produces a

maximum offset of 14.22 mm (0.56 in.). This offset corresponds to an angular

post rotation of 0.74 degrees. The load capacity is reduced by 43 percent

with a 0.74 degree rotation, and the allowable load becomes 40,279 kg

(88,600 b) based on a factor of safety of 1.25 required by proposed

Subsection E, Section III, Div. 2 of the ASME Boiler and Pressure Vessel

Code for level D. The normal steady-state vertical load is <2722 kg (<6000

lb). For a vertical acceleration of 0.5g the load increases to approximately

<4100 kg (<9000 lb) which is well below the allowable limit of 40,279 kg

(88,600 lb).

DBE-6 is an HTS offset steam tube rupture followed by steam generator dump

and SCS cooldown. Thermal transient cooldown is essentially the same as

AOO-l(A) . Maximum local surface oxidation of graphite core support

components is predicted to be 0.4 mm (0.016 in.) depth, well within the

design corrosion allowance of 2 mm (0.08 in.).

DBE-7 is a steam in-leak event which starts the same as DBE-6 but goes to

completion with RCCS cooldown. In this case, core graphite temperatures

remain high for a long period. However, core support graphite temperatures
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- ~decrease throughout the event. Maximum local coolant path surface oxidation

of graphite core support components is less than 0.1 mm (0.0039 in.).

Structural degradation of graphite internals components is well within design

allowance for this event.

DBE-8 is a water inleakage with a rate much lower than DBE-6. Initial

cooldown rate is high using the HTS, then reduced during completion of

cooldown by SCS. Thermal transient conditions are initially the same as

AOO-1(G), with consequences to core support components the same. Graphite

oxidation is locally higher in graphite core support components than DBE-7

because initially high HTS coolant flow rates result in high oxidant mass

transport rates early in the shutdown before significant cooling of core

support graphite components has occurred. Maximum local surface oxidation of

0.3 mm (0.012 in.) is predicted, well within the design allowance of 2 mm

(0.08 in).

DBE-9 is a small initial steam leak followed by slow primary coolant

depressurization and SCS cooldown. Thermal transient conditions will be the

same as AOO-l(A) with no significant consequences to graphite structures.

Oxidation will be less than DBE-8.

DBE-10 is a depressurization of the primary circuit and SCS cooldown. This

results in a slow cooldown of the graphite internals structures and low

thermal stress. For the postulated relief valve leak location, the

depressurization flow exits between the circulator discharge and core inlet,

thus decreasing core flow and thereby differential pressure. Structural

loads on reactor internals graphite components are as a result not increased

during the depressurization.

DBE-11 is a slow primary circuit depressurization with HTS cooldown for

15 hours followed by the RS heat removal. Initial rapid HTS cooldown of

graphite internals is the same as AOO-l(C). Subsequent longer term afterheat

removal by the RS results in a maximum PSR graphite inner face temperature

of approximately 870 0C (16000F). Air ingress due to displacement and

cooldown is primarily reacted with the higher temperature core and inner
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reflector graphite. Core support graphite components are relatively cool and

will experience little oxidation. Maximum local PSR graphite block surface

oxidation is estimated to be significantly less than the predicted 0.008

percent core-element oxidation.

4.4.5.4.1.2 Metallic Structuresi

4.4.5.4.1.2.1 Core Lateral Restraint

The most significant DBEs affecting the CLR are DBE-1, DBE-5, and DBE-11.

For DBE-1, the pressurized conduction cooldown, the temperature of the core

barrel will reach a maximum value of 4850C (9040F) after approximately

100 hours and will then decrease gradually. The structural effects on the

core barrel at these temperatures are minimal. This event has a negligible

effect on the core barrel as a result of the thermal transient.

For DBE-5, the earthquake design spectrum load for the core lateral restraint

structures was estimated as approximately 0.5 g. The value is based on a

very stiff core barrel and key support design yielding a natural frequency of

about 25 Hz. The lateral restraints must also accomodate the loads caused by

lateral impact of the core against the core barrel. Overall, the design

shows barrel/key interface tresses well below the material strength.

Consequently, the core barrel will prevent excessive core deflections and

will ensure that control rod reserve shutdown materials are capable of being

inserted into the core when required.

For DBE-11, the depressurized conduction cooldown, the temperature of the

core barrel will reach a maximum value of 6130C (11350 F) after

approximately 120 hours. The temperature rise is approximately 80C/hr

(150 F/hr) which will have negligible effect on interfacing components

experiencing differential expansion owing to different coefficients of

thermal expansion. The maximum allowable temperature for the core barrel is

7600C (14000F) for continuous operation.

4.4-32



HTGR-86-024

4.4.5.4.1.2.2 Metallic Core Support Structure

The most significant DBEs have been examined for their effects on the MCSS:

DBE-l, pressurized conduction cooldown with core cooling on RCCS; DBE-5,

large earthquake with core cooling on SCS, and DBE-6, moisture inleakage.

The maximum predicted temperature of the MCSS (top surface) is 4180C

(785 0F) during DBE-1 and the resulting stresses are low. Bowing of the

structure due to thermal gradients is insignificant. Therefore, the core

components can be adequately supported such that the control rods and the

reserve shutdown are capable of performing their functions.

The MCSS is designed for high stiffness in order to maintain structural

integrity during an SSE event. The seismic analysis indicates that the

fundamental frequency is 32 Hz and a spectrum load of approximately 0.5 g.

Comparison with ASME Boiler and Pressure Vessel Code Section III, Div. 1,

Subsection NG stress criteria demonstrates that failure of the structure is

not credible.

4.4.5.4.1.2.3 Upper Plenum Thermal Protection Structure

The most significant DBEs have been examined for effects on the upper plenum

thermal protection structure (UPTPS). DBE-1 indicates a maximum UPTPS

temperature of 691 0C (12750F) at approximately 300 hr. The resulting

loads are substantially below material allowables for Alloy 800H per ASME

Section III, Division 1, Subsection NG. The highest temperature identified

for the UPTPS is 7600C (14000F during DBE-11. The duration of that

temperature is predicted to be less than 20 minutes and is, therefore,

inconsequential. The UPTPS has been designed to be sufficiently stiff such

that significant distortion of the structure can occur. Therefore, the

control rods and reserve shutdown will continue to perform their functions.

4.4.5.4.1.2.4 Hot Duct

Examination has not revealed an applicable DBE.
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4.4.5.5 "Safety-Related" Design Condition Performance

Eleven "safety-related" design conditions (SRDCs) are described in Section

15. The conditions imposed on the "safety-related" reactor internals are

discussed below.

4.4. 5 .5. 1 Structural/Mechanical Performance

4.4.5.5.1.1 Graphite Structures

SRDG-l and SRDC-4 are the same as their DBE counterparts and produce the same

effects on graphite components.' See Subsection 4.4.5.4.1.1 for a discussion

of DBE-l and DBE-4.

SRDC-2 is the same as DBE-2, except cooldown is with the RCS. In this

event, core graphite internals 'structures will experience peak temperatures

essentially the same as AOO-2 with no detrimental effects predicted.

SRDC-3 and SRDG-4 result in the same thermal transient conditions for the

internals graphite structures. :Maximum temperature conditions are typically

the same for all pressurized RCS cooldown events and are again essentially

the same as AOO-2. No adverse consequences are expected.

SRDC-5 is an SSE condition. Seismic design basis and evaluation status are

discussed under DBE-5.

Structural evaluation of core support and PSR blocks under horizontal dynamic

SSE loads and impact conditions will be based on reactor vessel and CLR

response. Adjustments to vessel and GLR response characteristics can be

made, if required, to limit reactor graphite array loads and deflections to

acceptable levels to assure safe control rod insertion and structural

integrity of the internals components.

SRDC-6 and SRDC-7 are essentially the same, involving water ingress from a

moderate size leak in a steam-generator tube. These events differ from the
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corresponding DBEs in that the water inleakage is not terminated until about

one-half hour after the initiating event. Reactor cooldown in both cases is

by conduction using the RCCS. The temperature of the graphite core support

components is expected to stay below about 7000C (13000F) . At this

temperature the rate of oxidation is very low such that most of the water (in

the form of steam) will react with the much hotter core. There will be a

moderate burnoff in the core support components, resulting in some

degradation of the structural strength, but the ability of the structure to

perform its "safety-related" functions will not be compromised.

SRDC-8 involves water ingress through a small leak, but is otherwise the same

as SRDC-6 and SRDC-7. Therefore, the consequences are bounded by

SRDCs 6 and 7.

SRDC-9, which also is a small water leak rate, is the same as SRDC-8.

SRDC-10, which is a moderate primary coolant leak with core cooling on RCCS,

is the same as DBE-10 with respect to structural loads, i.e. , core support

structure loads are decreased slightly because of circuit depressurization

between the circulator discharge and core inlet. For depressurized RCCS

cooldown, reactor internals graphite maximum temperatures are essentially the

same as DBE-11.

SRDC-11 involves a slow depressurization with RCCS conduction cooldown after

a reactor trip. Graphite internals structures maximum temperatures are

essentially the same as DBE-11 and SRDC-10.

4.4.5.5.1.2 Metallic Structures

4.4.5.5.1.2.1 ore Lateral Restraint

SRDC-11, which is a depressurized conduction cooldown, is the most severe

condition for the core lateral restraint, as discussed under the DBE events.

The thermal condition of the core barrel is well within the 7600C

(14000F) allowable temperature. The CLRs structural design adequacy as a
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"safety-related" component was evaluated on the basis of temperature and

shown to maintain its integrity and to perform the radionuclide control

functions to remove core heat and control heat generation.

For SRDC-6, the depressurized conduction cooldown with moderate moisture

ingress, the temperature of! the core barrel will reach a maximum value of

6070 C (11240 F). TheC aximum temperature rise is approximately 110G/hr

(20' F/hr) . Due to the solid contact with the UPTPS, the relative

differential expansion will bIe negligible even though the mean temperature of

the UPTPS will be slightly higher. A hold time above 5380C (1000'F) of some

250 hours will have little impact on the core barrel integrity.

4.4.5.5.1.2.2 Metallic Core ISupport Structure

SRDC-2, which is a pressurized conduction cooldown without control rod trip,

is the most severe condi~ion for the MCSS. The local upper surface

temperature reaches 4180C (7850F). The maximum temperature differential

between the top and bottom surfaces is approximately 1400 C (2500F) . The

structure is sufficiently stiff so that differential bowing is

insignificant. Therefore, its ability to support the core components

effectively, thereby enabling them to perform their functions of radionuc lide

control and core heat removal', is sustained.

SRDC-6 results in a peak temperature of 390'C (7350F) at a gradual rate of

rise which results in no detrimental effects on the structure.

4.4.5.5.1.2.3 Upper Plenum Termal Protection Structure

SRDC-10, which is a depressurized conduction cocldlown with moderate primary

coolant leak, is the condition which imposes the most severe parameters on

the UPTPS. The maximum temperature is 7110C (13220F) which is sustained

for but a few hours. Since the loads are very low, the material allowables

for Alloy 800H provide a considerable margin of safety for the components.

Hence, the UPTPS
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integrity can be assured to perform its functions of assisting in the control

of radionuclides and core heat removal.

SRDC-6 results in a maximum temperature of 440'C (825'F), a maximum rate of

rise of 22'C/hr (40'F/hr) which will not be detrimental to the UPTPS.

4.4.5.5.1.2.4 Hot Duct

SRflC-4, SRDC-lO, and SRDC-11 are the conditions which impose the most severe

parameters on the hot duct. The maximum predicted temperature of 6880C

(12700F) is approximately equal to the normal steady-state conditions.

Therefore, its ability to perform its functions is not jeopardized.

4.4.6 Interfaces

Interfacing requirements imposed on other systems by the Reactor Internals

Subsystem are identified in Table 4.1-2, which also includes a description of

the interface and a quantitative expression for the interface.
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1.U. S. Department of Ener gy. Regulatory Technology Development Plan for

the Standard MHTGR. DOEIIHTGR-86-064, Rev. 1, August 1987.
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TABLE 4.4-1

REACTOR INTERNALS METALLIC COMPONENTS AND MATERIALS

Component Alloy Specification

Upper Plenum Thermal Protection Structure

- Shroud Alloy 800H ASME SB409
- Cov'erplates, Seal Alloy 800H ASME SB409 and ASME B408

Sheets and Attachments

Core Lateral Restraint

- Seismic Keys Alloy 800H ASME B409

- Core Barrel and Alloy 800H ASME B409
Coolant Channels

- Boss Alloy 800H ASME B564

Core Support Structure 2-1/4 Cr-l Mo ASME A387, Grade 22, C12
Steel

Hot Duct

- Pipe and Attachment Alloy 800H ASME B409 and ASME B408

- Coverplates, Seal Alloy 800H ASME B409 and ASME B408
Sheets and Attachments

- Bellows Alloy 800H ASME B409

- Upper Steam Generator Alloy 800H ASME B409
Shrouds

- Guide Rails Mn-Mo Steel ASME A533, Type B, Cl 1
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CHAPTER 5

VESSEL SYSTEM AND HEAT REMOVAL SYSTEMS

5.1 INTRODUCTION

5.1.1 Summary Description

The systems discussed in this chapter are the following:

1. Vessel System (VS) - A "safety-related" system which contains the

primary coolant and supports the reactor core and other vessel internals

(Section 5.2).

2. Heat Transport System (HTS) - A forced circulation core cooling system

which generates the steam to drive the turbines. When the reactor is

shutdown, the HTS normally removes core residual and decay heat. The HITS

is not "safety related" (Section 5.3).

3. Shutdown Cooling System (SCS) - A forced circulation core cooling

system which removes core residual and decay heat when the reactor is

shutdown and the HTS is unavailable. The SCS is not "safety related"

(Section 5.4).

4. Reactor Cavity Cooling System (RCCS) - A "safety-related" passive air

cooling system, external to the reactor vessel, which removes core

residual and decay heat when the reactor is shut down and both the HTS and

the SCS are unavailable.

Figure 5.1-1 shows the general arrangement of the vessels and heat removal

systems.

5.1.2 Overall Performance Parameters

This section reports the expected thermal performance of the Standard

Modular High Temperature as-Cooled Reactor (MHiTCR) with emphasis on the

Nuclear Steam Supply System (NSSS) module based on multisystem thermal

5.1-1
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hydraulic analyses. The expected NSSS performance at rated reactor power

(100 percent) is shown in Table 5.1-1 and Figure 5.1-2. This represents

expected NSSS performance at:

1. Midpoint of module life

2. Best estimate values for component heat transfer coefficients

3. Component pressure drop margins added to account for design

evaluation have been used up (See Table 5.3-5)

4. One percent loss of steam generator heat transfer surface area due

to tube plugging and five percent loss because of less than

predicted performance

5. Steam generator fouling (Water/steam side fouling is shown. No0

helium side fouling allowance is required.)

hfoul = 13,550 Btu/h-ft 2 _.F (economizer)

hfoul = 4,515 Btu/h-ft2_.F (evaporator)

In the automatic load control range, the NSSS operates from 25 percent to 100

percent feedwater flow. Detailed performance at 25 percent feedwater flow is

tabulated in Table 5.1-2. Selected performance data over the automatic load

control range are presented in Figure 5.1-3.

The HTS normally cools the core to a safe shutdown condition following a

reactor trip. Detailed performance at a representative point in time (1 hr)

after reactor trip is given in Table 5.1-3.

The NSSS module is shut down for maintenance in a depressurized state to

facilitate the penetration of the reactor vessel boundary. Refueling is a

special case of scheduled recurring maintenance. There are two important

performance points during refueling. First is the start of refueling (1 day

after shutdown) when the full core is intact and its decay heat load is at

its highest. Second is when the maximum number of fuel columns are removed

from the core (7 days after shutdown) creating the largest core bypass flow,

5.1-2
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& ~channels. The performance for these two cases is tabulated in Table 5.1-4

for core cooling on the HTS and Table 5.1-5 for core cooling on the SCS.

Operation of the SCS following loss of HTS cooling is a transient condition.

Performance just following startup of the system (approximately 7 m after

loss of HTS and reactor trip) is shown in Table 5.1-6.

5.1-3
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TABLE 5.1-1

EXPECTED NSSS PERFORMANCE AT RATED (100%) REACTOR POWER

NSSS Heat Balance

Heat generated by core, W (1016 Bku/hr) 350.0 (1,194.2)
Heat added by circulators,M' (10 Btu/hr) 3.1 (10.6)

Total heat to helium, MW (10~ Bt~/hr) 353.1 (1,204.8)

Loss to RCCS from helium, W (10 Btu/1hr) 0.7 (2.4)
Loss to SCHE from helium, W (106 Bu/hr) 0.2 (0.7)

Net heat to steam generator, MW (10 Btu/hr) 352.2 (1201.8)

Reactor

Inlet helium flow rate, kg/s (lb/hr) 157.0 (1,246,000.)
Inlet helium temperature, C (0F) 259. (497.)

Inlet helium pressure, MPa (psia) 6.38 (925.)

Outlet helium temperature, C (F) 687. (1,268.)

Helium pressure drop, kPa (psi)* 55. (8.0)

Steam Generator

Inlet helium flow rate, kg/s (lb/hr) 157.3 (1,248,000.)

Inlet helium temperature, C ~7F) 686. (1,266.)

Inlet heliu~f pressure, MPa (psia) 6.32 (916.)

Outlet heliLum temperature, 0G (F) 2'5. (491.)

Helium pressure drop, kPa (psi) 26. (3.7)
Inlet feedwater flow rate, kg/s (lb/hr) 137.4 (1,090,000.)

Inlet feedwater temperature, C (0F) 193. (380.)

Inlet feedwater pressure, MPa psia) 20.7 (3,000.)

Regenerative heat loss, MW (10 Btu/hr) 0.3 (1.0)

Outlet steam temperature, C (F) 541. (1,005.)

Outlet steam pressure, MPa (psia) 17.3 (2,515.)

Steam pressure drop, kPa (psi) 3344. (485.)-

Main Circulator

Circulator helium flow rate, kg/s (lb/hr) 158.0 (1,254,000.)

Inlet helium temperature, C (F) 255. (491.)

Inlet helium pressure, MPa (psia) 6.29 (912.)

Helium temperature rise, C (F) 3.8 (6.9)

Helium pressure rise, kPa (psi) 91. (13.2)

Circulator speed ratio 1.0

*Exit of cold duct to entranc of hot duct.

1 of 1 Amendment 5
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TABLE 5.1-2

EXPECTED NSSS PERFORMANCE AT 25% FEEDWATER 
FLOW RATE

NSSS Heat Balance

Heat generated by core, MW (10 Bgu/hr) 8. 327

Heat added by circulators, M (10 Btu/hr) 0.1 (0.3)

Total heat to helium, MW (10 Bty/hr) 88.8 (303.0)

Loss to RCCS from helium, MW (10' Btu/hr) 
0.7 (2.4)

Loss to SCHE from helium, MW (106 Bgu/hr) 
0.1 (0.3)

Net heat to steam generator, MW (10 Btu/hr) 88.0 (300.3)

Reactor

Inlet helium flow rate, kg/s (lb/hr) 50.7 (402,400.)

Inlet helium temperature, 00 (0F) 254. (489.)

Inlet helium pressure, M~a (psia) 
6.24 (905.)

Outlet helium temperature, 'C ('F) 
588. (1,090.)

Helium pressure drop, kPa (psi) 6.1 (0.9)

Steam Generator

Inlet helium flow rate, kg/s (lb/hr) 50.8 (402,900.)

Inlet helium temperature, 'C (
0F) 587. (1,089.)

Inlet helium pressure, M~a (psi) 
6.23 (904.)

Outlet helium temperature, C ('F) 254. (489.)

Helium pressure drop, kPa (psi) 2.9 (0.4)

Inlet feedwater flow rate, kg/s (lb/hr) 34.3 (272,400.)

Inlet feedwater temperature, 00 (*F) 194. (381.)

Inlet feedwater pressure, MPa ~pi)17.0 
(2,460.)

Regenerative heat loss, MW (1O'Bu/r 0.3 (1.0)

Outlet steam temperature, C Btu/hr 538. (1,000.)

Outlet steam pressure, MPa (psia) 
269.7 (24.~)

Steam pressure drop, kPa (psi)26.39-

Main Circulator

Circulator helium flow rate, kg/s (lb/hr) 51.0 (405,000.)

Inlet helium temperature, @0 (0F) 254. (489.)

Inlet helium pressure, MPa (psia) 6.23 (904.)

Helium temperature rise, 'C (0F) 0.4 (0.8)

Helium pressure rise, kPa (psi) 
10. (1.5)

Circulator speed ratio 
0.33
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TABLE 5.1-3

EXPECTED NSSS5 PERFORMANCE FOR PRESSURIZED SHUTDOWN COOLING WITH THE HTS

Time After Reactor Trip. hr 10

NSSS Heat Balance

Heat generated by core, W (106 Bu/(hr) 13.0 (44.4)

Heat added by circulators, M (10 Btu/hr) 0.03 (0.1)

Total heat to helium, W (10 Bty/hr) 13.0 (44.4)

Loss to RCCS from helium, MW (10' Btu/hr) 0.7 (2.4)

Loss to SCHE from helium, MW (10 Bgu/hr) 0.05 (0.2)

Net heat to steam generator, MW (10 Btu/hr) 12.3 (42.0)

Reactor

Inlet helium flow rate, kg/s (lb/hr) 30.9 (244,800.)

Inlet helium temperature, C (0F) 240. (464.)

Inlet helium pressure, MPa (psia) 5.78 (838.)

outlet helium temperature, C (0F) 318. (604.)

Helium pressure drop, kPa (psi) 2.0 (0.3)

Steam Generator

Inlet helium flow rate, kg/s (lb/hr) 30.9 (245,100.)

Inlet helium temperature, C (CF) 317. (603.)

Inlet helium pressure, MPa (psia) 5.78 (838.)

Outlet helium temperature, C (0F) 240. (465.)

Helium pressure drop, kPa (psi) 1.1 (0.2)

Inlet feedwater flow rate, kg/s (lb/hr) 20.6 (163,500.)

Inlet feedwater temperature, C (0F) 94. (381.)

Inlet feedwater pressure, MPa (psia) 16.8 (2,435.)

Regenerative heat loss, MW (100 Btu/hr) 0.1 (0.3)

Outlet water temperature, C (0F) 316. (602..)

Outlet water pressure, MPa. (psia) 16.7 (2,415.)

Water pressure drop, kPa (psi) 137 (20.0)

Main Circulator

Circulator helium flow rate, kg/s (lb/hr) 31.0 (246,300.)

Inlet helium temperature, C (0F) 240. (465.)

Inlet helium pressure, M4Pa (psia) 5.77 (837.)

Helium temperature rise, *C (OF) 0.2 (0.3)

Helium pressure rise, kPa (psi) 3.5 (0.5)

Circulator speed ratio 0.2
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TABLE 5.1-4

EXPECTED NSSS PERFORMANCE AT REFUELING WITH HTS

Start of Refueling Max ore Removal(')

Time After Reactor Trip, day 1 7

NSSS Heat Balance

Heat generated by core, W (106 Bu/hr) 2.2 (7.5) 0.7 (2.4)
Heat added by circulators, M (10 Btu/hr) 0.1 (0.3) 0.1 (0.3)
Total heat to helium, MW (10 Btu/hr) 2.2 (7.5) 0.8 (2.7)
Loss to RCS from helium, MW (106 Btu/hr) 0.2 (0.7) 0.2 (0.7)
Loss to SCHE from helium, MW (106 Bu/hr) 0.0 (0.0) 0.0 (0.0)
Net heat to steam generator, MW (10 Btu/hr) 2.1 (7.2) 0.6 (2.0)

Reactor

Inlet helium flow rate, kg/s (lb/hr) 3.1 (24,800) 3.6 (28,850.)
Core coolant channels flow
rate, kg/s (lb/hr) 3.1 (24,800) 2.0 (15,580.)

Refueling void flow rate kg/s (lb/hr) 0 (0.) 1.6 (13,270.)
Inlet helium temperature, C (F) 92. (198.) 86. (187.)
Inlet helium pressure, MPa (psia) 0.097 (14.) 0.097 (14.)
Outlet helium temperature, C (F) 216. (422.) 142. (288.)
Helium pressure drop, kPa (psi) 1.4 (0.2) 0.7 (0.1)

Steam Generator

Inlet helium flow rate, kg/s (lb/hr) 3.1 (24,900) 3.6 (28,850.)
Inlet helium temperature, C (F) 216. (420.) 116. (241.)
Inlet helium pressure, MPa (psia) 0.095 (13.8) 0.096 (13.9)
Outlet helium temperature, C (F) 88. (191.) 84. (183.)
Helium pressure drop, kPa (psi) 0.6 (0.1) 0.8 (0.1)
Inlet feedwater flow rate, kg/s (lb/hr) 20.6 (163,500)20.6 (163,500.)
Inlet feedwater temperature, C (OF) 83. (181.) 83. (181.)
Inlet feedwater pressure, MPa ~psia) 5.63 (817.) 5.63 (817.)
Regenerative heat loss, MW (10 Btu/hr) 0.1 (0.3) 0.0 (0.0)
Outlet temperature, 0G (F) 107. (224.) 90. (194.)
Outlet pressure, MPa (psia) 5.52 (800.) 5.52 (800.)
Water pressure drop, kPa (psi) 119. (17.) 119. (17.)

Main Circulator

Circulator helium flow rate, kg/s (lb/hr) 3.1 (25,000) 3.6 (29,000.)
Inlet helium temperature, C (F) 88. (191.) 84. (182.)
Inlet helium pressure, MPa (psia) 0.094 (13.7) 0.094 (13.7)
Helium temperature rise, 'C (F) 4.3 (7.8) 3.3 (5.9)
Helium pressure rise, kPa (psi) 2.3 (0.3) 1.7 (0.2)
Circulator speed ratio 1.0 1.0

(1) At this point in time during refueling the maximum number (1 sector) of fuel
columns (11 out of 66 total) have been removed from the core creating the largest
core bypass flow condition for th remaining fuel blocks (minimum flow for
remaining fuel blocks).
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TABLE 5.1-5

EXPECTED NSSS PERFORMANCE AT REFUELING WITH SCS

Start of Refueling Max Core Removal(')
Time After Reactor Trip, day 1 7

NSSS Heat Balance

Core decay heat, MW (10 6 Btu/hr) 2.1 (7.3) 0.7 (2.4)
Addition of NSSS stored heat, MW ~106 Btu/hr) 1.3 (4.5) 0.0 (0.0)
Heat added by circulators, Mn (10 Btu/hr) 0.3 (0.9) 0.2 (0.6)
Total heat to helium, MW 10 Btu/hr) 3.7 (12.7) 0.9 (3.0)
Loss to RCCS from helium, MW ( 6 Btu/hr) 0.4 (1.4) 0.1 (0.4)
Loss to S from helium, rg (10 Btu/hr) 0.0 (0.0) 0.0 (0.0)
Net heat to SCHE, MW (10 Btu/hr) 3.3 (11.3) 0.8 (2.6)

Reactor

Inlet helium flow rate, kg/s (lb/hr) 3.3 (25,956) 3.4 (26,828)
Core coolant channels flow rate, kg/s (lb/hr) 3.3 (25,956) 1.7 (13,169)
Refueling void flow rate kg/s (lb/hr) 0.0 (0.0) 1.7 (13,659)
Inlet helium temperature, C (F) 154. (309.) 59. (138.)
Inlet helium pressure, MPa (psia) 0.097 (14.) 0.097 (14.)
Outlet helium temperature, C (F) 259.0 (498.) 99. (210.)
Helium pressure drop, kPa (psi) 0.3 (0.04) 0.2 (0.03)

Shutdown Cooling Heat Exchanger

Inlet helium flow rate, kg/s (lb/hr) 3.7 (29,340) 3.7 (29,340)
Inlet helium temperature, C (F) 246. (474.) 89. (192.)
Inlet helium pressure, MPa (psia) 0.094 (13.7) 0.095 (13.8)
Outlet helium temperature, C (F) 72. (161.) 50. (122.)
Helium pressure drop, kPa (psi) 1.7 (0.2) 1.4 (0.2)
Inlet water flow rate, kg/s (lb/hr) 29.2 (232,000) 29.2 (232,000)
Inlet water temperature, C (F) 43. (110.) 43. (110.)
Inlet water pressure, MPa (psia) 5.31 (770.) 5.31 (770.)
Regenerative heat loss, MW (106 Btu/hr) 0.7 (2.2) 0.1 (0.4)
Outlet water temperature, C (F) 71. (159.) 49. (121.)
Outlet water pressure, MPa (psia) 4.83 (700.) 4.83 (700.)
Water pressure drop, MPa (psi) 0.48 (70.) 0.48 (70.)

Shutdown Cooling Circulator

Circulator helium flow rate, kg/s (lb/hr) 3.7 (29,340) 3.7 (29,340)
Inlet helium temperature, C (F) 72. (161.) 50. (122.)
Inlet helium pressure, MPa (psia) 0.093 (13.5) 0.094 (13.6)
Helium temperature rise, C (F) 14. (26.) 9. (16.)
Helium pressure rise, kPa (psi) 3.4 (0.5) 2.8 (0.4)
Circulator speed ratio 1.0 1.0

(1) At this point in time during refueling the maximum number (1 sector) of fuel

columns (11 out of 66 total) have been removed from the core creating the largest
core bypass flow condition for the remaining fuel blocks (minimum flow for
remaining fuel blocks).
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TABLE 5.1-6

EXPECTED NSSS PERFORMANCE AT START OF PRESSURIZED SCS COOLING

Time After Reactor Trip mn 7.5

NSSS Heat Balance

Core decay heat, MW (106 Btu/hr) 9.3 (31.7)
Addihion of NSSS stored heat, MW
(10 Btu/hr)6 15.4 (52.6)

Heat added by circulators, M (106 Btu/hr) 0.0 (0.0)
Total heat to helium, MW (10 Btu/hr) 24.7 (84.3)
Loss to RCCS from helium, MW 0~6 Btu/hr) 1.0 (3.4)
Loss to S from helium, rW (10 Btu/hr) 0.0 (0.0)
Net heat to SCHE, MW (10 Btu/hr) 23.7 (80.9)

Reactor

Inlet helium flow rate, kg/s (lb/hr) 10.2 (81,288)
Inlet helium temperature, C (F) 294. (561.)
Inlet helium pressure, MPa (psia) 6.14 (890.9)
Outlet helium temperature, C (F) 647. (1,196.)
Helium pressure drop, kPa (psi) 0.1 (0.02)

Shutdown Cooling Heat Exchanger

Inlet helium flow rate, kg/s (lb/hr) 11.7 (92,412)
Inlet helium temperature, C (F) 619. (1,147.)
Inlet helium pressure, MPa (psia) 6.14 (890.8)
Outlet helium temperature, C (F) 224. (436.)
Helium pressure drop, kPa (psi) 0.3 (0.04)
Inlet water flow rate, kg/s (lb/hr) 29.2 (232,000)
Inlet water temperature, C (F) 43. (110.)
Inlet water pressure, MPa (psig9) 5.32 (771.)
Regenerative heat loss, MW (10 Btu/hr) 1.6 (5.6)
Outlet water temperature, C (F) 65. (149.)
Outlet water pressure, MPa (psia) 4.83 (700.)
Water pressure drop, MPa (psi) 0.49 (71.)

Shutdown Cooling Circulator

Circulator helium flow rate, kg/s (lb/hr) 11.7 (92,448)
Inlet helium temperature, C (F) 224. (436.)
Inlet helium pressure, MPa (psia) 6.14 (890.8)
Helium temperature rise, C (F) 0.06 (0.1)
Helium pressure rise, kPa (psi) 0.7 (0.1)
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5.2 VESSEL SYSTEM AND SUBSYSTEMS

5.2.1 Vessel System

5.2.1.1 Summary Description

The Vessel System (VS) for each 350 MW(t) module consists of a Vessels and

Duct Subsystem (VDS), a Pressure Relief Subsystem (PRS), and a Vessel Support

Subsystem (VSS). These subsystems include a reactor vessel (RV) and a steam

generator vessel (SGV) connected by a crossduct vessel, vessel penetrations

and closures, vessel external thermal insulation, vessel supports, pressure

relief trains and redundant main steam and feedwater isolation valves. The

pressure retaining components are constructed of steel and designed using

existing light water reactor (LWR) technology. The VS for the Standard MHTGR

is unique in that it includes an uninsulated, steel reactor vessel which is

designed to safely and passively transmit core residual and decay heat from

the shutdown reactor to the Reactor Cavity Cooling System (RCCS) in the event

all forced core cooling is lost.

5.2.1.2 Functions and 1CFRIOO Design Criteria

5.2.1.2.1 Power Generation Functions

The main power generation functions of the VS are to maintain energy

production, shutdown, refueling, and startup/shutdown by: Containing the

primary coolant inventory; providing support for the Reactor System and its

subsystems, for the steam generator and main circulator, and for the shutdown

cooling heat exchanger and circulator; and providing module steam-generator

isolation capability during startup and shutdown.

5.2.1.2.2 Radionuclide Control Functions

The radionuclide control function is to maintain control of radionuclide

release (see Figure 1.2-3). This function is accomplished by controlling

transport (of radionuclides) from the primary circuit; by

convecting/conducting/radiating heat from the core through the reactor vessel
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wall to the RCCS during conduction cooldown; by controlling chemical attack

(air and water ingress) and, consequently, limiting core oxidation and fuel

hydrolysis; and by maintaining the geometry of the reactor core and moveable

poisons with respect to the reactor vessel and the reactor vessel with

respect to the RCCS in order to control heat generation and remove core heat.

5.2.1.2.3 Classification

The VS is "safety related"..

5.2.1.2.4 1CFRIOO Design Criteria for Radionuclide Control

The following 10CFR100 Design Criteria apply to the VS:

10CFR100 Design Criterion II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated, and

operated such that the amount of air or water reacting with the core will not

exL.eed acceptable values.

10CFR100 Design Criterion III: The reactor shall be designed, fabricated,

and operated such that the' inherent nuclear feedback characteristics ensure

that the reactor thermal power will not exceed acceptable values.

Additionally, the reactivity control system(s) shall be designed, fabricated,

and operated such that during insertion of reactivity the reactor thermal

power will not exceed acceptable values.

10CFR100 Desizn Criterion IV: The intrinsic dimensions and power densities

of the reactor core, internals, and vessel and the passive cooling pathways

from the core to the environment shall be designed, fabricated, and operated

such that the fuel temperatures will not exceed acceptable values.

5.2.1.3 Radionuclide Control Design Requirements

The VS shall be designed to withstand the loads resulting from the duty cycle

listed in Table 3.9-1.
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The VS shall be designed to transmit decay heat from the reactor core to the

RCCS.

The primary coolant shall be contained in a fixed volume boundary where the

leak rate shall be limited to 10 percent of full inventory per year.

The VS shall be designed to the ASME B&PV Code Section III Division 1,

Class 1.

Materials shall be selected to minimize the production of radioactive

materials due to activation and the generation of products of corrosion.

The number of inaccessible areas due to high radiation levels during reactor

operation shall be minimized to facilitate routine operational and

maintenance activities.

The VS penetrations, closures, and piping shall be designed to limit the

maximum free flow area where failures are postulated to 81.7 sq cm

(12.7 sq in.) at frequencies greater than 10-4 per plant year.

5.2.1.4 Design Description

5.2.1.4.1 System Configuration

Th VS consists of a reactor and a steam generator vessel connected by a

crossduct vessel, main steam and feedwater isolation valves, and a PRS and a

VSS. The VS is located below grade level, enclosed in a concrete structure.

The reactor vessel and the steam generator vessel are placed side-by-side

with the steam generator vessel at a lower elevation than the reactor

vessel. This configuration allows the steam generator to be isolated

thermally and protected during core conduction cooldown events. The general

configuration of the VS is illustrated in Figures 5.2-1 and 5.2-2.
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The VS is bottom supported to the reactor cavity by attachments anchored on
the vessels at or below the level of the crossduct. The crossduct vessel is

supported solely by its connections to the reactor and steam generator
vessels.

The PRS consists of two pressure relief trains. Each of which originates at
the top of the steam generator vessel and exhausts to the steam generator

cavity. The VS interfaces with 11 other systems and groups. Figures 5.2-3

and 5.2-4 depict the interfaces.

5.2.1.4.2 System Arrangement

The VS consists of the reactor vessel and the steam generator vessel,

connecting crossduct vessel, penetrations, closures, supports, insulation,

pressure relief trains, and main steam and feedwater isolation valves.
Penetrations are provided for the reactor neutron control mechanisms, the

SCS, the main circulator, the steam generator secondary coolant, the PRS, and

instrumentation. The steel vessel designs use existing LWR technology. The
vessels are located below grade level, enclosed in a concrete structure. The

concrete cavity partition walls and exterior walls plus the surrounding earth

provide biological shielding:'

The reactor vessel is supported in a plane near the bottom at the crossduct
elevation. The overall length, diameter, material, and fabrication

technology, is similar to a large boiling water reactor (BWJR) vessel. A more
detailed description of the reactor vessel is given in Section 5.2.2.4.2.

Th steam generator vessel is supported in the crossduct elevation plane, and
the steam generator is located in the bottom portion of the vessel. The main
circulator is located at the top of this vessel. Section 5.2.2.4.2 contains

mor detailed information.

The crossduct vessel which connects the reactor vessel and the steam
generator vessel is coaxial, with the cold (core inlet) gas passing through
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the outside annulus and the hot (core outlet) gas passing through an inner

circular ht duct. Section 5.2.2.4.2 contains more detailed information.

The main steam and feedwater isolation valves limit the quantity of moisture

ingress to the primary coolant in the event of a steam-generator tube leak.

The PRS is designed to provide overpressure protection to ensure that the

primary coolant pressure in the vessels does not exceed the maximum vessel

pressure.

5.2.1.4.3 System Operating Modes

The VDS, with the exception of the main steam and feedwater isolation valves,

is essentially passive during all modes of plant operation. By maintaining

its integrity and configuration, the VDS accomplishes its radionuclide

control functions. The main steam and feedwater isolation valves are only

active during main loop shutdown and startup, or when they are being

repaired, maintained, or tested.

The PRS has active components, but they are only active when VS integrity is

threatened or when they are being repaired, maintained, or tested during

shutdown or refueling.

The VSS passively supports the VS during all modes of plant operation thus

maintaining VS integrity and configuration. The VSS can move to accommodate

changing loads on the VS during startup/shutdown and during transients and

earthquakes.

5.2.1.4.4 Instrumentation and Control

A portion of the PPIS not designated as "safety related' prevents the

simultaneous closure of both pressure relief trains to ensure that at least

one pressure relief train is always available to protect the integrity and

configuration of the VS. The "safety-related" portion of the PPIS is

associated with the closure of the main steam and feedwater isolation valves

(see Section 7.2.1).
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5.2.1.4.5 System Limitations

The VS has a limitation of 110 percent of the design pressure (7.07 MPa (1026

psig) during any expected system pressure transient, thereby allowing a

maximum vessel pressure of 7.78 MPa (1129 psig). This limitation allows for

tolerance, accumulations, and margin. During any unexpected system excess

pressure transient conditions within the design basis, the allowable stress

for ferritic steel vessels would allow a maximum vessel pressure of 10.3 MPa

(1490 psig).

5.2.1.5 Design Evaluation

5.2.1.5.1 Failure Modes and Effects

System failures arise from subsystem component failures and/or operator

errors. System failures, as discussed in this subsection, are defined as

those originating within the VS which cause shutdown of the reactor. The

.only VS failures identified as affecting (causing shutdown of) the reactor

are those resulting in depressurization of the primary coolant and

inadvertent actuation of the main steam or feedwater isolation valves.

Failure Causing Depressurization. Leaks in the primary coolant boundary and

failure of a pressure relief train to close are failures causing

depressurization.

Effects of Vessel System Failures. VS failures within the design basis will

not affect safe shutdown of the reactor. The length of system unavailability

will depend on the nature of the failure. Failure of any VS component which

causes depressurization will be detected automatically by the Plant

Protection and Instrumentation System (IS). Corrective/mitigating actions

are initiated by the PPIS to prevent system, component, and structural damage

which could result in prolonged system unavailability. Low VS pressure

results in an automatic reactor trip by the PPIS.
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No break is postulated in the crossduct vessel between the reactor vessel and

the steam-generator vessel. For additional information related to this

section, see the response to NRC Comments 5-16 and 5-45. 
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Effects of Inadvertent Valve Closure. Closure of any one of the four

steam-generator isolation valves will result in a loss of the Heat Transport

System core cooling functions. Core decay heat will be removed by either the

Shutdown Cooling System or the Reactor Cavity Cooling System.

5.2.1.5.2 Steady State Performance

The VS is essentially passive during all modes of plant operation. Its

steady-state performance consists of withstanding various temperatures and

pressures corresponding to the modes of plant operation. VS temperatures and

pressures at any given location in the VS correspond closely to the

temperature and pressure of the adjacent helium at that location. The

reactor vessel temperature will be 450 to 850C (800 to 150'F) below the

helium temperature at the reactor core inlet due to the heat loss to the

RCCS. The steam generator vessel temperature and pressure will correspond to

the steam generator helium outlet temperature and pressure. Specific values

for helium temperatures and pressures at various locations for all plant

states can be found in Tables 5.1-1 through 5.1-6.

5.2.1.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AOOs) are families of events whose mean

frequencies are greater than 0.025 (once in 40 years). The AOOs are

identified and are described in Section 11.6. This section generally

describes the response of the largely passive VS to these events. The

evaluation of the response of the major subsystems and components are

described in Sections 5.2.2.5.3, 5.2.3.5.3, and 5.2.4.5.3.

AOO-1 Main Loop Transient With Forced Core Cooling. Main oop shutdown for

AOO-l(A) and AOO-l(B) results in closure of the main steam and feedwater

isolation valves for these events. During the first hour of these events,

the vessel temperatures remain virtually constant at their initial values.

Subsequently the vessel temperatures reduce and, after 6 hours into the

events, are continuing to fall. The primary helium pressure reduces in

response to the reduced helium temperature and fixed inventory.
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AOO-2 Loss of Main and Shutdown Cooling Loops. This event is a pressurized

conduction cooldown event and is discussed in Section 5.2.1.5.5 on

"safety-related" design conditions. It is essentially the same as SRDC-l.

AOO-3 Control Rod Group Withdrawal With Control Rod Trip. There is a very

slight reduction in vessel temperatures during the one hour that this event

is analyzed. The primary helium pressure also reduces slightly in response

to reduced helium temperature at constant inventory.

AOO-4 Small Steam Generator Leak. Main loop shutdown on high primary coolant

moisture results in closure of the main steam and feedwater isolation valves.

The vessel temperature response to this event is nearly the same as in the

AOO-l events. The primary pressure increases very slightly due to the small

amount of water ingress. This is overwhelmed, after reactor trip and steam

generator isolation, by the reduction in primary coolant temperature.

AOO-5 Small Primary Coolant Leak. Main loop shutdown results in closure of

the main steam and feedwater isolation valves.

The vessel temperatures drop gradually over the course of this event. The

primary helium pressure falls steadily and exponentially, and the VS is

essentially depressurized approximately one hour into the event.

5.2.1.5.4 Design Basis Event Performance

Design Basis Events (DBEs) encompass those families of events whose mean

frequencies are between 0.025 and 0.0001 per plant year. Eleven DBEs are

identified and described in Chapter 15. This section generally describes the

response of the largely passive VS to these events. The evaluation of the

response of the major subsystems and components are described in Sections

5.2.2.5.4, 5.2.3.5.4, and 5.2.4.5.4.

For all the DBEs, the main cooling loop is tripped, at some point during the

event, resulting in closure of the main steam and feedwater isolation
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valves. For all DBEs but DBE-8, the actuation signal is generated by inputs

of the Safety Protection Subsystem (Section 7.2.1) which are not "safety-

related. " For DBE-8, the acuatation signal is generated by a "safety-

related" input of the Safety Protection Subsystem.

DBE-1 Loss of HTS and SCS Cooling. This event is a pressurized conduction

cooldown event and is the same as SRDC-1. It is discussed in Section

5.2.1.5.5.

DBE-2 HTS Transient Without Control Rod Trip. The reactor vessel

temperatures for the most part gradually reduce over the 5 hours that this

event is analyzed. Due to the isolation of the main cooling loop the steam

generator vessel and crossduct temperatures are constant at their initial

steady-state values. The primary helium pressure reduces as the helium

temperature reduces since the inventory remains constant.

DBE-3 Control Rod Withdrawal Without HTS Cooling. In the first hour the

reactor vessel temperatures remain virtually constant. They then gradually

decrease over the next 4 hours. Due to the HTS isolation, the temperatures

of the steam generator vessel and crossduct do not change from the initial

steady-state values. The helium pressure increases by a very slight amount

during the initial phase of this event and then reduces with reduced helium

temperature.

DBE-4 Control Rod Withdrawal Without HTS and SCS Cooling. This is a

pressurized conduction cooldown event and is the same as SRDC-4. It is

discussed in Section 5.2.1.5.5.

DBE-5 Earthquake. During the first hour of this event vessel temperatures

are essentially constant at their initial steady state values. There is a

gradual reduction during the subsequent 5 hours. Temperatures continue to

decrease at 6 hours into the event, the termination of the analysis. Primary

helium pressure gradually decreases throughout the event due to reduced

helium temperature at fixed inventory.

DBE-6 Moisture In-Leakage. The vessel temperatures are much like those

experienced in DBE-2, DBE-3, and DBE-5. Initially the temperatures remain
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virtually constant and then gradually decrease. After 6 hours, vessel

temperatures continue to decrease at the rate of approximately ll'C/hr

(20'F/hr). The primary coolant pressure rises to a maximum of 6.52 MPa (945

psia) due to the moisture ingress. This is terminated by the isolation and

dumping of the steam generator. Pressure then decreases due to the reduction

in helium temperature occurring with reactor shutdown with SCS cooling.

DBE-7 Moisture In-Leakag-e Without SS Cooling. This event is a pressurized

conduction cooldown event with moisture ingress. The reactor vessel

temperatures rise to a peak midwall shell value of 3940C (7420F) at

approximately 120 hours into the event and then gradually reduce. The steam

generator vessel and crossduct temperatures are unaffected by the course of

events in the reactor vessel due to the lack of forced convection cooling. A

very gradual reduction in these temperatures is expected as a result of heat

losses to the Reactor Building. The primary coolant pressure rises due to

the moisture ingress up to the point of reactor shutdown and steam generator

isolation and dump. Continued rise in the pressure to a peak of 7.08 MPa

(1027 psia) is due to the rise in helium temperature and the products of the

graphite-water reactions.

DBE-8 Moisture In-Leakage With Moisture Monitor Failure. The Safety

Protection Subsystem (Section 7.2.1) of the PPIS initiates main loop shutdown

on a high primary coolant pressure and commands closure of the redundant main

steam and feedwater isolation valves.

During the initial part of this event the vessel temperatures are constant at

their initial steady-state values. After reactor trip, steam generator

isolation, and SCS startup, the vessel temperatures gradually decrease, much

like that seen in DBE-2, DBE-3, DBE-5, and DBE-6. The primary coolant

pressure rises to 7.07 MPa (1025 psia) during the initial phase because of

the moisture ingress and the products of the graphite-water reactions. After

reactor trip, steam generator isolation, and SCS startup, the primary coolant

pressure reduces with the reduction in helium temperature. No pressure

relief is anticipated since the relief valve setting is 7.18 MPa (1041 psia).
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DBE-9 oisture In-Leakage With Steam Generator DD Failure. The vessel
temperatures are virtually constant in the first hour of this event, and then
gradually decrease over the remaining course of this event, much like the
behavior during DBE-2, DBE-3, DBE-5, DBE-6, and DBE-8. At 12 hours, the end
of the analysis, vessel temperatures are still gradually decreasing. There
is a very small increase in primary coolant pressure due to the small amount
of moisture ingress and concomitant graphite-water reaction. However, after
reactor shutdown, there is a gradual reduction of pressure due to the
decrease in helium temperature.

DBE-10 Primary Coolant Leak. The reactor vessel temperatures decrease very
gradually over the 10 hours that this event is analyzed. The temperatures of
the steam generator vessel and crossduct remain essentially constant at their
initial steady state values. The primary helium pressure exponentially
decreases and is essentially depressurized 2 minutes into the event.

DBE-11 Primary Coolant Leak Without HTS and SCS. Cooling. This is a slow
depressurization event with an initial, slow exponential decrease in pressure
followed by a more gradual reduction. Atmospheric pressure is reached at
about 20 hours into the event and the core is being cooled by conduction and
radiation to the RCCS at this time. During the first 15 hours of the event,
the vessel temperatures gradually reduce due to HTS heat removal until
minimums are reached. At 15 hours the HTS is assumed to fail and cooling
continues on the RCCS. The reactor vessel temperatures rise to a peak of
4380 C (820'F) at about 150 hours into the event, then gradually taper off
over the remaining 850 hours that the event is analyzed. The steam
generators and crossduct temperatures are not evaluated after 15 hours. Due
to the isolation of the primary loop these temperatures are expected to
gradually decrease due to heat transfer to the Reactor Building.

5.2.1.5.5 "Safety Related" Design Condition Performance

"Safety related" design conditions (SRDCs) are limiting accident conditions,
derived from DBEs, in which only "safety-related" systems, subsystems, and
components participate to control the accidental release of radioactivity.
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Eleven SRDCs are identified and described in Section 15.13. Since neither

the HTS nor the SCS is "safety related", all SRDCs fall into the category of

core conduction cooldown events. The steam generator vessel and crossduct

are thermally isolated from-the core, and their temperatures are expected to

gradually decrease from their initial steady-state values. Consequently,

only the reactor vessel temperatures have been evaluated explicitly. The

structural response of the reactor vessel is described in Section 5.2.2.5.5.

The behavior of the VSS and the PRS are described in Sections 5.2.3.5.5 and

5.2.4.5.5, respectively.

SRDC-1 Pressurized Conduction Cooldown. The reactor vessel temperature rises

to a maximum I.D. value of 406'C (7640 F) at 120 hours and then very gradually

falls off for the remaining 180 hours of the analyzed condition. The primary

coolant pressure rises to 6.92 MPa (1003 psia) very early in SRDC-l, then

very gradually decreases. 

SRDC-2 Pressurized Conduction Cooldown Without Control Rod Trip. SRDC-2 is

quite similar to SRDC-1 with vessel I.D. temperatures peaking at 48 0 C

(7670 F) and maximum primary coolant pressure reaching 6.96 MPa (1009 psia).

SRDC-3 and 4 Pressurized Conduction Cooldown With Control Rod Withdrawal.

The course of SRDC-3 and ~4 is quite similar to that of SRDC-1 with the

reactor vessel I.D. temperature and the primary coolant pressure peaking at

411'C (771'F) and 7.01 MPa (1016 psia), respectively.

SRDC-5 Pressurized Conduction Cooldown With Earthouake. Thermally, SRDC-5 is

the same as SRDC-1.

SRDC-6 and -7 Depressurized Conduction Cooldown With Moderate Moisture

Ingress.. The Safety Protection Subsystem (Section 7.2.1) of the PPIS

initiates main loop shutdown on high primary coolant pressure and commands

closure of the redundant main steam and feedwater isolation valves.

The reactor vessel I.D. temperature rises to a peak value of 473
0C (8830F) at

about 120 hours into SRDC-6 and -7 (after the vessel is depressurized), and
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reduces to less than 42700 (800'F) by 300 hours. The primary coolant

pressure rises to the pressure relief valve lift point [7.18 MPa (1041 psia)]

three times due to the moisture ingress and the products of the graphite-

water reaction. For the first two liftings of the relief valve, the valve

reseats at 6.10 MPa (885 psia). For the third lifting, the valve fails to

reseat, and the vessels depressurize through the relief train.

SRDC-8 and -9 De~ressurized Conduction Cooldown With Small Moisture ngress.

SRDC-8 and -9 are enveloped by SRDC-6 and -7.

SRDC-10 Depressurized Conduction Cooldown With Moderate Primary Coolant

Leak. Within 6 minutes the primary coolant pressure reduces to atmospheric

pressure due to a moderate leak. The reactor vessel I.D. rises to a peak

temperature of 471'C (880'F) in about 120 hours, and then gradually reduces

over the next 880 hours.

SRDC-11 De~ressurized Conduction Cooldown With Small Primary Coolant Leak.

The primary coolant pressure reduces to atmospheric pressure in approximately

24 hours. The thermal response of the reactor vessel is the same as in

SRDC-10.

5.2.1.6 Interfaces

Major interface requirements, at the system level, are presented in Table

5.2-.1 showing the system or subsystem on which the requirement is imposed, a

description of the interface, and a quantitative expression for the

interface.

5.2.2 Vessels and Duct Subsystem

5.2.2.1 Summary Description

The VDS for each 350 MW(t) module consists of a reactor vessel (RV) and a

steam generator vessel (SGV) connected by a crossduct vessel, and includes

the vessel penetrations, closures, vessel thermal insulation and the main
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steam and feedwater isolation valves. The pressure retaining components are

constructed of steel and designed using existing light water reactor (LWR)

technology. The vessels are fabricated from manganese-molybdenum steel,

SA533, Grade B, lass plate and SA508 lass 2 forgings. The design

pressure and temperature are 7.18 MPa (1041 psia) and 2880 C (550'F),

respectively. The main steam isolation valves are stainless steel SA 312

TP316H and the feedwater isolation valves are SA 106 Gr C with design

pressures/temperatures of 19.0 MPa (2750 psig)/593@C (00' F) and 33.1 MPa

(4800 psig)/216'C (420'F), respectively.

5.2.2.2 Functions and 1CFR100 Design riteria

5.2.2.2.1 Power Generation Functions

The VDS supports the power generation functions of the VS (Section 5.2.1.2.1)

by containing the primary coolant inventory and providing support for the

Reactor System and its subsystems, for the steam generator and main

circulator, and for the shutdown cooling heat exchanger and circulator.

5.2.2.2.2 Radionuclide Control Functions

The VDS supports the radionuclide control functions of the VS (Section

5.2.2.2.2) by controlling transport (of radionuclides) from the primary

circuit; by convecting/conducting/radiating heat from the core through the

reactor vessel wall to the RCCS; by controlling chemical attack (air and

water ingress) and, consequently, limiting core oxidation and fuel

hydrolysis; and by maintaining the geometry of the reactor core and movable

poisons with respect to the reactor vessel, in order to control heat

generation and remove core heat.

5.2.2.2.3 Classification

Th VDS is "safety related".

5.2.2.2.4 1OGFR100 Design Criteria for Radionuclide Control

The following 1CFR100 DesignCriteria apply to the VDS:
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10CFR100 Design Criterion II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated, and

operated such that the amount of air or water reacting with the core will not

exceed acceptable values.

10CFR100 Design Criterion IV: The intrinsic dimensions and power densities

of the reactor core, internals, and vessel, and the passive cooling pathways

from the core to the environment shall be designed, fabricated, and operated

such that the fuel temperatures will not exceed acceptable values.

5.2.2.3 Radionuclide Control Design Requirements

The VDS shall be designed to withstand the loads resulting from the duty

cycle listed in Table 3.9-1.

The VDS shall be designed to transmit decay heat from the reactor core to the

RCCS.

Th VDS shall be designed to ASME B&PV Code Section III, Division 1,

Subsection NB.

Materials shall be selected to minimize the production of radioactive

materials due to activation and the generation of products of corrosion.

Access shall be provided to the reactor coolant pressure boundary to

facilitate in-service inspection.

The VDS penetrations, closures, and piping shall be designed to limit the

maximum free flow area where failures are postulated to 81.7 sq cm (12.7 sq

in.) at frequencies greater than 10O4 per plant year.

The VDS design shall meet the requirements of 1CFR50, Appendices and H.
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5.2.2.4 Design Description

5.2.2.4.1 Subsystem Configuration

The VDS consists of a react or vessel and a steam generator vessel connected

by a crossduct vessel and ma in steam and feedwater isolation valves. The VDS

is primarily located below grade level, enclosed in a concrete structure.

The reactor vessel and the steam generator vessel are located below grade,

placed side-by-side with the; steam generator vessel at a lower elevation than

the reactor vessel. This 'configuration allows the steam generator to be

thermally isolated and protected during core conduction cooldown events. The

general configuration of the VDS is illustrated in Figures 5.2-1 and 5.2-2.

The main steam and feedwater isolation valves are also enclosed in the

concrete structure of the R eactor Building, though at different elevations.

The main steam isolation valves are located above grade in the main steam

isolation and relief valve enclosure, while the feedwater isolation valves

are located below the steam generator vessel at the bottom of the Reactor

Building.

The VDS is bottom supported to the reactor cavity by attachments anchored on

the vessels at or below the level of the crossduct. The crossduct vessel is

supported solely through its connections to the reactor and steam generator

vessels.

The VDS is protected from overpressurization by the PRS.

5.2.2.4.2 Subsystem Arrangement

The VDS consists of the reactor vessel and steam generator vessel, the

connecting crossduct vessel, penetrations, closures, insulation, and main

steam and feedwater isolation valves. Penetrations are provided for the

reactor neutron control mechanisms, the SCS, the main circulator, the steam

generator secondary co olant, the pressure relief trains, and

instrumentation. The steel vessel designs use existing LWR technology. The
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construction material is manganese-molybdenum, SA533, Grade B, lass steel

plates and SA508 lass 2 forgings. The design temperature and pressure are

2880G (550'F) and 7.17 MPa (1041 psia), respectively. The vessels are

located below grade level, enclosed in a concrete structure. The concrete

cavity partition walls and exterior walls plus the surrounding earth provide

biological shielding.

Reactor Vessel. The principal reactor and steam generator vessel data are

shown in Table 5.2-2.

The reactor pressure vessel, shown on Figure 5.2-5, is 6.81 m (22.4 ft) in

outside diameter, 13.3 cm and 19.0 cm (5.25 in. and 7.5 in.) thick at the

side wall, and 22 m (72 ft) long. The vessel is supported in a plane at the

bottom near the crossduct elevation. In overall length, diameter, material,

and fabrication technology, it is similar to a large boiling water reactor

(BWR) vessel.

The reactor vessel is composed of several shell courses welded together.

Each course is composed of 3 plates bent and welded to form the cylindrical

shell. The upper and lower heads are also formed from shaped plates welded

together. Flanges are welded to one end of the cylindrical shell and to the

upper head. The upper head is then bolted to the shell utilizing double

0-rings as seals to form the leak tight pressure boundary. (See Figure

5.2-5). At the other end of the cylindrical shell, a forged core support

ring is welded on to the shell (See Figure 5.2-6). The lower head is then

welded directly to the core support ring.

The upper head has nozzles and penetrations for control rod drives (24) and

fuel handling and control rod drives (6), instrumentation, ISI access, and

the Helium Purification Subsystem (2). These nozzles and penetrations can be

seen in Figures 5.2-1 and 5.2-5. Extending above the upper head are 18

cylindrical housings for the control rod drives. Twelve of the housings

contain two control rod drives each. Six of the housings each contain one

additional control rod drive; however, these six housings also provide access

to the core for the fuel handling equipment. Each of thes housings is

sealed with a bolted end cap. There are three penetrations of each housing
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which provide - access to thei control rod drives for electrical power,

instrumentation, and control. The lower portion of each housing is also

cooled on the outside by cooli Ing coils. These housings are provided with

support for horizontal seismic~ loads by a restraining plate (See Figures

5.2-1 and 5.2-5). This plate is supported by a large diameter cylinder which

is attached directly to the vessel upper head.

On the interior of the reactor vessel, 48 lugs are provided for the core

barrel seismic restraints. The lugs are welded to the inner surface of the

vessel wall at four elevation. The lugs keep the core barrel in place

during seismic events. By design, the lugs allow for relative thermal

expansion radially and axially of the core barrel with respect to the reactor

vessel. Figures 5.2-1 and 5.2-7 depict the lugs as designed for the reactor

vessel.

The lower head has penetrations for the SGS, in-core flux monitoring units

(5), and start-up detectors (). Figure 5.2-1 depicts these penetrations.

The reactor vessel connects to the crossduct by a nozzle. The nozzle is also

depicted in Figure 5.2-1.

Steam Generator Vessel. The steam generator vessel, shown in Figure 5.2-5

and 5.2-8, is 4.2 m (13.7 ft) 'in diameter, 82.6 mm and 140 mm (3.25 in. and

5.5 in.) thick at the side wall, and 26.4 m (86.8 ft) long. This vessel is

supported in the crossduct elevation plane. The steam generator bundle is

located in the bottom portion of the vessel and the main circulator is

located at the top of the vessel.

The steam generator vessel, an integral component in the primary coolant

boundary, is constructed in the same manner as the reactor vessel. There is

a flange connecting the upper head and the lower portion of the steam

generator vessel. The circulator is mounted and supported on the upper

head. The feedwater nozzle penetrates the lower head. The crossduct nozzle

and the steam outlet nozzle are attached to the main shell. The crossduct

nozzle and steam outlet nozzle are forged rings which are welded into the

shell. The forging for the crossduct nozzle also supports the steam
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generator vessel. In addition, penetrations for the PRS (2), and for

instrumentation are required on the upper head and shell.

The steam generator vessel supports the Steam Generator Subsystem (SOS) and a

portion of the Reactor Internals Subsystem (RIS). The SGS is supported by

eight equally spaced lugs at the bottom of the steam generator vessel. The

lugs are welded to the inside of the vessel. The RIS components are

supported in the steam generator vessel by a forged ring which is welded into

the steam generator vessel shell just below the crossduct nozzle. This

support is shown in Figure 5.2-9.

Th rmal insulation is attached to the exterior of the steam generator

vessel. The specification of the type and size of insulation and also the

type of attachment has yet to be determined. It is expected that the

insulation will be similar to that used in present-day LWRs. The insulation

will be designed to be readily removable and replaceable in order to

facilitate 151 of the vessel.

Crossduct Vessel. The crossduct vessel, a single forged piece, connects thej

reactor pressure vessel and the steam generator vessel. The cold (core

inlet) gas passes through the outside annulus from the main circulator and

the hot (core outlet) gas passes through the inner circular hot duct (see

Section 4.4.4.1.2.4) to the steam generator. The inner duct is insulated to

limit regenerative heat losses. The duct outer wall shown on-Figure 5.2-10

is approximately 1.9 m (6.3 ft) in outside diameter and 5.1 cm (2.0 in.)

thick.

Thermal insulation is attached to the exterior of the crossduct. A detailed

thermal analysis of the crossduct may indicate that the thermal insulation

can be removed. The specifications for the type and size of insulation will

be similar to that used in present-day LWRs. The insulation will be designed

to be readily removable and replaceable in order to facilitate ISI of the

crossduct.

Steam Generator Isolation Valves. The arrangement of the four steam

generator isolation valves (two main steam and two feedwater per steam
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generator) is depicted in Figuire 5.2-10. The feedwater isolation valves are
10 in. gate valves with electrohydraulic operators while the main steam
isolation valves are 14 in. (one globe and one non-return valve) each with
an electrohydraulic operator. The four valves identified above are capable
of isolating the largest sources of potential water ingress into the primT'ary%
coolant (helium) . As the! design progresses, however, the need for
identifying other small valves as "safety related" for steam generator
isolation will be evaluated.

The main steam and feedwater isolation valves are actuated by a closed system
hydraulic-pneumatic operator which receives their activation signal from the
Safety Protection Subsystem (Sections 7.2.1) of the PPIS.

The operator is self contained and built in three integrated, connected
sections: a pneumnatic reservoir containing nitrogen, the piston cylinder and
a hydraulic assembly consisting of a hydraulic fluid reservoir, pump and
motor, and dual manifolded trains.

The operator is aligned to actuate in the fail-to-close position.

The valve is held in the open position by hydraulic pressure against the
lower surface of the piston; solenoid valves are closed in both the pneumatic
and hydraulic lines. Thus, the nitrogen remains in the bottle reservoir and
does not oppose the position of the piston.

Upon receipt of an activation signal from the PPIS, closure of the valve is
affected by blowdown of the nitrogen reservoir and is triggered by
de-energizing spring loaded solenoid valves. This permits nitrogen to flow
from the pneumatic cylinder and act on the top of the piston simultaneously
causing the hydraulic fluid to return to the hydraulic reservoir.

The valve is opened by energizing the solenoid valves and motor driven
hydraulic pump. The pump applies hydraulic pressure to the lower face of the
piston which opens the valve and causes the nitrogen to return to the
pneumatic reservoir.
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The valve can be manually actuated and has a test mode permitting partial

stroking of the valve. Limit switches located on the stem indicate stroking.

5.2.2.4.3 Subsystem operating Modes

The VDS, with the exception of the main steam and feedwater isolation valves,

is essentially passive during all modes of plant operation. By maintaining

its integrity and configuration, the VDS accomplishes its radionuclide

control functions. The main steam and feedwater isolation valves are only

active during main loop shutdown and startup or when they are being repaired,

maintained, or tested.

5.2.2.4.4 Instrumentation and Control

See Instrumentation and Control for the VS (Section 5.2.1.4.4).

5.2.2.4.5 Subsystem Limitations

The VDS has a limitation of 110% of the design pressure of 7.07 MPa (1026

psig) during any expected system pressure transient, thereby allowing a

maximum vessel pressure of 7.78 MPa (1129 psig). This limitation allows for

tolerance, accumulations, and margin. During any unexpected system excess

pressure transient conditions within the design basis, the allowable stresses

for the ferritic steel vessels would allow a maximum vessel pressure of 
10.3

MPa (1490 psig).

In order to assure that the VDS maintains its integrity and configuration

during all modes of plant operation, minimum vessel temperature requirements

are set.

Minimum vessel temperature requirements are given in the ASME Code, Section

III, Appendix G, in terms of the actual local wall temperature relative to

the as-irradiated Nil-Ductility Transition Temperature (NDTT). Based on

vessel thickness, existing helium pressure, and existing through wall

temp rature differenc , Appendix G stipulates a certain positive difference

between the existing vessel wall temperature and its irradiated NDTT. The
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NDTT shift is estimated based on expected local neutron dosage and spectrum 

details, wall irradiation temperature, and the as-fabricated vessel wall

chemistry. For the purpose of preliminary analysis, wherein NDTT shifts

during irradiation still contain some uncertainties, an un-irradiated NDTT

(-23'C (-10'F)) is chosen based on previous manufacturing experience.

Compliance with the margin requirements from Appendix G yields a maximum

allowable local shift in the NDTT during irradiation based on the existing

helium pressure and local wall temperature.

Assurance that minimum vessel temperature requirements are being met must be

checked especially during startup/shutdown, or any other pressurized

condition when the vessel is relatively cold.

For additional information related to this section, see the response to NRC

Comment 5-14.

5.2.2.5 Design Evaluation

5.2.2.5.1 Failure Modes and Effects

Component failures of the VDS which result in depressurization of the primary

coolant are identified as failures which will cause shutdown of the reactor.

Table 5.2-3 lists basic VDS components and the result of the failure modes

and effects analysis for each of them.

En order to minimize the potential for a vessel failure, the vessels will be

designed, fabricated, tested, and installed in accordance with the ASME

Section III rules for a Class pressure vessel. This will ensure that the

vessels will meet the highest standards of quality and reliability.

To preclude any minor flaws that may be present in the vessel welds from

propagating to the point where failure is imminent; a comprehensive ISI

program, including a preservice or baseline inspection, will be iplemented.

This will ensure that any growth in weld flaws will be detected before the

flaw reaches a critical siz
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For further information on this subject, see the responses to NRC Comments

5-16, 5-17, and 5-45.

5.2.2.5.2 Steady-State Performance

The VDS performance is described along with the VS performance description.

Refer to Section 5.2.1.5.2.

5.2.2.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AOOs) are identified as those families

of events whose mean frequencies are greater than 0.025 (once in 40 years).

Five AOOs are identified and described in Section 11.6. The response of the

VS to these events is described in Section 5.2.1.5.3. This section describes
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the response of the VDS to these families of AOO events, none of which

challenge the VDS structural integrity. A summary of the response is

provided in Table 5.2-4.

AOO-1 Main Loop Transient with Forced ore Cooling. This event is designated

as ASME Service Level B (Table 3.9-1). The effect of this event of the VDS

is enveloped by AOO-4.

AOO-2 Loss of Main and Shutdown Cooling Loops. This event is designated as

ASM4E Service Level C (Table 3.9-1). The effect of this event on the VDS is

the same as described for SRDC-l in Section 5.2.2.5.5.

AOO-3 Control Rod Group Withdrawal With Control Rod Trip. This event is

designated as Service Level C (Table 3.9-1). The transient analysis of this

event which is currently available terminates at 1 hour past reactor trip,

consequently the following discussion of vessel response is limited.

Helium pressure does not exceed its normal operating value. The associated

primary membrane stresses, 157 MPa (22.8 ksi) or less do not exceed the

Service Level C allowable of 0.9 [ 276 MPa (40.1 ksi)] for temperatures

up to 260'C (500'F). Vessel wall temperatures remain below 216'C (420'F).

Within the first hour, minimum vessel temperature requirements with respect

to Nil-Ductility Transition Temperature (NDTT) (from ASME III, Appendix )

are easily met, as both wall temperatures and pressures are almost the same

as operating conditions.

AOO-4 Small Steam Generator eak. This event is designated as ASME Service

Level (Table 3.9-1).

Helium pressure does not exceed the normal operating value. The associated

vessel primary membrane stresses (157 MPa (22.8 ksi) or less) do not exceed

the Service Level B allowable of 1.0 m [184 Pa (26.7 ksi), for

temperatures up to 371'C (700'F)I. Vessel wall temperatures remain below

216'C (420'F).

5.2-24



HTGR-86-024

Secondary thermal stresses, due to the combined effects of axial and radial

thermal gradients, are calculated to be approximately 62 MPa (9 ksi) at 6

hours. The range of primary plus secondary stresses associated with this

event is expected to remain below 240 MPa (35 ksi), compared with the

allowable 3 Sm stress range of 550 MPa (80 ksi) . Any Service Level B must

also include the possibility of additional primary-plus-bending stresses from

an operational basis earthquake (OBE). Initial analyses yield an OBE stress

range in the vessel shell below 110 MPa (16 ksi) . Therefore, considering

this event alone, the stress range remains within the 3 m limit.

The contribution to cyclic fatigue is estimated, based on the magnitude of

stress cycling at the shell surface due to changes in helium pressure plus

both axial and radial temperature gradients. The total change in stress

during this event is calculated to be approximately 110 MPa (16 ksi). ASME

III design fatigue curves allow 106 such cycles. Since this event occurs

in the design duty cycle nine times (Table 3.9-1), the contribution to

fatigue usage, n actual/N allowable, of these events would be negligible,

1O0.

Minimum vessel temperature requirements are given in ASME III, Appendix , in

terms of the actual local wall teiperatures relative to the as-irradiated

Nil-Ductility Transition Temperature (NDTT) . Compliance with margin

requirements from Appendix G yields a maximum allowable local shift in the

NDTT during irradiation, based on the current helium pressure, and local wall

temperature. The minimum wall temperature 113'C (2350 F) occurs at 6 hours

near the well-insulated core support plate. There, based on an unirradiated

NDTT of -230 C (-100 F), compliance with Appendix is assured provided that

the NDTT shift during irradiation does not exceed 860C (1550F). Since this

location is well separated from the vessel beltline, current estimates of the

irradiation fluence, spectrum and temperature conditions indicate that the

NDTT shift there would be well below 860C (1550 F).

AOO-5 Small Primary Coolant Leak. The vessel depressurizes in approximately

1 hour, so the helium pressure never exceeds its normal operating value. The

associated vessel primary membrane stresses [157 MPa (22.8 ksi) or less do
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not exceed the Service Level C allowable of 0. 9 S [276 MPa (40.1 ksi) for

temperatures up to 260'C (5000 F)]. Vessel wall temperatures remain below

2160 C (4200F).

Minimum vessel temperature requirements with regard to NDTT temperature (from

ASME III, Appendix ) are easily met. The vessel depressurizes long before

any portion cools below 1490C (300'F); thus there is ample margin relative to

conservative NDTT estimates.

5.2.2.5.4 Design Basis Event Performance

Design basis events (DBEs) are identified as those families of events whose

mean frequenices are between 0.025 and 0.0001 per plant year. Eleven DBEs

are identified and described in Section 15. The response of the VS to these

events is described in Section 5.2.1.5.4. This section describes the

response of the VDS to these families of events, none of which challenge the

VDS structural integrity. A summary of the response is provided in Table

5.2-4.

DBE-1 Loss of H-TS and SCS Cooling. This event is designated as ASME Service

Level C (Table 3.9-1). The effect of this event on the VDS is the same as

SRDC-l discussed in Section 5.2-.2.5.5.

DBE-2 HTS Transient Without Control Rod TriR. Helium pressure does not

exceed its normal operating value. The associated primary membrane stresses

[157 MPa (22.8 ksi) or less] do not exceed the Service Level C allowable of

0.9 5y [276 MPa (40.1 ksi), for temperatures up to 260'C (500'F)]. Vessel

wall temperatures remain below 216'C (420'F).

Minimum vessel temperature requirements are given in ASME III, Appendix G, in

terms of the actual local wall temperatures relative to the as-irradiated

NDTT. Compliance with margin requirements from Appendix yields a maximum

allowable local shift in the NDTT during irradiation, based on the current

helium pressure and local wall temperature. At 4 hours into the event, the

pressure is 462 MPa (670 psia) and minimum vessel temperature 1390C (2830 F)
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in the vicinity of the core support plate. Assuming an un-irradiated NDTT of
-230C (-100 F), and a through-wall temperature difference of 6 (100 F) (ID
colder), Appendix requires that the NDTT shift during irradiation not
exceed 11100 (1990F). At 5 hours (the end point of currently-available

transient analysis), the pressure is 4.45 MPa (645 psia) and the minimum
vessel temperature 12600 (2580F), yielding a maximum allowable NDTT shift of

990C (1790F).

Current estimates of the irradiation conditions indicate that the actual NDTT
shift will be well below 9900 (1790 F) at all vessel locations. However,

since the permissible NDTT shift for instantaneous conditions is decreasing
at approximately 110C (20'F) per hour, it is possible that a critical moment
may occur after 5 hours which would necessitate a design or operation

modification.

DBE-3 Control Rod Withdrawal Without HTS Coolinp. Helium pressure remains at
or below its normal operating value. The associated vessel primary membrane
stresses (157 MPa (22.8 ksi) or less) do not exceed the Service Level D
allowable of 0.7 u 386 MPa (56.0 ksi), for temperatures up to 427 C
(800'F)]. Vessel wall temperatures remain below 26'C (420'F).

Minimum vessel temperature requirements are given in ASME III, Appendix G, in
terms of the actual local wall temperatures relative to the as-irradiated
NDTT. Compliance with margin requirements from Appendix yields a maximum
allowable local shift in the NDTT during irradiation, based on the current
helium pressure, and local wall temperature. At 4 hours into the event, the
pressure is 5.07 MPa (735 psia) and minimum vessel temperature is 1640C
(3280F) in the vicinity of the core support plate. Assuming an un-irradiated

NDTT of -230C (-100 F), and a through wall temperature difference of 110C
(20'F) (ID colder), Appendix G requires that the NDTT shift during
irradiation not exceed 12300 (2220 F). At 5 hours (the end point of currently
available transient analysis), the pressure is 4.90 MPa (710 psia) and the
minimum vessel temperature 15100 (304'F), yielding a maximum allowable NDTT

shift of 11200 (202'F).
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Current estimates of the irradiation conditions indicate that the actual NDT

shift will be well below 112'C (202'F) at all vessel locations. However,

since the permissible NDT shift for instantaneous conditions is decreasing at

about 110C (20'F) per hour, it is possible that a critical moment may occur

after 5 hours which may necessitate a design or operation modification.

DBE-4 Control Rod Withdrawal without HTS and SCS Cooling. The effect of this

event on the VDS is the same as described for SRDd-4 in Section 5.2.2.5.5.

DBE-5 Earthquake. Helium pressure does not exceed its normal operating

value. The primary membrane stresses, induced by the bending and

extension/compression vibrational modes of the reactor vessel, add to those

already present due to pressurization. A simplified analysis is used to

calculate a maximum value of 54 MPa (7.9 ksi) for the OBE (0.15 g) stresses.

SSE (0.3 g) stresses are assumed to be twice OBE values. An upper bound of

266 MPa (38.6 ksi) primary membrane stress results from a conservative

combination of the axial and circumferential stress components. This is less

than the Service Level D allowable of 0.7 u [386 MPa (56.0 ksi), for

vessel temperatures up to 4270C (800'F)]. Calculated vessel temperatures do

not exceed 216'C (420'F) as they remain at or below their normal operation

values.I

Minimum vessel temperature requirements are given in ASME III, Appendix C, in

terms of the actual local wall temperature relative to the as-irradiated

NDTT. Compliance with margin requirements from Appendix G yields a maximum

allowable local shift in the NDTT during irradiation based on the current

helium pressure and local wall temperature. At 5 hours into the event, the

pressure is 4.41 MPa (640 psia) and minimum vessel temperature is 1240C

(2550 F) in the vicinity of the core support plate. Assuming an unirradiated

NDTT of -230C (-10 0F) , and a through-wall temperature difference of 110C

(200 F) (ID colder) , Appendix G requires that the NDTT shift during

irradiation not exceed 96
0C (1730 F). At 6 hours (the end point of currently

available transient analysis for this event) , the pressure is 4.31 MPa (625

psia) and the minimum vessel temperature 114'C (2370 F) , yielding a maximum

allowable NDTT shift of 88
0 C (1580 F).
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Current estimates of the irradiation conditions indicate that the actual NDTT

shift will be well below 880C (1580 F). at all vessel locations. However,

since the permissible NDTT shift for instantaneous conditions is decreasing

at approximately 8C (15'F) per hour, it is possible that a critical moment

may occur after 6 hours which would necessitate a design or operation

modification.

DBE-6 Moisture Inleakage. This event is designated as ASME Service Level C

(Table 3.9-1).

The maximum helium pressure of 6.52 MPa (945 psia) occurs at approximately 7

minutes. This is associated with a vessel primary membrane stress of 161 MPa

(23.3 ksi), which is within the Service Level C allowable of 0.9 S [276

MPa (40.1 ksi), for temperatures up to 260'C (500'F)]. Vessel temperatures

do not exceed 216'C (420'F).

Minimum vessel temperature requirements are given in ASME III, Appendix G, in

terms of the actual local wall temperature relative to the as-irradiated

NDTT. Compliance with margin requirements from Appendix yields a maximum

allowable local shift in the NDTT during irradiation based on the current

helium pressure and local wall temperature. At 5 hours into the event, the

pressure is 4.65 MPa (675 psia) and minimum vessel temperature is 34*C

(2730 F) in the vicinity of the core support plate. Assuming an unirradiated

NDTT of -23CC (-100F), Appendix G requires that the NDTT shift during

irradiation not exceed 103'C (1860F). At 6 hours (the end point of currently

available transient analysis for this event) , the pressure is 4.48 MPa (650

psia) and the minimum vessel temperature 1230C (2530 F), yielding a maximum

allowable NDTT shift of 940C (170'F).

Current estimates of the irradiation conditions indicate that the actual NDTT

shift will be well below 9400 (170'F) at all vessel locations. However,

since the permissible NDTT shift for instantaneous conditions is decreasing

at approximately 9 (16'F) per hour, it is possible that a critical moment

may occur after 6 hours which would necessitate a design or operation

modification.
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DBE-7 Moisture Inleakag-e Without SCS Cooling. The effect of this event on

the VDS is enveloped by SRDC-4 described in Section 5.2.2.5.5.

DBE-8 Moisture Ing-ress With Moisture Monitor Failure. The maximum helium

pressure of 7.07 MPa (1025 psia) occurs at approximately 5 hours. The

associated primary membrane stress is within the Service Level C allowable of

0.9 y (see Table 5.2-1) so vessel integrity is not challenged.

At 8 hours, the pressure hag subsided to 5.17 MPa (750 psia) , and the wall

temperature near the well-i nsulated core support plate is 141'C (2850F) .

Then and there, based on an unirradiated NDT of -230C (-100 F) , compliance

with ASME III Appendix G is assured provided that the NDT shift during

irradiation does not exceed approximately 103'C (1850F). Current estimates

of the irradiation condition indicate the actual NDTT shift will be below

103'C (1850F) at all locations in the vessel wall.

DBE-9 Moisture Inleakage With Steam Generator Dump Failure. Helium pressure

does not exceed its normal operating value. The associated primary membrane

stresses (157 MPa (22.8 ksi) or less) do not exceed the Level C allowable of

0.9 (276 MPa (40.1 ksi), for temperatures up to 260'C (500'F)). Vessel

temperatures do not exceed 216'C (420'F).

Minimum vessel temperature requirements are given in ASME III, Appendix G, in

terms of the actual local wall temperatures relative to the as-irradiated

NDTT. Compliance with margin requirements from Appendix G yields a maximum

allowable local shift in the NDTT during irradiation, based on the current

helium pressure, and local wall temperature. The minimum wall temperature

810C (178 0F) occurs at 12 hours, which is at the end of the currently

available transient analysis. The location is near the well-insulated core

support plate. There, based on an unirradiated NDTT of -230C (-100 F), and a

through-wall temperature difference of 8C (15'F) (ID colder), compliance

with Appendix is assured provided that the NDTT shift during irradiation

does not exceed 590C (107'F). Current estimates of the irradiation

conditions in this relatively protected region indicate that the actual NDTT

shift there will be well below 590C (107'F).
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DBE-10 Primary Coolant Leak. The vessel depressurizes in approximately five
minutes. Consequently, the helium pressure never exceeds its normal
operating value. The associated vessel primary membrane stresses (157 MPa
(22.8 ksi) or less) do not exceed the Service Level D allowable of 0.7 

(386 MPa (56.0 ksi) for temperatures up to 4270C (800'F)]. Vessel wall

temperatures remain below 216'C (420'F).

Minimum vessel temperature requirements (from ASME III, Appendix ) are
easily met. The vessel depressurizes long before any portion cools below
1770C (350'F); thus there is ample margin relative to conservative NDTT

estimates.

DBE-11 Primary Coolant Leak Without HTS and SCS Cooling. The vessel

depressurizes within 20 hours. Consequently, the helium pressure never
exceeds its normal operating value. The associated vessel primary membrane

stresses (157 MPa (22.8 ksi) or less) do not exceed the Level D allowable of
0.7 u (386 MPa (56.0 ksi), for temperatures up to 4270C (800'F)). The
vessel temperature first exceeds 371'C (700'F) at about 70 hours, long after

depressurization. The peak midwall temperature 4380C (820'F) occurs at 150
hours. Once depressurized, vessel primary membrane stresses are limited to
static ("dead weight") values which are calculated to be below 6.9 MPa (1.0
ksi). Vessel temperatures ultimately exceed 371'C (700'F) for approximately

350 hours.

The ASME Section III 371'C (700'F) limit of design stress intensity m for
SA533B steel is exceeded during this event. The Service Level D condition

allowable, 0.7 u as a limit on primary stress, is deemed an appropriate
basis for making a judgement concerning the vessel's ability to withstand

this event, strictly from the standpoint of prudent engineering. This value

is 386 MPa (56.0 ksi) up to 4270C (800'F) and 370 MPa (53.6 ksi) up to 4540C
(8500F)]. Additional procedural requirements to qualify SA533B for an ASME

Section III, Class 1 vessel above 371'C (700'F) are addressed in the

Regulatory Technology Development Plan. (Ref. 1)
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The us of the Level D allowable extended beyond 371'C (700'F) is strongly

supported by any demonstration that creep effects in the vessel would not be

significant. Lack of significant creep can be shown based on the

temperature, primary stress, and their duration. Thus the intent of the

high-temperature code case N- 47 is addressed and may in fact be satisfied,

even though SA533B does not fall under its jurisdiction.

Linear creep strain is estimated by using a published creep correlation (Ref.

3) for SA533B, which embodies' results from 48-hour creep tests at a variety

of stresses and temperatures.. The best estimate, based on extrapolating to

350 hours at 416'C (780'F) and static membrane stress (2.76 MPa (400 psi)),

yields a value less than l0- 9 cm/cm (l0- in/in). An extremely

conservative estimate, based on 350 hours at 4380 C (820'F), 21 MPa (3 ksi)

membrane, plus temporal scaling (which greatly magnifies the contribution of

primary creep), yields 2 x 106 cm/cm (2 x 10- in/in).

These insignificant values and the fact that actual primary membrane stress

is about 1 percent of the derived Service Level D limit of 0.7Su

establishes the engineering adequacy of the vessel to withstand this event

beyond reasonable doubt.

NDTT requirements from ASME III, Appendix G are easily met, since the vessel

becomes depressurized and remains above its operating temperature.

5.2.2.5.5 "Safety-Related" Design Condition Performance

"Safety-related" design conditions (SRDG) are limiting accident conditions,

derived from Design Basis Events, in which only "safety-related" systems,

subsystems, and components participate to control the accidental release of

radioactivity. Eleven SRDCs are identified and described in Section 15.13.

ASME Service Level designation for all the SRD~s is given in the plant duty

cycle (Table 3.9-1). The response of the VS to these conditions is described

in Section 5.2.1.5.5. This section describes the ability of the VDS to

withstand these conditions, none of which challenge the VDS structural

integrity. A summary of the response is provided in Table 5.2-4.
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SRDC-1 Pressurized Conduction Cooldown. Components affected by SRDC-l are to
meet the limits of ASME Service Level C.

Maximum helium pressure (6.91 MPa (1002 psia)) occurs at 10 hours. The
associated vessel primary membrane stress, 170 MPa (24.7 ksi), is less than
the Service Level C allowable of 0.9 S y (272 MPa (39.4 ksi), for

temperatures up to 316'C (600'F)). At the time of maximum pressure, the
vessel temperature is below 288'C (550'F).

Beyond 10 hours, pressure subsides. Vessel temperatures, still rising, reach
a maximum of 407'C (7640 F) ID at around 120 hours, when pressure has fallen
to 6.47 MPa (938 psia). The associated vessel primary membrane stress, 159

MPa (23.1 ksi), is less than the Service Level C allowable of 0.9 y [258
MPa (37.4 ksi), for temperatures up to 4270C (800'F)]. Ultimately, vessel

temperatures exceed 371'C (700'F) for approximately 200 hours. At all times,
v ssel primary membrane stresses remain below the 0.9 S value at

temperature.

The ASME Section III 371'C (700'F) limit of design stress intensity m for
SA533B steel is exceeded during SRDC-l. The Service Level C condition

allowable, 0.9 S as a limit on primary stress, is deemed an appropriate

basis for making a judgement concerning the vessel's ability to withstand

SRDC-1, strictly from the standpoint of prudent engineering. Additional

procedural requirements to qualify A533B for an ASME Section III, Class I
vessel above 371'C (700@F) are addressed in the Regulatory Technology

Development Plan. (Ref. 1)J

The use of the Service Level C allowable extended beyond 371'C (700'F) is
strongly supported by any demonstration that creep effects in the vessel
would not be significant. Lack of significant creep can be shown based on

the temperature, primary stress, and their duration. Thus the intent of the
high-temperature code case N-47 is addressed and may in fact be satisfied,

even though A533B does not fall under its jurisdiction.
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Linear creep strain is estimated by using a published cr-ep correlation

(Ref. 3) for SA533B, which embodies results from 48-hour creep tests at a

variety of stresses and temperatures. The best estimate, based on

extrapolating to 200 hours at mean temperature 3850C (7250F) and pressure

(6.38 MPa (925 psia) yils48x10 - cm/cm (4. 8 x 0- ini)5

very conservative estimate, based on maximum values (200 hours at 3990C

(750'F), 7.01 MPa (1016 psia)) plus temporal scaling (which greatly magnifies

the contribution of primary creep), yields 2.6 x 0- cm/cm (2.6 x -

in/in).

These insignificant values and the fact that actual primary membrane stress

is less than two-thirds the derived Service Level C limit of 0.9 Sy

establishes the engineering adequacy of the vessel to withstand SRDC-l beyond

reasonable doubt.

mlinimum vessel temperature requirements are given in ASME III, Appendix G, in

terms of the actual local wall temperatures relative to the as-irradiated

NDTT. Compliance with margin requirements from Appendix yields a maximum

allowable local shift in the NDTT during irradiation, based on the current

helium pressure, and local wall temperature. The minimum wall temperature

118'C (2450F) occurs at 300 hours near the well-insulated core support

plate. There, based on an unirradiated NDTT of -230C (-10'F), compliance

with Appendix is assured provided that the NDTT shift during irradiation

does not exceed 750C (1350F).

Since this location is well separated from the vessel beltline, current

estimates of the irradiation fluence, spectrum and temperature conditions

indicate that the NDTT shift there would be well below 75
0C (1350F).

SRDC-2 Pressurized Conduction Cooldown Without Control Rod TriR and SRDC-3

Pressurized Conduction Cooldown with Control Rod Withdrawal. Components

affected by SRDC-2 and SRDC-3 are to meet the limits of ASME Service Level D

events. The effect of SRDC-2 and -3 on the VDS are enveloped by SRDC-4.

SRDC-4 Pressurized Conduction Cooldown With Control Rod Withdrawal.

Components affected by SRDC-4 are to meet the limits of ASME Service Level D.
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The maximum helium pressure of 7.01 MPa (1016 psia) occurs at approximately

10 hours. The associated primary membrane stress, 173 MPa (25.1 ksi), is

within the Service Level D allowable of 0.7 Su (386 MPa (56.0 ksi), for

temperatures up to 427GC (800'F)). At the time of maximum pressure, the

vessel temperature is below 316'C (600'F).

Beyond 10 hours, the pressure subsides. Vessel temperatures reach a maximum

of 3990C (750'F) at around 120 hours, and ultimately exceed 371'C (700'F) for

about 200 hours. At all times, primary membrane stresses remain below the

0.7 u value at temperature; in fact they are always less than half the

Service Level D allowable (172 MPa (25 ksi) or less compared to 386 MPa (56

ksi)).

The ASME Section III 371'C (700'F) limit of design stress intensity m for

SA533B steel is exceeded during SRDC-4. The Service Level D condition

allowable, 0.7 u as a limit on primary stress, is deemed an appropriate

basis for making a judgment concerning the vessel's ability to withstand

SRDC-4, strictly from the standpoint of prudent engineering. Additional

procedural requirements to qualify A533B for an ASME Section II, lass 1

vessel above 371'C (700'F) are addressed in the Regulatory Technology

Development Plan. (Ref. 1)

The use of the Service Level D allowable extended beyond 371'C (700'F) is

strongly supported by any demonstration that creep effects in the vessel

would not be significant. Lack of significant creep can be shown based on

the temperature, primary stress, and their duration. Thus the intent of the

high-temperature code case N-47 is addressed and may in fact be satisfied,

even though A533B does not fall under its jurisdiction.

Linear creep strain was estimated by using a published creep correlation

(Ref. 2) for A533B, which embodies results from 48-hour creep tests at a

variety of stresses and temperatures. The best estimate, based on

extrapolating to 200 hours at mean temperature 3850C (7250F) and pressure

(6.38 MPa (925 psia)), yields 4.8 x 105 cm/cm (4.8 x 0- in/in). A

very conservative estimate, based on maximum values [200 hours at 3990C
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(750'F), 7.01 M Pa (1016 psia)]lI plus temporal scaling (which greatly magnifies

the contribution of primary 'creep) , yields 2.6 x 0- cm/cm (2.6 x 0- 

in/in).

These low values and the fact that actual primary membrane stress is less

than half the derived Service Level D limit of 0.7 S establishes the

engineering adequacy of the vessel to withstand SRDC-4 beyond reasonable

doubt.

Minimum vessel temperature requirements are given in ASME III, Appendix , in

terms of the actual local wall temperatures relative to the as-irradiated

NDTT. Compliance with margin requirements from Appendix yields a maximum

allowable local shift in the NDTT during irradiation, based on the current

helium pressure, and local wall temperature. The minimum wall temperature

118'C (2450F) occurs at 300: hours near the well-insulated core support

plate. There, based on an unirradiated NDTT of -230C (-10'F), compliance

with Appendix G is assured provided that the NDTT shift during irradiation

does not exceed 750C (1350F).

SRDC-5 Pressurized Conduction Cooldown With Earthquake. Components affected

by SRDC-5 are to meet the limits of ASME Service Level D.

During SRDC-5, helium pressure does not exceed its normal operating value.

The primary membrane stresses, induced by the bending and extension/

compression vibrational modes of the reactor vessel, add to those already

present due to pressurization. A simplified analysis is used to calculate a

maximum value of 54 MPa (7.9 ksi) for the OE (0.15 g) stresses. SSE (0.3 g)

stresses are assumed to be twice OBE values. An upper bound of 266 MPa (38.6

ksi) primary membrane stress results from a conservative combination of the

axial and circumferential stress components. This is less than the Service

Level D allowable of 0. 7 5u (386 MPa (56.0 ksi), for vessel temperatures up

to 4270C (800'F)). During the SSE, vessel temperatures do not exceed 216'C

(420'F), their normal operating values.

Following the SSE, the vessel experiences a pressurized conduction cooldown

as in SRDC-l. Maximum helium pressure (6.91 MPa (1002 psia)) occurs at 10
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hours. The associated vessel primary membran stress, 170 Pa (24.7 ksi), is

less than the Service Level D allowable. At the time of maximum pressure,

the vessel temperature is below 288*C (550*F). Beyond 10 hours, the pressure

subsides. Vessel temperatures reach a maximum of 407'C (7640 F) ID at around

120 hours, when pressure has fallen to 6.47 Pa (938 psia). Ultimately,

vessel temperatures exceed 371'C (700'F) for approximately 200 hours. At all

times, vessel primary membrane stresses remain below the 0.7 u value at

temperature.

The ASME Section III 371'C (700'F) limit of design stress intensity m for

SA-533B steel is exceeded during SRDC-5. The Service Level D condition

allowable, 0.7 Su as a limit on primary stress, is deemed an appropriate

basis for making a judgement concerning the vessel's ability to withstand

SRDC-5, strictly from the standpoint of prudent engineering. Additional

procedural requirements to qualify SA533B for an ASME Section II, Class I

vessel above 371'C (700'F) are addressed in the Regulatory Technology

Development Plan. (Ref. 1) 

The use of the Level D allowable extended beyond 371'C (700'F) is strongly

supported by any demonstration that creep effects in the vessel would not be

significant. Lack of significant creep can be shown based on the

temperature, primary stress, and their duration. Thus the intent of the

high-temperature code case N-47 is addressed and may in fact be satisfied,

even though SA533B does not fall under its jurisdiction.

Linear creep strain was estimated by using a published creep correlation

(Ref. 2) for SA533B, which embodies results from 48-hour creep tests at a

variety of stresses and temperatures. The best estimate, based on

extrapolating to 200 hours at mean temperature 385CC (7250F) and pressure

(6.38 MPa (925 psia)) , yields 4.8 x 10- cm/cm (4.8 x 10- in/in). A

very conservative estimate, based on maximum values (200 hours at 399 0G

(7500F), 7.01 MPa (1016 psia) plus temporal scaling (which greatly magnifies

the contribution of primary creep), yields 2.6 X 10- 4 cm/cm (2.6 x 1O- 

in/in).
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These insignificant values and the fact that actual primary membrane stress

is less than half the derived Service Level D limit of 0.7 ul establishes

the engineering adequacy of the vessel to withstand SRDC-5 beyond reasonable

doubt.

Minimum vessel temperature requirements are given in ASM4E III, Appendix , in

terms of the actual local wall temperatures relative to the as-irradiated

NDTT. Compliance with margiA requirements from Appendix yields a maximum

allowable local shift in the NDTT during irradiation, based on the current

helium pressure, and local wall temperature. The minimum wall temperature

118'C (245'F) occurs at 300. hours near the well-insulated core support

plate. There, based on an nirradiated NDTT of -230C (-100 F), compliance

with Appendix is assured provided that the NDTT shift during irradiation

does not exceed 750C (1350 F). 

Since this location is well separated from the vessel beltline, current

estimates of the irradiation fluence, spectrum and temperature conditions

indicate that the NDTT shift there would be well below 750 C (1350F).

SRDC-6 and -7 Depressurized Conduction Cooldown with Moderate Moisture

Ingress. Components affected by SRDC-6 and -7 are to meet the limits of ASME

Service Level D. The results of the structural evaluation indicate that the

vessel integrity is not challenged.

There are three occasions during SRDC-6 in which the maximum helium pressure

of 7.18 MPa (1041 psia) is reached, causing the pressure relief valves to

open. The maximum associated vessel primary membrane stress is within the

Service Level D allowable of 0.7 u (Table 5.2-1). The relief valves close

at 6.10 MPa (885 psia) at the completion of each discharge, except for the

final one where they fail open and thereafter depressurize the reactor.

Vessel wall temperatures do not exceed 371'C (700'F) during any of these

three occasions.

Following depressurization, vessel temperatures are less than or equal to

4730 C (8830 F) at approximately 120 hours, and ultimately exceed 371'C (700'F)
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for about 250 hours. At all times, vessel primary membrane stresses remain

less than the Service Level D allowable of 0.7 u (see Table 5.2-1).

As discussed for SRDC-l use of ASM4E III derived allowable stress intensities

at temperatures above 371'C (700'F) require the demonstration of negligible

creep. Following the method described for SRDC-l a conservative creep strain

estimate yields a value of 1 x 10- 8. This low value, and the fact that

actual primary membrane stress is less than half the derived Level D limit of

0.7 u, establishes the engineering adequacy of the vessel to withstand

SRDC-6 beyond reasonable doubt.

NDT (Nil-Ductility Temperature) requirements from ASME III, Appendix are

easily met, since the vessel remains above its operating temperature.

SRDC-8 and 9 De2ressurized Conduction Cooldown With Small Moisture ng-ress.

Components affected by SRDC-8 and -9 are to meet the limits of ASME Service

Level D. The effects of SRDC-8 and -9 on the VDS are enveloped by SRDC-6 and

-7.

SRDC-10 Depressurized Conduction Cooldown with Moderate Primary Coolant:

Leak. Components affected by SRDC -10 are to meet the limits of ASM4E Service

Level D. The effects of SRDC-10 on the VDS are enveloped by SRDC-11.

SRDC-11 Depressuarized Conduction Cooldown with Small Primary Coolant Leak.

Components affected by SRDC-11 are to meet the limits of ASME Service

Level D.

The vessel depressurizes within 24 hours. Consequently the helium pressure

is never greater than its normal operating value. Vessel stresses are

limited to static ("dead weight") values which are below 6.9 MPa (1.0 ksi).-

The associated vessel primary membrane stresses are always less than the

Service Level D allowable of 0.7 S 386 MPa (56.0 ksi), for temperatures

up to 427'C (800'F)] The peak vessel midwall temperature 4570 C (854'F)

occurs at 140 hours, long after the vessel has been depressurized. The .7

Su Level D allowable for temperatures up to 4820C (900'F) is 351 Pa (`

ksi).
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The ASME Section III 371'C (700'F) limit of design stress intensity m for
SA533B steel is exceeded during SRDC-11. 'While depressurized vessel
temperatures exceed 371'C (700 0F) for about 400 hours. The Service Level D
condition allowable, 0.7 S as a limit on primary stress, is deemed an
appropriate basis for makin g a judgement concerning the vessel's ability to
withstand SRDC-11, strictly from the standpoint of prudent engineering.
Additional procedural requir ements to qualify SA533B for an ASME Section III,
Class 1 vessel above 371'C (700'F) are addressed in the Regulatory Technolgy

Development Plan. (Ref. 1)

The use of the Service Level D allowable extended beyond 371'C (700'F) is
strongly supported by any demonstration that creep effects in the vessel
would not be significant. Lack of significant creep can be shown based on
the temperature, primary stress, and their duration. Thus the intent of the
high-temperature code case Ni-47 is addressed and may in fact be satisfied,
even though SA-533B does not fall under its jurisdiction.

Linear creep srain was estimated by using a published creep correlation

(Ref. 2) for A533B, which embodies results from 48-hour creep tests at a
variety of stresses and temperatures. The best estimate, based on
extrapolating to 400 hours at 4380C (820'F) and 2.76 MPa (400 psi) static
stresses, yields less than lV- cm/cm (10-8 in/in). An extremely
conservative estimate, using 4540G (850'F) at 21 MPa (3 ksi) plus temporal
scaling (which greatly magnifies the contribution of primary creep), yields
1.2 x 0-5 cm/cm (1.2 x 0- in/in).

These low values and the fact that actual primary membrane stress is less
than half the derived Service Level D limit of 0.7 establishes the
engineering adequacy of the vessel to withstand SRDC-11 beyond reasonable

doubt.

NDTT requirements from ASME III, Appendix are easily met, since the vessel
is both depressurized and above its operating temperature.
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5.2.2.6 Interfaces

Major interface requirements at the system level, are presented in Table

5.2-7 showing the system or subsystem on which the requirement is imposed, a

description of the interface, and a quantitative expression for the

interface.

5.2.3 Vessel SuR~ort Subsystem

5.2.3.1 Summary Description

The reactor vessel support consists of three (long) flexing columns anchored

on the vessel at or slightly below the level of the crossduct. Three keys

are provided at both the top of the reactor vessel and at the support lug

elevation to accommodate vertical and radial thermal expansion while

providing lateral seismic restraint. Figure 5.2-12 depicts the Vessel

Support Subsystem (VSS).

The steam generator vessel load bearing support is slightly below the

crossduct elevation and consists of two sliding bases, supported by ledges

from the steam generator cavity, in-line with the crossduct. The crossduct

side sliding base forms an integral part of the bottom of the steam generator

nozzle at the crossduct. The other sliding base is formed by a lug welded to

the steam generator vessel shell. A pair of keys and a pair of snubbers are

provided near the bottom of the steam generator. Lateral restraints are also

provided to limit tangential motion on the sliding supports. These

components accommodate radial and vertical expansion, translation along the

axis of the crossduct, and seismic excitations.

The crossduct vessel is supported solely through its connection to the

reactor and steam generator vessels.I

This vessel support concept maintains the radial center of the reactor core

stationary at all times. The steam generator vessel, due to the rigid

crossduct connection with the reactor vessel, can slid in line with the

crossduct to accommodate thermal expansion.
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The control rod drive hodsings are anchored to the top of the reactor

vessel. The shutdown cooling heat exchanger and circulator are anchored to

the bottom of the reactor vessel. The main circulator is anchored to the top

of the steam generator vessel.

5.2.3.2 Functions and 10CFR100 Design Criteria

5.2.3.2.1 Power Generation Functions

The VSS supports the power generation functions of the VS (Section 5.2.1.2.1)

by supporting the reactor vessel, the steam generator vessel, the crossduct

vessel and the control rod drive housings. The VSS accommodates thermal,

structural, and seismic loads.

5.2.3.2.2 Radionuclide Control Functions

The VSS supports the radionuclide control functions of the VS (Section

5.2.1.2.2) as follows.

Th VSS indirectly controls heat generation and assists in removing core heat

by controlling the geometryI of the core with respect to the reactor vessel

and the geometry of the reactor vessel with respect to the RCCS. The VSS

indirectly prevents chemical attack by maintaining the relative geometry of

the VDS components and thereby avoids breeches in the primary pressure

boundary.

5.2.3.2.3 Classification

The VSS is "safety-related".

5.2.3.2.4 10CFR100 Design Criteria for Radionuclide Control

The following OCFRlOO Design Criteria apply to the VSS:

10CFR100 Design Criterion II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated, and
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operated such that the amount of air or water reacting with the core will not

exceed acceptable values.

10CFR100 Design Criterion III: The reactor shall be designed, fabricated,

and operated such that the inherent nuclear feedback characteristics ensure

that the reactor thermal power will not exceed acceptable values.

Additionally, the reactivity control system(s) shall be designed, fabricated,

and operated such that during insertion of reactivity the reactor thermal

power will not exceed acceptable values.

10CFR100 Design Criterion IV: The intrinsic dimensions and power densities

of the reactor core, internals, and vessel, and the passive cooling pathways

from the core to the environment shall be designed, fabricated, and operated

such that the fuel temperatures will not exceed acceptable values.

5.2.3.3 Radionuclide Control Design Requirements

The VSS shall be designed to withstand the design duty given in Table 3.9-1.

The VSS shall be designed to the ASM4E B&PV Code Section III, Division 1,

Subsection NF.

The VSS shall withstand the effect of pipe rupture reactions and jet

impingement loading.

The VSS shall be designed to withstand all loads imposed by the VDS, the

Reactor System, the Shutdown Cooling System, and the Heat Transport System

(i.e., deadweight, thermal, fluid flow, and vibration).

5.2.3.4 Design Description

5.2.3.4.1 Subsystem Configuration

The VSS configuration is shown in Figure 5.2-12.

Reactor Vessel Sup~ort Configuration. The components to support the reactor

vessel include:
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1. Flexing columns (3) and related hardware to anchor the top end to

the reactor vessel lug, and to anchor the bottom end to support

flanges of the Reactor Building.

2. Keys (6), three near the top of the reactor vessel and three at the

top of the columns with the related hardware to anchor them to the

Reactor Building.

3. A support structure to support control rod housings at the top of

the reactor vessel.

Steam Generator Vessel Suvport Configuration. The primary components which

support the steam generator include:

I. Sliding base assemblies (2) to transmit the structural loads from

the steam generator vessel to the Reactor Building. The sliding

base assemblies are located just underneath the crossduct: level

such that the steam generator vessel slides along the length o the

crossduct. Lateral restraints are also provided to I imit

tangential motion on the sliding supports.

2. Snubber assemblies (2) near the bottom of the steam generator to

resist seismic excitation but accommodate horizontal and vertical

thermal expansion.

3. Keyways (2) near the~ bottom of the steam generator with the related

hardware to anchor them to the Reactor Building.

5.2.3.4.2 Subsystem Arrangement

Figure 5.2-13 depicts the VSS arrangement. Adequate access to the steam

generator vessel supports is provided to verify proper operation of the

sliding bases and snubbers during hot functional testing.

This vessel support concept maintains the radial center of the reactor core

stationary at all times. The steam generator vessel, due to a rigid
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crossduct connection with the reactor vessel, slides in line with the

crossduct at the various operating conditions.

The control rod drive housings are anchored and supported at the top of the

reactor vessel.

5.2.3.4.3 Subsystem Operating Modes

The VSS operation is primarily passive in nature. Only snubbers and sliding

pads constitute the moving parts, and their movements are limited to the

transitional phases. During a transitional phases such as starting up,

shutting down, or thermal transients the differential thermal expansion

within the VS is accommodated by the sliding pad assembly. The snubbers are

required to accommodate vertical and horizontal thermal expansion during the

normal operating conditions and provide lateral restraint during the seismic

excitations. During normal operation, shutdown, and refueling the VSS

operates passively.

5.2.3.4.4 Instrumentation and Control

No instrumentation and control are identified for the VSS.

5.2.3.4.5 Subsystem Limitations

VSS limitations will be determined as the design effort progresses.

5.2.3.5 Design Evaluation

5.2.3.5.1 Failure Modes and Effects

Defined subsystem limitations and more frequent inspection provides the basis

for not requiring a failure modes and effects analysis.

5.2.3.5.2 Steady-State Performance

The VSS operation is primarily passive in nature. Only the snubbers and
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sliding pads constitute moving parts, and their movements are rather limited,

only during the transitional phases. During a transitional phase of

cold-to-hot (or vice versa) operating conditions, the differential thermal

expansion within the VS is accommodated by the sliding pad assemblies.

5.2.3.5.3 Anticipated Operational Occurrence Performance

The anticipated operational occurrences (AOOs) represent conditions in which

the temperature of the VS (see Section 5.2.1.5.3) and the surrounding

environmient change and the columns keys, sliding pads and snubbers must

accommodate this thermal expansion. The performance of the VSS in response

to these events will be determined as the design effort progresses.

5.2.3.5.4 Design Basis Event Performance

The design basis events (DBEs) represent conditions in which the temperature

of the VS (see Section 5.2.1.5.4) and the surrounding environment changes and

the VS is subjected to a large earthquake. The columns, keys, sliding pads,

and snubbers accommodate this thermal expansion while providing seismic

restraint. The thermal and seismic performance of the VSS will be determined

as the design effort progresses.,

5.2.3.5.5 "Safety-Related" Design Condition Performance

The "safety-related" design conditions (SRD~s) represent conditions in which

the temperature of the VS (see Section 5.2.1.5.5) and the surrounding

environment changes and the VS is subjected to a large earthquake. The

columns, keys, sliding pads and snubbers accommodate this thermal expansion

while providing seismic restraint. The performance of the VSS will be

determined as the design effort progresses.

5.2.3.6 Interfaces

Major interface requirements at the system level, are presented in Table

5.2-1 showing the system or subsystem on which the requirement is imposed, a
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description of the interface, and a quantitative expression for the

interface.

The interfaces with the Reactor Building are at planes A, B, C, D, E & R in

Figure 5.2-14 and with the VS are at planes F, G, H, J, K & P in Figure

5.2-14.

Spatially the VSS is located within an annular space between the VDS and

Reactor Building. The VSS also has thermal interfaces with the RCCS

(cylinder L in Figure 5.2-14) and the Heating, Ventilating, and Air

Conditioning Subsystem (cylinder M and N in Figure 5.2-14).

The VSS depends upon other Standard MTGR plant systems to be able to perform

its functions. These systems include the following:

1. Vessel System

2. Buildings, Structures, and Building Service Group

3. Reactor Cavity Cooling System

5.2.4 Pressure Relief Subsystem

5.2.4.1 Summary Description

The PRS prevents the VDS from exceeding its design pressure, hence providing

overpressure protection for the primary coolant pressure boundary. The

design of the PRS employs two identical pressure relief trains interlocked so

that at least one is available at all times. Both trains are connected to

the steam generator vessel upper head at the main circulator discharge where

the primary coolant pressure is nominally the highest. Each train contains a

pilot-actuated spring-loaded safety relief valve in series with a rupture

disk, both of which must be activated in order to achieve pressure relief;

effluent is discharged to the steam generator cavity. To provide relief

valve isolation for maintenance, a block valve is placed betw en the steam

generator vessel and the relief valve. The piping from the Helium
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Purification Subsystem (HPS:) and the Helium Storage and Transfer Subsystem 

(HSTS) connect to the piping between the block valve and the relief valve.

Piping to the Gas Waste System connects to the piping between the relief

valve and the rupture disk.

5.2.4.2 Functions and 1CFRI100 Design Criteria

5.2.4.2.1 Power Generation Functions

The PRS supports the power eneration functions of the VS (Section 5.2.1.2.1)

by providing overpressure protection to the VS. This subsystem also provides

part of the flow path by which purified helium is returned to the VS, either

as circulating purge flow from the HPS or make-up helium from the HSTS.

5.2.4.2.2 Radionuclide Control Functions

The PRS supports the radionuclide control functions of the VS (Section

5.2.1.2.2) by controlling chemical attack, particularly from air, and

containing radionuclides. The PRS controls chemical attack by protecting the

integrity of the primary coolant boundary by providing pressure relief. The

PRS contains radionuclides contaminated helium) by maintaining its primary

coolant pressure boundary integrity under design basis conditions.

5.2.4.2.3 Classification

The PRS is "safety related".

5.2.4.2.4 OCFR100 Design Criteria for Radionuclide Control

The following 1CFR100 Design Criterion applies to the PRS:

IOCFRIOO Design Criterion II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated, and

operated such that the amount of air or water reacting with the core will not

exceed acceptable values.
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5.2.4.3 Radionuclide Control Design Requirements

The PRS shall be designed to withstand the loads resulting from the duty

cycle given in Table 3.9-1.

The PRS penetrations, closures, and piping shall be designed to limit the

maximum free flow area where failures are postulated to 81.7 sq cm

(12.7 sq in.) at frequencies greater than 10- 
4/plant year.

The PRS shall be designed to the ASME B&PV Code Section III, Division 1,

Subsection NB.j

5.2.4.4 Design Description

5.2.4.4.1 Subsystem Configuration

The PRS consists of two identical relief trains, each capable of 100%

relieving capacity.

Each of the relief train piping assemblies consists of a block valve, a

relief valve, and a rupture disk in series, and associated piping, control

valves, and instrumentation. A pressure relief piping assembly train, .which

is connected to the VDS through a 0.10 m (4 in.) penetration, is shown

schematically in Figure 5.2-15. These assemblies originate at the top head

of the steam generator vessel and relieve to the steam-generator cavity. The

relieved coolant is ultimately exhausted from the Reactor Building to the

atmosphere via reclosable dampers and above-grade louvered openings (Section

6.1.1). The penetrations for each train in the top head of the SV are

widely separated, located 180 degrees apart.

The PRS interfaces with the H-PS and the HSTS through a pipeline located

between the block valve and the relief valve. The interfacing boundary is

defined by a check valve (see Figure 5.2-15) which prevents back-flow to

these subsystems from the PRS as the pressure approaches the relief valve set

pressure. An interface occurs with th- Gaseous Radioactive Waste System at a

piping junction between the relief valve and rupture disk.
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Pressure relief flow can only be released to the Reactor Building if the

relief valve and the rupture disk have both been opened in a single relief

valve train as a result of excessive primary coolant pressure.

5.2.4.4.2 Subsystem Arrangement

Block Valve. The block valve is a remote motor-driven, operator-actuated

0.10 m (4 in.) valve capable of isolating a pressure relief train from the

VDS:

1. In the event of excessive relief valve leakage,

2. To permit in-place testing of a relief valve,

3. To permit maintenance of relief train components during plant

shutdown, and

The block valves of both trains are fully open at all times during plant

operation.

As indicated in Figure 5.2-15, the block valve is the first component in each

of the piping assemblies of the PRS. Purified helium purge flow from the HPS

enters the VDS through the PRS pipe upstream of the block valve with respect

to purge flow direction. Purified helium from the HSTS, used for increasing

the primary coolant pressure (i.e. , from refueling or other operating

conditions), is also introduc ed at this point.

Pressure Relief Valve. This valve is closed during normal plant operation;

it is automatically opened for pressure relief of the VDS when its preset

pressure is reached, and remains open until its reduced reseating pressure is

attained.

The spring-loaded, pilot-actuated safety relief valve is automatically opened

by the primary helium pressure. The pilot valve section and the main valve

section are directly coupled to provide a unitized, self-actuated

relief/safety valve. The pilot valve section is the pressure sensing and
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control element, and the main valve is a hydraulically activated follower

valve which provides the pressure relief function. Self-actuation of the

pilot valve at the valve set pressure vents the piston chamber over the main

valve stem and results in a system blowdown at full rated flow with

essentially no pressure accumulation. The valve can be manually operated by

a remote, helium-actuated pilot valve; e.g., for valve testing and

calibration. Procedures are established to assure the valve cannot be opened

manually during operation of the plant; e.g., by removal of the pilot valve

pressure source in the Reactor Building or by using a key lock switch if the

pilot valve is operated remotely from the control room.

Rupture Disk. The rupture disk is placed downstream of the relief valve as

required by Section III of the ASME Code. During normal plant operation

there is negligible pressure on the sealed disk. When activated by primary

coolant overpressure, the disk ruptures (after opening of the relief valve)

and primary coolant gases are discharged directly into the upper portion of

the Reactor Building.

An expansion bellows is included on the downstream side of the rupture disk

to accommodate movement in the piping assembly due to thermal expansion or

vibrational disturbances.

5.2.4.4.3 Subsystem Operating Modes

The PRS is operable at all times. It is primarily a passive system during

normal plant operation, but will automatically become active during abnormal

operation if the primary coolant pressure increases above the safety relief

valve set point. Only two licensing basis events have been identified that

will cause the VS pressure to increase above the relief valve set point.

These events are SRDC-6 and -7, which are discussed in detail in Chapter 15.

A redundant (second) relief train provides increased reliability to ensure

that the Vessel System will not be subjected to pressures exceeding the

maximum vessel pressure.
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5.2.4.4.4 Instrumentation and Control 

Instrumentation and control features of the PRS components are described

below.

Block Valve. During normal:plant operation, the block valves of both trains

are fully open at all times. PPIS interlocks and control room alarms are
provided to assure that at least one valve is fully open at all times. Each
valve has a position indicator and a position limit switch which actuates an
alarm when a valve is closed. A hand switch permits the motor-driven valve
to be actuated remotely. Control logic is such that the valve fails-as-is

with loss of power.

Pressure Relief Valve. The 'pressure relief (or safety) valve is actuated at

7.07 MPa (1026 psig) ±1 percent by the direct pressure of the primary coolant
acting against a pilot valve'spring. It can be remotely operated with (e.g.,
bottled) helium acting on the pilot valve (for testing or calibration), but
procedures are established to assure the valve cannot be opened manually

during operation of the plant.:

5.2.4.4.5 Subsystem Limitati'ons

Th PRS limitations will be dtermined as the design effort progresses.

5.2.4.5 Design Evaluation

5.2.4.5.1 Failure Modes and Effects

Subsystem failures arise from subsystem component failure and/or operator
error. The PRS is designed such that chance for operator error is
negligible. The only component within the PRS that can be activated from the
control room during plant operation is the block valves. However, an

electrical interlock system between the block valve in each pressure relief
train prevents both block valves from being closed at the same time.

Normally both block valves are open, and would only be closed during

subsystem maintenance, calibration, or to limit pressure blowdown to reseat a
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stuck open relief valve. Since the PRS is basically a passive system during

normal plant operation and the valve interlock eliminates the chance for

operator error, subsystem failure modes and effects will be limited to

component failures within the subsystem.

Table 5.2-5 provides a listing of possible hardware failures, the effects of

these failures on radionuclide control of this or other systems, and the

measures necessary to restore the function of the PRS. Note that in each

failure mode, there is no immediate risk to safety. However, each failure

requires an eventual reactor shutdown so that repairs can be made to the

pertinent hardware.

5.2.4.5.2 Steady-State Performance

The PRS is passive during plant steady state performance. However, it is

continuously providing overpressure protection to the VS. The PRS remains

passive until the VS pressure exceeds the relief valve set pressure of 7.07

MPa (1016 psig) ±1 percent.

5.2.4.5.3 Anticipated Operational Occurrence Performance

The PRS is not active during any of these events, but remains passive while

providing continuous overpressure protection to the VS.

5.2.4.5.4 Design Basis Event Performance

The PRS is not active during any of these events but remains passive while

providing continuous overpressure protection to the VS.

5.2.4.5.5 "Safety-Related" Design Condition Performance

Two of these, SRDC-6 and SRDC-7, result in VS pressures which exceed the PRS

relief valve set pressure. It is during these two SRDCs that the PRS becomes

active, providing overpressure protection to the VS. SRDC-6 is a

depressurized conduction cooldown with moderate moisture ingr-ss. The

pressure transient for SRDC-7 is the same as for SRDC-6. Under the pressure
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condition, the PRS first becomes active 370 seconds after the start of
SRDC-6, and limits primary coolant pressure to a maximum of 7.07 MPa (1026

psig). The PRS becomes active with the relief valve reaching its set
pressure and opening. This allows the high pressure helium to enter the
piping upstream of the rupture disk, bursting the rupture disc, and venting
the helium to the Reactor Building. During this high pressure condition, the
check valve in the line from the HPS and the HSTS closes, confining the high
pressure helium to the 10 m (4 in. ) pipe of the PRS. The PRS continues
depressurizing the VS until~ the pressure at the relief valve drops to 6. 01

MPa (872 psig), at which time the relief valve closes. The relief valve
cycles open and closed twice'during SRDC-6 and -7 to limit the VS pressure to
a maximum of 7.07 MPa (1026 psig). On the third opening, the relif valve
fails to close and the VS depressurizes through the relief train to
atmospheric pressure. The relief valve is not required to close to perform

its 10CFRIOO-related radionuclide control functions.

For further information on: the relieving capacity of the PRS, see the

response to NRC Comment 5-20.:

5.2.4.6 Interfaces

Major interface requirements, at the system level, are presented in Table
5.2-1, showing the system or subsystem on which the requirement is imposed, a
description of the interface and a quantitative expression for the interface.
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TABLE 5.2-1

IDENTIFICATION OF INTERFACES FOR THE VESSEL SYSTEM

Interfacing Systems
and Subsystems Nture of Interface Interface Reguirements

Reactor System Limit damage neutron fluence Neutron damage fluence shall not

such that the vessel nil- exceed [TBD] at any point on the

ductility transition temperature vessel.
shift is less than 1000F]

Limit vessel temperatures Maximum Vessel System temperature

during operation. shall not exceed 2880C (550'F) during
normal operation and [TBDJ during
any event.

Reactor Vessel temperature shall
not fall below [TBD - see Table
TBD] for Service Level A and B
operation.

Heat Transport System Limit vessel temperatures Vessel System temperature shall not

during transients during exceed [TBD] during cooling with

cooling with the HTS. the Heat Transport System.

Limit blowdown capacity to PRS. The HTS shall limit moisture ingress
to no more than 12.5 lbm/sec.

Missile protection Mitigate consequences of potential
missiles from rotating equipment.

Shutdown Cooling System Limit vessel temperatures The Vessel System temperature shall

during cooling with the SCS. not exceed TBD] during cooling
with the Shutdown Cooling System.
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TABLE 5.2-1 (Cont.)

Interfacing Systems
and Subsystems Nature of Interface Interface Requirements

Missile protection Mitigate consequences of potential
missiles from rotating equipment.

Reactor Cavity Limit vessel temperatures The Vessel System temperature shall not
Cooling System during cooling with the exceed [TBD] during cooling with the

RCCS. Reactor Cavity Cooling System.

-.. - - - Th~~~~~~e minimum reactor vessel tperatur

shall exceed [TBD - see Table TBD] for
Service Level A and B operation.

Limit cavity temperatures The RCCS shall maintain the reactor
cavity temperature at less than [TBD].

Buildings. Structures, Meet seismic excitation Deflections of support points on the
and Building Service criteria Reactor Building under design basis
GrouR seismic loads shall be limited to

values required to maintain integrity
of vessels (including crossduct) and
internal components. The VSS in con-
junction with the Reactor Building and
Vessels and Duct Subsystem shall meet
seismic excitation criteria [TBDJ.

Vessel System component loads the Reactor Building shall withstand
loads transmitted from the vss due to the
following:
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Table 5.2-1 (Cont.)

Interfacing Systems
and Subsystems Nature of Interface Interface Reguirements

- Weight of vessels, attachments and
internals

- Vessel heatup and cooldown.

- Seismic loads

- Design basis breaks in nozzles and/or
connecting pipe (except cross-duct)

- Refueling or maintenance operations

Accommodate radioactive helium Shall accommodate radiactive helium due
due to pressure relief from to pressure relief from the PRS at a rate
the Vessel System. of [TBD] lb/sec.

Reactor Services Group Provide capability of receiving The RSG shall provide for [TBD] cu ft of
gas waste continuously from potentially radioactive helium per year
vessel pressure relief, from venting of relief valve leakage from

the relief-valve-rupture-disc interspace.

Mechanical Services Group

Heat, Ventilation and Limit cavity temperatures HVAC Subsystem in conjunction with
Air Conditioning (HVAC) insulation on the VS shall mainting the

steam generator cavity temperature at
less than [TBD].

Plant Protection and
Instrumentation System Provide main steam and feedwater The PPIS shall provide logic signals to

isolation valves execute features command the main steam and feedwater valves
to close upon appropriate sensed parameters.
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TABLE 5.2-2

REACTOR AND STEAM GENERATOR VESSEL DATA

Parameter Value

Operating pressure, MPa (psia) 6.38 (925)

Design pressure, MPa (psia) 7.18 (1041)

Design temperature, 'C (F) 288 (550)

Reactor vessel outside diameter, m (ft) 6.8 (22.4)

7.0 (22.9)

Reactor vessel wall thickness, mm (in.) 133 (5.25)
(see Figure 5.2-5)

190 (7.5)

Reactor vessel height, m (ft) 22 (72.0)

Reactor vessel weight, t (tons) 728 (802)

Crossduct outside diameter, m (ft) 1.9 (6.3)

Crossduct wall thickness, mm (in.) 50.7 (2.0)

SG vessel outside diamter, m (ft) 4.18 (13.7)

4.30 (14.1)

SC wall thickness, mm (in.) 82.6 (3.25)
(see Figure 5.2-8)

140 (5.5)

SC vessel height, m (ft) 26.5 (86.8)

SC vessel (w/o tube bundle) weight, t (tons) 293 (323)
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TABLE 5.2-3

VDS FAILURE MODES AND EFFECTS ANALYSIS

Component Failure Mode Effect

0-ring Leak Depressurization and Reactor Shutdown if leak rate exceeds technical

specifications.

Nozzle Welds Leak Depressurization and Reactor Shutdown if leak rate exceeds technical

specifications.

Plate Seam Welds Leak Depressurization and Reactor Shutdown if leak rate exceeds technical

specifications.

Main Steam Fail to close on Redundant valves provided. Second valve closure assures isolation

Isolation Valve command of module steam generator from other modules.

Spurious closure Module trip. Core cooling on SCS.

Feedwater Isolation Fail to close on Redundant valves provided. Second valve closure assures isolation

Valve command of module steam generator from other modules.

Spurious closure Module trip. Core cooling on SCS.
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TABLE 5.2-4

VDS RESPONSE TO LBEs

Allowable
Event Maximum RV Maximum Primary Primary Membrane Stress
(Service Temperature Coolant Pressure Stress Intensity

Level) 0C (F) MPa (psia) MPa (ksi) MPa (ksi) Comments

AOO-l (B) Enveloped by A0-4

AOO-2 (C) Same as SRDC-1

A00-3 (C) 216 (420) 6.34 (920) 157 (22.8) 276 (40.1) RV integrity not challenged

AOO-4 (B) 216 (420) 6.39 (927) 157 (22.8) 184 (26.7) RV integrity not challenged

AOO-5 (C) 216 (420) 6.34 (920) 157 (22.8) 276 (40.1) RV integrity not challenged

DBE-1 (C) Same as SRDC-l

DBE-2 (C) 216 (420) 6.34 (920) 157 (22.8) 276 (40.1) RV integrity not challenged

DBE-3 (D) 216 (420) 6.34 (926) 157 (22.8) 386 (56.0 RV integrity not challenged

DBE-4 (D) Same as SRDC-4

DBE-5 (D) 216 (420) 6.34 (920) 266 (38.6) 386 (56.0) RV integrity not challenged

DBE-6 (C) 216 (420) 6.52 (945) 161 (23.3) 276 (40.1) RV integrity not challenged

DBE-7 (D) 394 (742) 7.08 (1027) Enveloped by SRDC-4

.DBE-8 (C) 216 (420) 7.07 (1025) 174 (25.3) 276 (40.1) RV integrity not challenged. Main
steam and feedwater isolation
valves' closure limits moisture
ingress.

DBE-9 (C) 216 (420) 6.34 (920) 157 (22.6) 276 (40.1) RV integrity not challenged
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TABLE 5.2-5
PRS FAILURE MODES AND EFFECTS ANALYSIS

Failure Mode Effect Recovery Procedure

Relief valve failure Additional loss of primary Close block valve in train to isolate stuck open relief valve.
to reseat coolant beyond that released The other train will then be utilized for pressure relief. The

during overpressurization reactor will be shutdown and repairs made.

event.

Inability to close open Depressurization of vessel The reactor is shutdown and applicable component repairs are
relief train system occurs performed.

Relief valve failure to None Redundant relief train sized for 100% capacity will provide
open pressure relief. Reactor will be shutdown and repairs made.

Rupture in piping None Check valve will automatically close to prevent depressuriza-
connected to relief tion. Block valves provide redundant means of preventing de-
train (i.e., inter- pressurization. Reactor will be shutdown and repairs made.

facing subsystem)

Excessive relief valve Primary coolant vented to If excessive leakage in an amount [TBDJ occurs, the reactor is
leakage Gaseous Radioactive Waste shutdown and the relief valve is repaired.

Subsystem
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TABLE 5.3-1

TYPICAL MODULE OPERATIONS DURING STARTUP AND SHUTDOWN

o Establishment of criticality/power (startup).

o Feedwater cleanup following prolonged shutdown (as opposed to chemistry
maintenance during power operation) (startup).

o Helium pump-up (startup from depressurized shutdown).

o Establishment of boiling (startup).

o Thermal conditioning of plant components (startup).

o Rise in steam conditions (pressure, temperature, and flow from minimum)
(startup).

o Synchronization and loading of turbines (startup).

o Rise to energy production state (startup).

o Establishment of SG flow (1) (loop starting from HTS shutdown mode).

o Controlled reduction (below 25% flow steaming) of steam loads and trip of
turbines followed by controlled cooldown and floodout of the S (normal
shutdown which may continue to the pressurized or depressurized shutdown
state).

o Reduction to minimum feedwater flow, steaming continued (plant upset not
resulting in reactor trip) (shutdown to module standby).

o Reduction from energy production to shutdown pressurized (module upset
resulting in reactor trip) (shutdown).

(1) From the start of flow through the main loop until the steam produced is
sent through the turbine, steam flow will be through a bypass,
desuperheater, flash-tank system.
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TABLE 5.3-2

HEAT TRANSPORT SYSTEM PARAMETERS TO BE MONITORED

Measurement Purpose Location Control Comments

Plant Protection and Instrumentation System (PPIS)

Safety Protection Subsystem

MC helium outlet Primary coolant pressure MC outlet plenum Primary coolant Measurement for primary

pressure control and helium, pressure limit coolant pressure low and

density input for flow high reactor trip inputs;

calculation power to flow ratio reactor

trip input; reserve
shutdown control equipment
trip input; main loop
shutdown trip input; SG
dump terminate input; and

primary coolant pumpdown
trip input.

Core pressure drop Helium flow rate Reactor inlet Power to flow Measurement for power to

calculation in main and outlet ratio limit flow ratio high reactor

loop plena trip input

MC helium outlet Helium density input MC exit outlet Power to flow Measurement for power to

temperature for flow calculation plenum ratio limit flow ratio reactor trip
input

MC speed NSSS component protection At the circulator Power to circu- Measurement for power to
shaft lator speed circulator speed reserve

ratio limit shutdown control equipment
trip input.
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TABLE 5.3-2 (Cont)

Measurement Purpose Location Control Comments

Investment Protection Subsystem

SC helium inlet H-eat balance and HTS Hot duct outlet SC inlet Measurement for loop SG
temperature components protection helium temp. inlet helium temperature

high reactor trip input

MC speed NSSS component protection MC shaft MC over/under Measurement for main loop
speed relative shutdown trip input; and
to feedwater reactor trip of inner
flow, control rods.

Helium moisture NSSS components MC outlet Primary coolant Measurement for primary
content protection diffuser moisture limit coolant moisture concentra-

tion high reactor trip

input and S isolation and
dump trip input.

Plant Control. Data, and Instrumentation System (PCDIS)

NSSS Control Subsystem

MLSV position Control bypass flow MLSV assembly Valve Measurement for plant
malfunction performance control

MC speed Speed control At the MC shaft MC and S Measurements for MC speed
equipment control
protection and
MC speed control

Miscellaneous Control and Instrumentation Systems (MCIS)

Chemical and radio- HTS components Outside pressure Primary coolant Measurement to assess

active impurities protection and access vessels impurity limits primary coolant chemistry
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TABLE 5.3-3
HTS OPERATIONAL LIMITS(')

Max. Aowable(2 ) Upper(5 )
Comp onent s Steady State Limit

Main Circulator

Circ. Blades Temp., C (F) 315 (600) 593 (1100)

Circ. Speed, % 110 120

Steam Generator

Tubesheet Temp., C (F) 540 (1005)(3) 760 (1400)
(Alloy 800H, Steam Side)

Tube Bundle Temp., C (F) 642 (1188) 760 (1400)
(Alloy 800H, FSH)

Support Plates Temp., C (F) 649 (1200)(4) 760 (1400)
(Alloy 800H, FSH)

Bimetallic Weld Temp. , C (F) 482 (900) 621 (1150)

Tube Bundle Temp., C (F) 487 (909) 621 (1150)
(2-1/4 Cr-i Mo, EES)

Support Plates Temp. , C (F) 565 (1050) 621 (1150)
(2-1/4 Cr-i Mo, EES)

Tubesheet Temp., C (F) 288 (550) 371 (700)
(SA-508, Class A,
Feedwater Side)

(1) Preliminary values to be confirmed as the design progresses.

(2) Design dependent.

(3) The tubesheet has been designed for this temperature with a large
margin between the calculated and allowable stresses. The maximum
allowable steady-state temperature has not yet been calculated, but it
can, most probably, accommodate a +14'C (+25'F) uncertainty margin
above the quoted 540'C (1005'F).

(4) Maximum steady-state allowable in the ligament region. Maximum
expected in the support plates is 616'C (141'F).

(5) Limit above which material properties are irreversibly changed and/or

code material property limitation.I
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TABLE 5.3-4

HTS FAILURE MODES AND EFFECTS ANALYSIS

Effects
System/Subsystem Function Failure Mode H-TS Other System Status

Main circulator Circulator helium Any one of several Main loop Reactor trip. Cooldown is
flow failures that require trip continued on either SCS or

MC shutdown (see also RCCS.
Section 5.3.2).

Steam generator Remove heat from Any one of several Main loop Reactor trip. Cooldown
the helium failures that render trip and/or is continued on either SCS or

the S inoperable (see SG isola- RCCS.
also Section 5.3.3). tion and

dump.

Feedwater and Supply FW to S Any one of several Main loop Reactor trip. Cooldown
condensate failures that result trip is continued on either SCS

in loss of feedwater or RCCS.
flow.
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TABLE 5.3-5
PRIMARY COOLANT LOOP DESIGN PRESSURE DROPS

Initial Pressure Design Design Pressure
Drop Allocation Evolution Drop at R~ ted
at Rated Power Margins Power~1

Component kPa (psi) kPa (psi) kPa (psi)

Circ. exit to core 2.7 (0.40) 0.69 (0.10) 3.4 (0.50)
inlet plenum(2)

Core inlet coolant 4.4 (0.64) 0.41 (0.06) 4.8 (0.70)
channels

Core(3 ) 29.8 (4.33) 4.6 (0.67) 34.5 (5.00)

Core outlet plenum 10.3 (1.50) 5.5 (0.80) 15.8 (2.30)

Hot duct 3.9 (0.57) 0.89 (0.13) 4.8 (0.70)

SG inlet plenum(4 ) 1.7 (0.25) 0.34 (0.05) 2.1 (0.30)

SG bundle 17.6 (2.55) 2.41 (0.35) 20.0 (2.90)

SG outlet(5 ) 2.7 (0.40) 0.69 (0.10) 3.4 (0.50)

Circulator inlet(6 ) 1.6 (0.24) 0.41 (0.06) 2.1 (0.30)

Total 74.7 (10.88) 15.9 (2.32) 90.9 (13.20)

(1) Helium flow rate and temperature at nominal conditions.

(2) Includes circulator outlet plenum cold cross duct, and core inlet

plenum.

(3) Includes the top reflector, the active core, the bottom reflector, and
the core supports.

(4) Includes allowance for a screen to smooth out the velocity distribution.

(5) Includes the SG outlet plenum and the S annulus.

(6) From the SG annulus outlet to the circulator blades.
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TABLE 5.3-6

IDENTIFICATION OF INTERFACES FOR THE HEAT TRANSPORT SYSTEM

Interfacing Systems
and Subsystems Nature of Interface Interface Requirements

Reactor System
Limit quantity of tritium Fuel and graphite quality ensures that tritium
released to the circulating activity in the primary coolant shall be
helium inventory < [0.3] curies. The HPS removes tritiumi from

the processed bleed flow limiting the quantity
of tritiumi available for migration through the
SG tubes.

Vessel System
Provide structural support Loads from the HTS are [TBD].
and attachments for the
weight, seismic, thermal,
torque, pressure and vibra-
tion loads of the HTS.

Minimize neutron shine" and (Fast) Neutron flux to HTS
neutron activation of HTS components to be limited to less than
components (by vessel those specified in Tables [TBD].
geometrical arrangement).

Reactor Services Group

Helium Purification Remove fission products and 2900 kg (6393 lb) of helium to be
chemical impurities from the depressurized within less than 20 hours.
primary coolant during opera-
tions and during normal
vessel depressurization (e.g.,
prior to refueling).

Remove tritium from helium More than [99]% of the tritium shall be
being cleaned by the HPS. removed from the helium bleed through

the HPS.
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TABLE 5.3-6 (ont)

Interfacing Systems
and Subsystems Nature of Interface Interface Requirements

Clean helium purge for MC A maximum of 96 kg/s at 6.48 MPa, and

"submerged" motor to facili- 490C (211 lb/hr at 940 psia and 120
0F).

tate maintenance.

Shutdown Cooling System

Limit helium bypass flow Helium bypass flow shall be less than [TBD].

through the SLSV.

Plant Protection and Instrumentation System-

Safety Protection Flow input to PPIS high P/F Power-to-flow ratio trip at •<1.5(l)

trip of outer control rods.

Pressure input to PPIS low Primary coolant pressure high trip at

and high pressure trip of 7.07 MPa (1025 psia)(1)and low trip at

outer control rods. >5.69 MPa (825 psia)(1)

Input to PPIS power to speed Power-to-MC speed ratio trip at <1.90(1)

trip of reserve shutdown and 50-sec time delay.

control equipment.

Input to PPIS high pressure Primary cool t pressure trip at <7.07 MPa

trip of reserve shutdown (1025 psia)

control equipment.

Accomodate circulator trip Interruption of electric power input to

breakers as part of main 1oop circulator motor

isolation.

Special Nuclear Area Provide safety system infor- [TBD]

Instrumentation mation displays applicable
to the HTS.

2 of 4



HTGR-86-024

TABLE 5.3-6 (Cont)

Interfacing Systems
and Subsystems Nature of Interface Interface Reguirements

Provide post accident Status (open/shut) of the MLSV other [TBD].
monitoring instrumentation
applicable to the HTS.

Power Conversion Group

Feedwater and Condensate The Feedwater and Condensate Subsystem shall
provide the capability to dump the maximum
steam/water inventory of a steam generator of
TBD kg [TBD lb].

Main and Bypass Steam The Main Steam and Turbine Bypass Subsystem
and the Feedwater and Condensate Subsystem
shall relieve secondary coolant pressure above
the setpoints.

Electrical Group

Non-Class E AC Distribution Provide medium voltage ac Non-1E three-phase electric power at 4.16 kV,
electric power to MC power 60 Hz [TBD]%. Maximum of [3600]
supply/controller. kW power supply/controller.

Provides low voltage ac [1 kW] and [5 kW] of electric power for the MC
electric power for compo- service modules and bearing modules,
nents of MC service module respectively.
and for MC magnetic bearing
module.

Provides low voltage ac 2.5 W(e) for the controls and instrumentation
electric power for HTS for the MC and S subsystems, respectively.
controls and instrumentation.
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TABLE 5.3-6 (ont)

Interfacing Systems
and Subsystems Nature of Interface Interface Requirements

Reactor Services Group

Reactor Plant Cooling Provides cooling water flow [TBD]
Water for MC motor cooling heat

exchanger.

(')Values indicated for PPIS are analysis trip levels (see Section 7.2).
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TABLE 5.3-7

1405 FAILURE MODES AND EFFECTS ANALYSIS

Effect
Failure Safety-Related

Component Function Mode Cause MC Status Component Damage Comment

Active magnetic Support compressor Loss of mag- Failure of one Normal shutdown None Switch to the
bearings and rotor assembly netic field electronic con- as required by redundant

trols circuit the HTS and the circuitry
SCS

Active magnetic Support compressor Loss of mag- Failure of both Trips, coasts None Rundown on
bearings and rotor assembly netic field electronic con- down and stops catcher

trols circuits bearings

Catcher Support compressor Seize Fatigue or Stops None Debris inside
bearings and rotor assembly foreign material the MC motor

during coast down cavity

Compressor Circulate helium Unbalance Deposits Stops None--

Break Fatigue or Stops None. Parts -

foreign captured in
material the MC disk

catcher

Surge Flow blockage Stops None.- 

Ducting and Guide helium flow Break Fatigue or Stops None. Parts--
diffuser and increase foreign captured in MC

static pressure material

1 of 2



HTGR-86-024

TABLE 5.3-7 (Cont)

Effect

Failure Safety-Related

Component Function Mode Cause MC Status Component Damage Comment

Motor Drive compressor Seize Foreign Stops None -

material

Overheat Loss of Stops None--
cooling

Stop Electrical Stops None--
failure

Break Fatigue or Stops None. Parts--

foreign captured in MC
material motor cavity

HPS Maintain clean Not avail- Various Runs None Possible con-

purge helium in motor able tamination of

cavity motor cavity

Motor cooling Remove motor heat Break Corrosion or Runs-cooling None. Parts Water ingress if

coils fatigue coils are captured in MC reactor vessel

redundant depressurized

Plug (both Deposits Stops None

loops)

Main loop Prevent helium Fails to Sticks Runs None Heats up stagnant

shutoff backflow when MC open gas which could

valve is not running weaken MC

material

Fails to Sticks and Stops None Cold helium back-

close override fails flow through HTS,

to operate reduces SCS
cooling capacity
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TABLE 5.3-8

STEAM GENERATOR SUBSYSTEM PARAMETERS AND FEATURES

Design Parameters:

Thermal Duty, MW(t) (Btu/hr) 350 (1.19 X 1)

Helium Inlet Flow, kg/s (lbm/hr) 157 (1.25 X 106)

Helium Inlet Temperature, 00 (F) 685.6 (1266)

Helium Inlet Pressure, MPa (psia) 6.31 (916)

Feedwater Inlet Flow, kg/s (lbm/hr) 137 (1.09 X 106)

Feedwater Inlet Pressure, MPa (psia) 20.7 (3000)

Steam Outlet Temperature, 00 (F) 541 (1005)

Steam Outlet Pressure, MPa (psia) 17.3 (2515)

Life Expectancy (years 80% capacity 40
factor)

Bimetallic Weld Contraints Maximum Temperature of
48200 (900'F) with 280C
(50'F) Superheat Minimum

Pertinent Features:

Total Heat Transfer Surface Area,
sq m (sq ft) 4020 (43300)

Number of Tubes 350

Number of Columns of Tubes 34

Tube OD/Wall Thickness, mm (in.) 19.4 (.875)/2.89 (0.130)

Radial Tube Pitch, mm (in.) 33.3 (1.5)

Longitudinal Tube Pitch, mm (in.) 32.0 (1.44)

Average Active Tube Length, m (ft) 164.5 (539.7)

Outermost Tube Coil Diameter 3.518 (138.5)
(@ C.L.), m (in.)
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TABLE 5.3-8 (Cont.)

Pertinent Features: (continued)

Innermost Tube Coil Diameter 1.00 (39.5)
@ C.L.), mn (in.)

Superheater Bundle Height, mn (in.) 0.861 (33.91)

EES Bundle Height, mn (ft) 7.86 (25.8)

EES Tube Material 2-1/4 Cr - 1 Mo

Finishing Superheater Tube Material Alloy 800H

Number of "Partial" Tube Support Plates 4

Number of "Full" Tube Support Plates 4

Tube Support Plate Thickness, mm (in.) 38.1 (1.5)

Tube Support Plate Material Alloy 80011/2-1/4 Cr -1 Mo

Outer Floating Shroud ID, in (in.) 3.56 (140)

Outer Floating Shroud Thickness, mm (in.) 19 (0.75)

Outer Floating Shroud Material 2-1/4 Cr - Mo

Inner Floating Shroud OD, in (in.) 0.96 (38)

Inner Floating Shroud ID, mn (in.) 0.927 (36.5)

Inner Floating Shroud Material 2-1/4 Cr - 1 Mo

Feedwater Tubesheet Diameter, cm (in.) 80.24 (31.59)

Feedwater Tubesheet Thickness, cm (in.) 19 (7.5)

Feedwater Tubesheet Material SA-508 CL lA

Steam Tubesheet Diameter, cm (in.) 87.22 (34.34)

Steam Tubesheet Thickness, cm (in.) 21 (8.5)

Steam Tubesheet Material Alloy 800H1
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Table 5.3-9

LOCAL DEVIATIONS FROM STEAM GENERATOR EXPECTED BULK OPERATING CONDITIONS

Local Deviation()
Operating Parameters Bulk Value from Bulk Value

6THe (0C/0 F)

1. Local Tube Temperature

Helium side (THe) Max. helium temp. +12 (+21)
THe TNom + 6T (THe) Min helium temp. -19 (-35)

6L

2. Local Helium Velocity

Max. peak to average 1.5
velocity rate

() The local deviations are specified at the Steam Generator Subsystem

interfaces with the Reactor System.
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TABLE 5.3-10

SGS FAILURE MODES AND EFFECTS ANALYSIS

COMPONENT FAILURE MODES EFFECT

Tubes Leak/Rupture Moisture ingress occurs and the Reactor is shutdown if leak rate exceeds

technical specifications.

Tubesheets Leak Moisture ingress occurs and the Reactor shutdown if the leak rate exceeds

technical specifications.

Wear Protection Fracture and fall Eventual tube failure occurs due to fretting. Moisture ingress and
Devices off or wear through reactor shutdown follow.
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5.3 HEAT TRANSPORT SYSTEM AND SUBSYSTEMS

5.3.1 Heat Transport System

5.3.1.1 Summary Description

The Heat Transport System (HTS) consists of the Steam Generator Subsystem

(SGS) and the Main Circulator Subsystem (MCS). The steam generator (SG) is a

vertically oriented, upflow-boiling, cross-counterflow, once-through,

shell-and-tube heat exchanger. It uses a multitube, helically wound tube

bundle. The main circulator (MC), is located in a vertical position at the

top of the steam generator vessel. The helium flow rate is controlled by

modulating the rotational speed of the circulator electric motor drive which

is mounted within the primary coolant pressure boundary. A main loop shutoff

valve (MLSV) is located in the circulator inlet duct to limit reverse flow

through the HTS when it is shutdown and the Shutdown Cooling System (SCS) is

cooling the core.

5.3.1.2 Functions and 1CFR100 Design Criteria

5.3.1.2.1 Power Generation Functions

The main power generation functions of the HTS are to:

1. Maintain energy production and startup/shutdown by maintaining

energy transfer from the reactor to the HTS secondary coolant.

2. Maintain Shutdown and refueling by maintaining decay heat transfer

from the reactor to the HTS secondary coolant.

5.3.1.2.2 Radionuclide Control Functions

Th radionuclide control function is to maintain control of radionuclide

release (see Figure 1.2-3). This function is accomplished by controlling

transport (of contaminated h ium) from the primary circuit. Th HTS

controls transport by maintaining its helium/water pressure boundary
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integrity. In addition, the SGS controls chemical attack by limiting

water/steam ingress which limits fuel hydrolysis. The other subsystem of the

HTS (the MCS) has no radionuclide control functions.

5.3.1.2.3 ClassificationI

The HTS is not "safety rlated" (Table 3.2-1). Since the HTS does not

perform any 10CFR100-related radionuclide control functions, no special

classification is applied to it. However, the HTS will have the appropriate

reliability to meet other Top-Level Regulatory Criteria and user

requirements.

5.3.1.2.4 IOCFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to the HTS.

5.3.1.3 Radionuclide Control Design Requirements

The HTS helium/water pressure boundary shall be designed to withstand the

loads resulting from the duty cycle listed in Table 3.9-1.

5.3.1.4 Design Description

5.3.1.4.1 System Configuration

The HTS consists of a single loop containing an SG in series with an MC and

its associated MLSV assembly. The HTS components are located in the steam

generator vessel to the side of and below the reactor vessel, as shown in

Figure 5.3-1. Communication between the steam generator vessel and the

reactor vessel is provided by the concentric crossduct. The HTS is arranged

so that the direction of the primary coolant flow is downward through the

reactor core, downward through the SG and upward to the MC.

The HTS components for the main cooling loop are included within two

subsystems, the SGS and the MCS. These subsystems are described in more

detail in Sections 5.3.2 and 5.3.3.
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HTS Primary Coolant Flow Path. Primary coolant helium has a main flow for

transferring heat from the core to the SG and local bypasses or seal

leakages. Figure 5.3-2 (sheets 1 and 3) shows these flow paths and station

numbers and definitions during HTS operation. After the discharge from the

MC to the plenum at the top of the S vessel (Station 1), helium flows

through the outer annulus of the concentric crossduct (Station 2), into the

core support structure (Station 3), then enters the core inlet flow channels

welded to the core barrel outer wall (Station 4) and flows upward to the top

of the core (Station 5); from here it turns radially inward and after a

second 90 degree turn flows down through the core. Hot helium exits the core

through passages in the core support structure (Station 6), traverses the

lower reactor plenum, and enters the hot duct (Station 7). Exiting the hot

duct, the helium enters the S inlet plenum (Station 8) and flows into the

top of the S (Station 9) and downward across the tube bundle. From the SC

outlet plenum (Station 10) the cooled helium makes a 1800 turn into the SC

vessel annulus (Station 11), which leads upward to the MC inlet ducting

(Station 12). Finally, the helium flows through the open MLSV and completes

the circuit at the MC (Station 13). The interfaces between the HTS helium

and the remaining of the helium inventory are at Station 3 (helium leaving

the HTS) and Station 7 (helium entering the HTS).

The flow rates, temperatures, and pressures through the main flow path and

the leakages, for various HTS operating points, are shown in Figure 5.3-2

(Sheets 4 and 5). Expected middle-of-life values are shown.

The flow path of helium in the HTS under forced flow conditions is the same

when the main loop is operating during steady state power operation, during

shutdown, decay heat removal, or during startup and shutdown of the HTS

(Figure 5.3-2, Sheet 1). At other times when the HTS is not available and

core cooling is done by the SCS, the flow path is different because helium

flows primarily through the shutdown cooling heat exchanger (SCHE) and the

shutdown cooling circulator (SCC) (rather than through the HTS). Figure

5.3-2 (Sheet 2) shows this flow path in detail. Under this condition a small

amount of helium backf low (approximately 10 percent of the SCC flow) occurs

through the shutdown HTS closed MLSV. The HTS is designed to provide a small
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backflow of cold leg helium through the isolated SG when the module is cooled

with the SS. Backflow is driven through the closed MLSV by the core

pressure difference. Flow rates, temperatures, and pressures under these

conditions are shown in Figure 5.3-2 (Sheet 5).

HTS Secondary Coolant Flow Path. HTS portions of the secondary coolant are

contained within the SG which transfers heat from the primary coolant

helium. Feedwater inlet is through a bottom-mounted tubesheet, and the

superheated outlet is through an upper, side-mounted tubesheet.

5.3.1.4.2 System Arrangement

Figure 5.3-1 gives a three-dimensional overview of the major HTS components'

arrangement and their relationship to the rest of the Nuclear Steam Supply

System (NSSS). Not shown in this figure are the electric motor control and

power module, the magnetic bearings control and power module, and the MLSV

service module. The electric motor control and power module is located

outside the Reactor Building in the Auxiliary Building. The magnetic

bearings control and power module and the MLSV service module are located in

the Reactor Building in close proximity to the MC.

5.3.1.4.3 System Operating Modes

The HTS will be used whenever it is available. Various operating modes are

described below.

Startup/Shutdown. During startup/shutdown the module is operating in the

intermediate power range between shutdown (zero power) and minimum energy

production (25 percent feedwater flow). Under this module condition, the HTS

is capable of a number of steady-state, quasi-steady state, and transient

operating modes which include heat removal without steaming, boilout or

floodout, and heat removal with steaming. Table 5.3-1 shows typical module

operations during startup and shutdown. The SCS is operating in a standby

mode with the SLSV closed.
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Normal Operation. During energy production the plant is in operation

delivering electricity to the grid. One or more modules will be pressurized

with the reactor(s) critical. The various operating modes for the HTS are

given below:

1. HTS Full-Load Operation: Under this mode the H-TS is operating and

the S is producing 100 percent of rated feedwater flow at nominal

rated conditions. The MC is operating near rated speed with its

MLSV wide open. The SLSV is closed with the SS in standby.

2. HTS Part-Load Operation: In this mode the HTS is operating but

producing less than 100 percent feedwater flow. Steaming level

ranges from 100 percent to 25 percent of rated flow, with the

circulator running at speeds corresponding to the module feedwater

flow to produce the desired steam conditions. The MLSV is wide

open, while the SLSV is closed with the SCS in standby.

Refueling. During reactor refueling, the vessels are depressurized and kept
slightly below atmospheric pressure. The HTS is normally used for removing

core decay heat. When the HTS is not available, it is isolated and the SS
is used. The operation of the HTS is the same as for the depressurized

shutdown described below.

Shutdown. When the reactor is shutdown, the HTS is normally used to remove
core decay heat; when it is not available, it is isolated and the SS is

used. The various operating modes for the HTS, under the module shutdown

condition, are given below:

1. HTS Pressurized Decay Heat Removal: Decay heat removal under

pressurized helium conditions occurs when the module contains its

full helium inventory; decay heat removal can, and preferably

should, be carried out with the main loop. Under this condition the

SG is flooded and the MC is running at reduced speed. When the main

loop is used for decay heat removal, its MLSV is open, while the

SLSV is closed.
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2. HTS Depressurized Decay Heat Removal: Under certain conditions when

the module is shut down, the vessels are depressurized. Helium

inventory is reduced to slightly subatmospheric pressure.

Essentially pure helium is present in the vessels. Under these

conditions decay heat removal can, and preferably should, be

performed by the HTS. The S is flooded, as in the pressurized

decay heat removal mode, with the MC operating at up to rated speed

with the MLSV open. The SLSV is closed.

5.3.1.4.4 Instrumentation and Control

Key HTS parameters are monitored and controlled for all module states as

shown in Table 5.3-2. Each of the parameters listed supports an HTS

function. Ceneral descriptions of these functions appear in the "Purpose"

column of the table. Table 5.3-2 is divided into groups of measurements for

each interfacing system by appropriate subheadings. Based on its group of

measurements, the interfacing system acts to interpret the monitored

parameters and alarm and trip to ensure that the HTS and its component limits

are not exceeded. The HTS provides space and support for sensors as

indicated in the "Location" column of the tables.

5.3.1.4.5 System Limitations

Operating limits are imposed by the HTS to prevent damage to

systems/components and to maintain the integrity of the primary coolant

pressure boundary. The Plant Protection and Instrumentation System (PPIS)

and the selected plant operating envelope ensure that the plant performance

parameters maintain the HTS components within these limits. Table 5.3-3

presents the important HTS limitations.

5.3.1.5 Design Evaluation

5.3.1.5.1 Failure Modes and Effects

System failures arise from subsystem component failures and/or operator

errors. System failures, as discussed in this subsection, are defined as
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those originating within the HTS which cause shutdown of the system or the

reactor as well as those within one subsystem which directly affect the

operability of the other subsystem of the HTS. Failures in other systems

such as loss of offsite power, loss of helium purification capability,

failure of the S isolation/dump, or loss of adequate chemistry/conditions in

the S feedwater which could cause shutdown of the HTS are not addressed in

this subsection.

HTS categories of failures identified as affecting (causing shutdown of) the

H-TS are:

1. Those resulting in sufficient moisture ingress to trip the module.

2. Those preventing adequate forced cooldown of the core.

These failure modes are very unlikely but are described to show the impact on

system design. A summary of HTS failure modes and effects and reference to

subsystem failure modes and effects is given in Table 5.3-4.

HTS Failure Modes

1. Failures Causing Moisture Ingress. The S is a potential source for

ingress of water and steam into the primary coolant. Moisture in

the primary coolant is controlled to limit oxidation of graphite

components (fuel and/or reactor internals) and hydrolysis of failed

fuel particles.

A moisture ingress event would be detected by moisture monitors.

Two types of moisture monitors are used: tracking monitors and trip

monitors. The former monitors, part of the NSSS Analytical

Instrumentation Subsystem (Section 7.4.1), provide a continuous

readout of the moisture concentration to the control room operator.

Trip monitors of the PPIS (Section 7.2.3) are designed to isolate

the leaking loop automatically when a given moisture concentration

is reached (Table 5.3-2). The trip monitor signal will trip the M,
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isolate the feedwater and steam, and initiate an SG dump to mitigate

and eventually terminate moisture ingress. The reactor is tripped

by the PPIS due to shutdown of the main loop. The SCS is started by

the PPIS to maintain forced core cooling.

The Helium Purification Subsystem operates continuously to clean up

moisture (or its reaction products).

2. Failures Preventingl Adequate Forced Cooling of the ore

Main Loop Shutoff Valve (MLSV) Failure. The MLSV is a flow-actuated

check valve incorporated in the MC installation. Closure of the

valve is aided by gravity and the pressure differential generated by

the SCC. An override mechanism to assist in closing the valve is

included in the design. Position instrumentation, with a readout in

the control room, indicates the open or closed status of each valve

plate.

If the MLSV fails to close following a circulator trip and the SCS

comes on line, the primary coolant bypasses the core and flows in a

reverse direction through the MC and the S. This will produce

adequate core cooldown by the SCS. If the SCS were not available,

and if the open valve were not detected, passive core heat removal

to the reactor vessel and RCS can provide adequate core cooling.

In actual practice, when the open"~ MLSV is detected (e.g. , by

process conditions and/or by the valve status indicator), attempts

are made by the operator to close the valve (remote manually) via

the override mechanism.

Mutuality of Steam Generator and Circulator Failure Modes. A

failure of the MC disables the heat transfer function of the S in

the loop. Also, a failure in the S causes a circulator trip in the

loop in order to protect the S from overheating. These general

failure modes are associated with a main oop trip and the startup

of the SCS.
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Effects of HTS Failures. HTS failures will not affect safe shutdown of the

reactor and will not result in prolonged system unavailability. Failure of

any HTS component which causes or requires HTS trip will be detected

automatically by the PPIS. Corrective/mitigating actions are initiated by

the PPIS to prevent system, component, and structural damage which could

result in prolonged system unavailability. HTS trip results in an automatic

reactor trip by the PPIS. The SCS is started automatically by the PPIS to

maintain forced cooling of the reactor following HTS shutdown. If the SCS is

unavailable or if its operation is impaired due to any HTS failure, adequate

reactor decay heat removal by passive means to the RCS is provided in the

Standard MHTGR design.

Specific HTS failures, for example, SG tube leak, result in moisture ingress

to the primary coolant which causes chemical attack and a reactor

pressure/reactivity transient. The HTS and reactor are shut down, and the SC

is isolated/dumped to mitigate/terminate the moisture ingress effect.

Failure of the MLSV to close following HTS shutdown will impair forced

reactor cooling by the SS. Although adequate reactor decay heat removal s

provided by passive means, the plant operator is expected to attempt to

remote manually close the valve.

5.3.1.5.2 Steady-State Performance

The HTS is designed to satisfy the operational parameters specified in

Tables 5.1-1 and 5.1-2 for full-load and part-load steady-state energy

production operations. To account for various uncertainties, several margins

are included in the design of HTS components. These uncertainties include

core, S, lower plena, and outer and inner duct flow resistances, SG heat

transfer coefficients, primary coolant flow distribution, and primary coolant

heat losses. Operational envelopes, generated by statistically combining

these uncertainties, are established for the HTS, and margins are provid ed in

the components' design to ensure that the system will operate within these

envelopes. Table 5.3-5 summarizes the design main loop pressure drops for

full-load operation including an initial allocation (expected value) plus

design evolution margin.
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The HTS is designed to remove Core decay heat during module shutdown with the

vessels pressurized or depressurized. For pressurized shutdown the module

has its full helium inventory, but the pressure is less than that at rated

power because of the lower temperature. During depressurized shutdown, the

primary coolant is pumped down to subatmospheric pressure. In this state the

reactor is shut down, and no useful energy is being delivered. Helium

chemistry for both pressurized and depressurized shutdown is maintained by

the Helium Purification Subsystem, and secondary coolant chemistry is

maintained by the Condensate Polishing System. Feedwater and helium flows

are maintained such that no boiling occurs in the SG.

The HTS is designed to satisfy the operational parameters given in

Table 5.1-3 during module shutdown. The feedwater and main steam

temperatures and pressures are measured near the inlet and outlet nozzles of

the SG, respectively.

The HTS is designed to remove core decay heat during module refueling as in

the case of depressurized shutdown' discussed above. The f low paths and

primary coolant flow rates are designed to prevent flow reversals in any part

of the core during refueling. The principal difference between the

depressurized shutdown and refueling is that the refueling machine is in

place to remove spent fuel a:nd replace it with new fuel. The refueling

operations/hardware is designed to prevent inadequate cooling of any fuel

region due to empty fuel regions in the core. Other aspects of the refueling

state are the same as those for the depressurized shutdown condition. The

HTS design parameters for refueling operation are shown in Table 5.1-4.

The HTS is designed to go from pressurized shutdown (e.g., the operating

conditions specified in Table 5.1-3) to 25 percent power conditions (Table

5.1-2) during module startup from pressurized conditions. The HTS is

designed to go from depressurized shutdown [e.g., the operating conditions

specified in Table 5.1-4 (refueling)] to 25 percent power conditions

(Table 5.1-2) during module startup from depressurized conditions. The HTS

is also designed to go from 25 percent power conditions to pressurized or

depressurized shutdown.
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Hot/Cold Streaks. Local deviations of primary coolant temperature from the

bulk core average outlet and from the average within an SG cavity are causeu

by a non-uniform power distribution through the core. Portions of the helium

flow stream that are unmixed or partially mixed and therefore above/below

bulk average temperature values are referred to as hot/cold streaks.

Hot/cold streaks are generated when the primary coolant leaving part of the

core is hotter/colder than the average outlet temperature.

Extensive testing has been conducted to quantify the attenuation of hot/cold

streaks within the primary coolant flow between the core outlet and the SG

inlet (hot leg). The test results show that the attenuation of each streak

is highly dependent on the distance traveled and to a less extent by the

hot/cold jet velocity leaving the core.

Hot/cold streaks can affect the structural integrity of metallic components

located in the primary coolant hot leg. The major components are the hot

duct, the SG inlet assembly, and the SG bundle. The hot duct location from

the core outlet is such that it experiences at least a 70 percent attenuation

(i.e., peak temperature minus average temperature at hot duct location is

less than 30 percent of peak temperature minus average temperature at core

outlet location) of hot/cold streaks coming from the core. The SG

experiences at least a 90 percent attenuation. The affected components are

designed with margins to account for resulting local hot/cold spots.

For additional information related to this section see response to NRC

Comment 5-28.

5.3.1.5.3 Anticipated Operational Occurrence Performance

Five events identified as anticipated operational occurrences (AOOs) are

described in Section 11.6. This section describes how the HTS responds to

A00s.

AOO-l - Main Loop Transient with Forced Core Cooling. This AOO includes the

family of events which result in a main loop transient without loss of forced

5.3-11 Amendment 4



HTGR-86-024r

core cooling. This family f events can be divided into two groups. In the

first group (including AOO-l(A) and AOO-1(B)) the main loop (HTS) is lost and

forced cooling is performed using the SCS. In the second group (including

AOO-1(C) and AOO-1(D)) forced cooling is continued with the main loop.

AOO-l(A) and AOO-l(B). This group includes all the events in which the

main loop cooling is lost because of some failure within the plant

(AOO-l(a)) or because of loss of offsite power (AOO-1(B)). As soon as

the M is tripped, the, secondary coolant flow is stopped by closing the

SG feedwater and main! steam isolation valves. Large primary coolant

backflow is prevented! by the closing of the MLSV following the MG

coastdown. The reactor is shut down and the SCS provides forced core

cooling. Operation of the SC generates a reverse pressure differential

across the closed MLSV. The valve is designed to allow a small leakage

of cold leg helium in the opposite direction to normal flow through the

main loop under these conditions. The leakage flow of cold leg helium

thermally conditions the S bundle to a uniform temperature prior to

restart of water flow. to the bundle and subsequent return to module

power operating conditions.

AOO-l(C) and AOO-l(D). This group includes all the events in which the

main loop cooling is reduced but is not lost because of either a reactor

trip or some upset in the rest of the plant (e.g., turbine trip, load

rejection, reduction of'feedwater flow, etc.).

For a reactor trip (AOO-l(G)) the feedwater flow is ramped down to 15

percent of nominal.. The main steam temperature setpoint for the

affected module is ramped linearly down to saturation temperature, and

the circulator speed control remains active until saturation is

reached. Decay heat removal continues with forced circulation using the

main cooling loop. Once the reactor is tripped, main loop cooling

reduces the core outlet temperature from its initial value of 710'C

(1310'F) to 3430G (650'F) within about 0.25 hr. Primary coolant

pressure never exceeds its initial value of 6.38 MPa (925 psia). The

tripped module is isolated from the main steam header by closing the
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module main steam isolation valve. Steam from the tripped module is

directed to the modules' start-up flash tank and then to the condenser.

For a turbine trip (AOO-1(D)) each reactor module is run back to a hot

standby condition which is maintained until the turbine can be
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restarted. At this condition each module produces 25 percent of nominal

steam flow at rated steam conditions, and the M speed is approximately

34 percent of nominal. For a reduction of feedwater flow, the helium

flow and reactor power are reduced accordingly to maintain rated steam

conditions. The modules continue operation at the reduced power.

AOO-2 - Loss of Main and Shutdown Cooling Loops. This AOO includes a family
of events which result from failures originating within the plant that render

both the HTS and SS unable to perform their heat removal functions. As soon
as the HTS becomes unable to perform its heat removal function, the M is

tripped and the MLSV is closed. The secondary coolant flow is stopped by
closing the S feedwater and main steam isolation valves. The HTS components

slowly equilibrate with the silo environs by dissipating stored heat through
the SG vessel and vessel insulation. Natural circulation of hot primary
coolant from the reactor vessel to the SG vessel during this pressurized
conduction/radiation cooldown to the RCS is inhibited by the vessel

geometrical arrangement. In the AO frequency region, cooling is assumed to
be maintained for the M motor despite trip of the main loop (see also DBE-1

below).

AOO-3 - Control Rod Group Withdrawal with Control Rod Trip. This AOO
includes a family of events which result from a spurious control rod group
withdrawal, followed by a reactor trip. The response of the HPIS and the
control rods is sufficiently prompt that the HTS remains on-line. Gore

outlet temperature increases from its initial value of 710'C (1310'F) to a
maximum value of 7430C (1370'F) due to the increase in core power. Once the

reactor is tripped, main loop cooling reduces this value to 3430G (650'F)
within about 0.6 hr. The module is isolated from the main steam header, and
the HTS responds to the reactor trip in the same way as discussed in

AOO-l(C).

AOO-4 - Small Steam Generator Leak. This AOO includes a family of events
which result in a feedwater/steam leak of 0.045 kg/s (0.1 lbm/s) into the

primary coolant from one or more SG tubes. Upon detection of high moisture

level in the primary coolant the PPIS initiates reactor and M trip. The
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MLSV is closed. The S main steam and feedwater isolation valves are

closed. Following successful isolation, the S dump system valves open and

the water/steam inventory is collected into the dump system tank. The dump

system valves reclose when the SG inventory dump is completed. Gore cooling

is provided by the SS. The HTS thermal response following SS startup is

similar to AOO-l(A) and (B).

AOO-5 - Small Primary Coolant Leak. This AOO includes a family of events

which result in a leak in the primary coolant pressure boundary with an area

of up to 6.5 sq cm (1.0 sq in..) . The leak results in a slow loss of helium

inventory from the primary coolant system to the reactor building and a

resultant decrease in the primary coolant pressure and density. Main loop

cooling continues, but the reduced density results in reduced helium flow.

The NSSS Control Subsystem causes a limited increase in reactor power and

circulator speed to maintain the module outlet steam temperature.

Eventually, a reactor trip is initiated by the PPIS due to low primary

coolant pressure. The HTS is tripped on low primary coolant pressure in

combination with a relatively high steam temperature. The MC is tripped, the

secondary coolant flow is stopped by closing the S feedwater and main steam

isolation valves. The MLSV closes. The SCS is successfully started. The

H-TS thermal response following. SCS startup is similar to AOO-l(A) and 1(B),

though slower due to the reduced primary coolant density.

5.3.1.5.4 Design Basis Event Performance

Eleven design basis events (DBEs) are identified and analyzed in Chapter 15.

This subsection describes how the HTS responds to DBEs.

DBE-1 - Loss of H-TS and SCS Cooling. This DBE includes the family of events

which result from a loss of offsite power followed by a turbine generator

trip which results in a loss of main loop cooling and a reactor trip. The

HTS responds by tripping the MC and by closing the SC feedwater and main

steam isolation valves. The MLSV also closes. The HTS components stay in

this shutdown condition throughout the postulated pressurized

conduction/radiation cooldown to the RCCS. In the DBE frequency region,
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cooling is not available for the MC motor. Otherwise, the HTS thermal

response is the same as for AOO-2. Reduced life and/or damage may result due

to overheating of the motor as heat stored in the insulated S vessel is

dissipated. However, this does not have a safety impact.

DBE-2 - HTS Transient without Control Rod TriR. This DBE includes the family

of events which result from HTS transients which result in loss of the HTS

and which require a reactor trip, during which the automatic trip system

fails to insert the outer control rods. Reactor trip is, however,

accomplished by automatic insertion of the reserve shutdown control equipment

(RSCE) poison. The MC is tripped, the secondary coolant flow is stopped by

closing the S feedwater and main steam isolation valves. The MLSV closes.

The SCS is successfully started. The HTS thermal response following SCS

startup is similar to AOO-l(A) and (B).

DBE-3 - Control Rod Withdrawal without H-TS Cooling. This DBE includes the

family of events which result from a spurious withdrawal of an outer control

rod group from the core at the maximum speed to the full-out position. A

reactor trip is initiated and the reactor is tripped on the outer control

rods. The HTS fails to remain on line and is shut down as described in

AOO-1(A) and (B). Core cooling is provided by the SCS. The HTS thermal

response following SCS startup is similar to AOO-1(A) and (B).

DBE-4 - Control Rod Withdrawal without H-TS and SCS Cooling. This DBE

includes the family of events which result from a spurious withdrawal of an

outer control rod group from the core at the maximum speed to the full-out

position. This event is similar to DBE-3, except the SCS fails to come

on-line and, therefore, the event is of lower frequency. The HTS is shut

down as described in AOO-2. The HTS thermal response is similar to AOO-2.

The HTS components stay in this shutdown condition throughout the postulated

pressurized conduction/radiation cooldown to the RCCS.

DBE-5 - Earthquake. This DBE includes the family of events which result from

a large earthquake with a ground acceleration of up to 0.3 g. The HTS

pressure boundary integrity is expected to be maintained as it is designed
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for an OBE. The HTS fails to remain on line and is shut down as described in

AOO -l1(A) and 1 (B) . Core cooling is provided by the SCS. The HTS thermal

response following SCS startup is similar to AOO-l(A) and (B).

DBE-6 - Moisture Inleakage. This DBE includes the family of events which

result from a feedwater/steam leak into the primary coolant from one or more

SG tubes. This family of events includes all the events in which a moderate

SG tube leak (5.67 kg/s (12.5 lbm/s)) is detected by the moisture monitors.

Upon detection of high moisture level in the primary coolant, PPIS initiates

reactor and main loop circulator trip. At this point the PPIS isolates and

dumps the S. Core cooling is provided by the SCS following the MC trip.

The reactor vessel remains pressurized. The MLSV closes following the MC

coastdown. The HTS thermal response following SCS startup is similar to

AOO-l(A) and 1(B).

DBE-7 - Moisture Inleakagie without SCS Coolin. This DBE includes the family

of events which is similar to DBE-6, with the exception that the SCS fails to

come on-line. The HTS responds as described in DBE-6 except that a backflow

of helium is not provided through the closed MLSV. The HTS thermal response

is similar to AOO-2. The HTS components stay in this shutdown condition

throughout the pressurized conduction/radiation cooldown to the RCCS.

DBE-8 - Moisture Inleakage with Moisture Monitor Failure. This DBE includes

the family of events which result from a small S leak [0.045 kg/sec (0.1

lbm/sec)] followed by failure of the moisture monitor to detect the excess

moisture in the primary coolant. The reactor is tripped (outer control rods

and RSGE) on high primary coolant pressure. Additionally, the S is isolated

on high primary coolant pressure. Once the reactor is tripped, the primary

coolant pressure decreases due to main loop cooling during circulator

coastdown so that no pressure relief valve opening results despite continuing

moisture ingress caused by flashing steam within the isolated steam

generator. The S is eventually dumped manually. The SCS is automatically

started to cool the core, further reducing the helium pressure.

DBE-9 - Moisture Inleakage with Steam Generator Dump Failure. This DBE

includes the family of events which result from a small S leak [0.045 kg/sec
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(0.1 lbm/sec)] followed by a failure of the SG dump system valves to

reclose. Upon detection of high moisture level in the primary coolant, the

PPIS initiates an MC and reactor trip. The SG is isolated by closing the

feedwater and the main steam isolation valves. The MLSV closes. Dumping of

the SG inventory begins by opening the dump system valves. At the end of the

dump, the dump system valves fail to reclose. The SCS comes automatically

on-line. The HTS thermal response following SCS startup is similar to

AOO-1(A) and (B).

DBE-10 - Primary Coolant-Leak. This DBE includes the family of events which

result from small to moderate [up to 84 sq cm (13 sq in.)] primary coolant

leaks. Throughout the range of these leaks, pumpdown of the primary coolant

by the Helium Purification Subsystem is not possible, either because the

subsystem is not available or the depressurization is too quick. The reactor

is tripped by the PPIS on low primary coolant pressure. The HTS is tripped

on low primary coolant pressure in combination with a relatively high steam

temperature. The MC is tripped, the secondary coolant flow is stopped by

closing the SG feedwater and main steam isolation valves. The MLSV closes.

The SS is successfully started. The HTS thermal response following SCS

startup is similar to AOO-l(A) and (B) but more gradual due to the reduced

primary coolant density.

DBE-1 - Primary Coolant Leak without HTS and SCS Cooling. This DBE includes

the family of events which result from small [up to 6.5 sq cm (1 sq in.)]

primary coolant leaks. A 0.32 sq cm (0.05 sq in.) leak has been analyzed.

Low primary coolant pressure initiates a reactor trip. The HTS provides

decay heat removal for 15 hr before it fails, at which time the MC is tripped

and the S is isolated. The SCS fails to come on-line. The HTS thermal

response is similar to AOO-2. The HTS components stay in this shutdown

condition throughout the postulated depressurized conduction/radiation

cooldown to the RCCS.

5.3.1.6 Interfaces

Major interface requirements imposed on other systems or subsystems within

other systems by the Heat Transport System are identified in Table 5.3-6
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which also includes a description of the interface and a quantitative

expression for the interface.

5.3.2 Main Circulator Subsystem

5.3.2.1 Summary Description

The Main Circulator Subsystem (MGS) consists of the following:

1. Main circulator (MC - compressor, motor, and housing) assembly.

2. Main loop shutoff valve (MLSV) and ducting assembly.

3. Magnetic bearings control and power (MBCP) module.

4. MLSV service module.

5. Electric motor control and power (EMCP) module.

A single-stage axial-flow compressor is mounted directly on the shaft of the

electric motor rotor. The integral rotor is fully floating on a set of two

radial bearings, and one double acting thrust bearing; all are of the active

magnetic field type. Antifriction-type catcher bearings are provided to

prevent damage in the case of functional failure of the magnetic bearings.

The variable speed electric motor is capable of precise speed adjustment.

The MLSV, installed upstream of the MC inlet, limits the backflow of primary

coolant when the MC is shut down. However, when the shutdown cooling

circulator is operating, a small amount of the backflow from the cold helium

leg is allowed to flow through the MLSV to provide a gradual cooldown of the

SG.
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5.3.2.2 Functions and l0CFR100 Design Criteria

5.3.2.2.1 Power Generation Functions

The MICS Subsystem supports the power generation functions of the HTS (Section

5.3.1.2.1) by circulating primary coolant (helium) through the reactor core

and the SG for the purpose of transporting heat from the core to the SC

during normal power operation and decay heat removal operation, both

pressurized and depressurized (including refueling).

5.3.2.2.2 Radionuclide Control Functions

The MCS has no radionuclide control functions.

5.3.2.2.3 Classification

The MCS is not "safety related". Since this subsystem does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, this subsystem will have the appropriate reliability

to meet user requirements.

5.3.2.2.4 10CFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria for radionuclide control apply to the MCS. 

5.3.2.3 Radionuclide Control Design Requirements

The MCS has no radionuclide control design requirements.

5.3.2.4 Design Description

5.3.2.4.1 Subsystem Configuration

The helium compressor, electric motor, bearings, motor cooler and MLSV are

all located inside of the primary coolant pressure boundary; however, only
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the compressor flow elements and the MLSV are submerged in contaminated

primary coolant. The electric motor, bearings and motor cooler are submerged

in a purified helium atmosphere at approximately the same pressure as the

primary coolant. The MC housing, which contains and supports the motor and

compressor, forms a part of the primary coolant pressure boundary and as such

is a part of the Vessel System (Section 5.2).

Various modules which support the bearing functions, MLSV and electric motor

power supply are located external to the vessel.

Figure 5.3-3 illustrates the MS general arrangement. Some additional shared

service and plant systems, not shown in Figure 5.3-3, are:

1. Purified buffer helium supply (Reactor Services Group).

2. Cooling water supply for cooling of the electric motor and magnetic

bearings (Reactor Services Group).

3. Plant Control and Instrumentation System (PCDIS) connections.

4. PPIS connections. I

Main Circulator. Figure 5.3-4 shows a breakdown of the MC with a

single-stage axial-flow compressor mounted directly on the shaft of the

electric motor rotor. The integral motor/compressor rotor is fully floating

on a set of active magnetic bearings, backed up with a set of antifriction

catcher bearings.

The MC consists of the following components:

1. Electric motor/compressor rotor assembly.

2. Compressor stator and diffuser assembly.

3. Electric motor stator and internal structural supports.
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4. Helium-to-water motor and bearing cooling heat exchangers (2 x 100

percent).

5. Two radial and one double acting axial active magnetic bearings.

6. Two angular contact (radial-axial) catcher bearings.

7. Hermetically sealed connectors for electric power, cooling water,

buffer helium, magnetic bearings controls and instrumentation.

The M has a 3200 kW (4300 hp) , 6200 rpm, variable speed, nonsalient pole,

vertical, synchronous motor. The motor has an ac brushless exciter that

utilizes a rotating solid-state rectifier designed for variable speed

operation.

The electric motor cavity pressure is equilibrated with the primary coolant

pressure and purged with purified helium flow controlled by two volumetric

flow control elements assuring that the buffer helium supply and the motor

cavity purge flows remain constant at all reactor operating pressures.

Figure 5.3-5 shows the buffer helium flow schematic. Approximately 1.4 x

10-3 cu in/sec (3 scfm) of purified helium is supplied to the M labyrinth

seal. Half of this supply [0.7 x 103 cu rn/s (1.5 scfm)] enters the motor

cavity and is then bled back to the Helium Purification System. The

remaining 0.7 x 0-3 cu in/s (1.5 scfm) flows into the primary coolant and

is returned to the purification system together with the flow from other

sources. In this manner, the labyrinth flow into the motor cavity prevents

any contaminant gases or vapors from entering the primary coolant, and the

flow into the primary coolant prevents primary coolant from entering the

electric motor cavity and contaminating the motor.

The variable speed electric motor control and power module (Figure 5.3-3) is

a solid-state type, with a constant voltage/frequency ratio control. The

module provides accurate compressor speed control, thus controlling primary

coolant flow. The compressor rotor has redundant independent speed probes.
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Cooling of motor windings, rotor and magnetic bearings is provided by the

helium-to-water heat exchangers which surround the motor stator. When the

motor rotates, two shaft-mounted cooling fans generate helium flow through

the motor, around the magnetic bearings and through the helium-to-water heat

exchangers where the heat from electrical losses and the rotor windage losses

is rejected. The lower circulator housing, supporting the lower bearing, is

thermally insulated from the primary coolant (i.e. , compressor diffuser)

channel. The inside wall of the conically shaped housing is lined with water

cooling coils. This heat sink is sized to maintain the lower magnetic

bearing housing and lower motor windings within acceptable temperatures, with

or without motor rotation whenever cooling water flow is available.

Heat transferred from the primary coolant in addition to heat conducted from

the SC vessel flange is rejected through the cooling coils.

The helium-to-water heat exchanger tubes are upstream from, and in series

with the lower circulator housing cooling tubes. Cooling water pressure is

maintained lower than motor cavity pressure under all pressurized operating

conditions. This prevents water ingress into the motor cavity in the case of

cooling tube failure when the reactor module is pressurized.

The active magnetic bearings consist of two fully redundant circuits, which

include redundant sensors, redundant electromagnets and redundant electronic

controls. Figure 5.3-6 shows the magnetic bearings schematic.

The vibrational characteristics of the combined radial bearings and rotor

system is such that no resonant frequencies of the rotor are encountered

within the full circulator speed range (0 to 120 percent).

The magnetic thrust bearing has adequate margin of overload capacity, to

resist all gravitational (including seismic) and aerodynamic axial loads.

The MC rotor has a third bearing system, consisting of a set of antifriction

angular contact ball bearings. These are called "catcher bearings." The

primary function of the catcher bearings is to prevent mechanical contact
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between the rotor and the stationary parts in the event that the redundant

magnetic bearings fail. Also, the catcher bearings are utilized to prevent

contact during transportation and installation.

During normal MC operation the rotating inner races of the catcher bearings

are not in contact with the ball bearings or the outer bearing races, which

are stationary. The rotor moves into contact with the catcher bearings if

the magnetic bearings should fail. As the catcher bearings are engaged, the

inner races move axially causing contact between the inner races and balls,

which then accelerate to the inner race velocity. The small mass inertia of

the balls causes minimum skidding and limits any surface damage of the races

and balls. The bearings are dry lubricated; the surfaces having a thin film

of molydisulfide adequate for the projected 20 rotor drops over the plant

lifetime.

The shaft displacement sensor decision circuitry ensures that MC shutdown is

initiated at the time the catcher bearings are engaged.

Main Loop Shutoff Valve Assembly. The MLSV is a twin-flapper, flow-actuated

check valve incorporated into the MCS as shown in Figure 5.3-4. It consists

of two semi-elliptical plates which are at an angle of 45 degrees to the

vertical centerline when the valve is closed and at a very small angle to the

duct centerline when the valve is fully open. Closure of the valve can be

caused by gravity or the pressure forces generated across the reactor core by

the CC. Contact surfaces of the valve are hard-faced with nongalling

materials. A helium jet mechanism is included to assist in closing the valve

if necessary. Position instrumentation, with a readout in the control room,

indicates the open or closed status of each valve plate.

Main Loop Shutoff Valve Control Module. The MLSV control module provides the

following:

1. High pressure helium supply to the jet actuation mechanism.

2. Fiber optics system for the valve plate position indication.
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3. Control logic for jet (pressurized helium) actuation.

The MLSV control module provides jet actuation only when one or both valve

plates fail to close following shutdown of the M. The valve plate hinges

may occasionally stick due to the buildup of particles carried in the primary

coolant. This, combined with-the low mass of the valve plates, may prevent

closure of the valve by gravity force. The control logic then actuates the

helium jets which force the valve plates to close.

Magnetic Bearings Control and Power (MBCP) Module. The MBCP module provides

all the magnetic bearings power supply and controls functions. Two

independent MBGP systems make up one MBCP module. The power supplies to each

system are independent.

Electric Motor Control and Power (EMCP) Module. The EMCP module provides the

following:

1. AC electric power to the synchronous motor drive.

2. Frequency control to the synchronous motor drive in response to a

speed demand signal from the PCDIS.

3. Overspeed, overload, and over-temperature signals to the PIS logic.

The MC motor speed controller is a solid-state adjustable-frequency power

supply with output ratings compatible with motor operating and stability

requirements over the entire speed range. Each controller contains two

parallel trains of breakers, transformers, converters and cooling sections.

Each train, capable of driving the motor at 50 percent of rated torque,

consists of two three-phase thyristor bridges linked together through a

smoothing reactor (dc link). one three-phase bridge is connected to the

power system and operates as a phase-controlled rectifier to supply power to

the dc link; the second is connected to the synchronous motor and inverts the

power from the dc link into the motor stator. During normal motor operation,

voltage and current in the dc link are adjusted by the logic section of the
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controller in response to a speed demand signal from the PCDIS. The maximum

voltage supplied to the motor is compatible with the dielectric strength of

the motor insulation operating in helium.

The rectifier and inverter circuits of the converter are designed to

facilitate rapid diagnosis of faults.

The thyristors used in each controller train have a voltage margin based on

2.5 times the peak repetitive voltage rating. This allows for a single

thyristor malfunction in each converter train without an interruption in the

operation of the equipment.

The EMCP module and the synchronous motor drive operate as one electrical

system.

A rotating rectifier assembly converts the three phase ac output of the

exciter rotor to d. The d output of the rectifier assembly is connected to

the motor field. This causes motor field current to respond to ch--nges in

excitation. Excitation is changed by varying the current supplied to the

exciter stator. Motor power factor and, to some extent, motor pull-out

torque can be varied over the entire speed range by changing excitation.

5.3.2.4.2 Subsystem Arrangement

The MC and MLSV are located in the top of the SG vessel. A typical cross

section through the MC cavity is illustrated by Figure 5.3-4. The service

modules, except the EMCP module, including the MBCP module and MLSV control

module are located in the Reactor Building in close proximity to the M. The

EMCP module is located outside the Reactor Building in the Auxiliary

Building.

5.3.2.4.3 Subsystem Operating Modes

For a description of the MS modes of operation, please refer to the HIIS

description in Section 5.3.1.4.3.
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5.3.2.4.4 Instrumentation and Control

The PPIS includes instrumentation and controls necessary for investment

protection of the MCS. Key parameters are monitored and controlled for all

module states. The key parameters measured are shown in Table 5.3-2.

The MCS provides space for sensors as indicated in the "Location" column of

the table.

5.3.2.4.5 Subsystem Operating Limits

Operating limits have been. imposed on the MCS to prevent damage to systems

and components and to maintain the integrity of the primary coolant pressure

boundary. The PPIS acts to keep plant performance within the selected

operating envelope. Table 5.3-3 lists the MC blade temperature and

rotational speed operational limits.

5.3.2.5 Design Evaluation

For additional information related to this section, see the responses to NRC

Comments 5-24 and 5-26.

5.3.2.5.1 Failure Modes and Effects

Table 5.3-7 lists basic MCS components and the results of the failure modes

and effects analysis for each of them.

5.3.2.5.2 Steady-State Performance

The MCS operates in a steady-state condition during plant normal operation.

The MC rotating speed changes in response to the plant control system demands

which vary with plant thermal conditions and electric output. When the

reactor is shut down, the MCS can operate, be in standby mode, or be shut

down. Refer to Section 5.3.1.5.2 for a discussion of HTS and corresponding

MC performance.
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5.3.2.5.3 Anticipated Operational Occurrence Performance

If available, the MCS can participate during anticipated operational

occurrences (AOOs) as described in Section 5.3.1.5.3. If cooling water is

not available for the M motor, reduced life and/or damage may result due to

overheating of the motor and bearings. This could affect equipment

availability, but does not have a safety impact.

5.3.2.5.4 Design Basis Event Performance

If available, the MS can participate during design basis events (DBEs) as

described in Section 5.3.1.5.4. If cooling water is not available for the MC

motor, reduced life and/or damage may result due to overheating of the motor

and bearings. This could affect equipment availability, but does not have a

safety impact.

5.3.2.6 Interfaces

Interface requirements are presented in Table 5.3-6 showing the system or

subsystem on which the requirement is imposed, a description of the

interface, and the nature of the interface.

5.3.3 Steam Generator Subsystem

5.3.3.1 Summary Description

The Steam Generator Subsystem (SGS) comprises the heat exchanger portion of

the HTS. The steam generator (SG) and the associated main circulator (MC)

fit within the boundary of the Vessel System (VS). Hot primary helium flows

from the reactor core through the inner duct of the crossduct into the steam

generator vessel. A duct extended from the inner duct leads helium to the

top of the steam generator bundle for downf low through the bundle. Cooled

helium flows out of the steam generator and then up along the inside of the

vessel to the circulator mounted at the top of the vessel. Steam is

discharged out of the side of the SC vessel while feedwater is introduced at

the bottom.
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The steam generators are; once-through tubular type units, each with an

economizer, an evaporator, a first stage superheater forming one helically

wound tube bundle and a second stage superheater that is a separate but

connected helical tube bundle. Helium flow is downward on the shell side and

is cross-counterflow to the steam/water upflow.

5.3.3.2 Functions and 1CFR100 Design Criteria

5.3.3.2.1 Power Generation',Functions

The SS supports the power generation functions of the HTS (Section 5.3.1.2.1)

by transferring heat from the helium to the secondary coolant thereby

producing superheated steam during normal power operation or by transferring

heat to the feedwater during decay heat removal operation both pressurized and

depressurized (including refueling).

5.3.3.2.2 Radionuclide Control Functions

The SS supports the radionuclide control functions of the HTS (Section

5.3.1.2.2) by controlling transport (of contaminated helium) from the primary

circuit. The SGS controls transport by maintaining its helium/water pressure

boundary integrity. In addition, the SGS controls chemical attack by limiting

fuel hydrolysis by limiting:water/steaml ingress.

5.3.3.2.3 Classification

The SGS is not "safety related" (Table 3.2-1). Since the SGS does not perform

any OCFR100-related radionuclide control functions, no special classification

is applied to it. However, the subsystem will have the appropriate

reliability to meet other Top-Level Regulatory Criteria and user requirements.

For additional information related to this section, see the response to NRC

Comment 5-29.

5.3.3.2.4 10CFRIOO Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria apply to the SGS.
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5.3.3.3 Radionuclide Control Design Requirements

The SGS shall be designed to withstand the loads resulting from the

transients shown in Table 3.9-1.

The SS shall be designed to the ASME Boiler and Pressure Vessel Code,

Section III, Subsection NB, Class 1, and Code Case N-47.

The SS shall be designed to mitigate the consequence of externally

(out-of-system) and internally generated missile.

5.3.3.4 Design Description

5.3.3.4.1 Subsystem Configuration

The SS consists of a heat exchanger, shrouding, and supports located within

the Steam Generator Vessel of the VS (Figures 5.3-7 and 5.3-8). The thermal

center of the SS is positioned below the thermal center of the reactor core

to prevent helium flow through the SS during heatup transients, thus

protecting the SS.

The SS heat exchanger is a vertically oriented, cross-counterflow,

shell-and-tube, once-through, non-reheat steam generator with helium on the

shell side and water/steam in the tubes. The tubes are continuous from

end-to-end with no internal sub-headering. The heat transfer surface

consists of the two helical coil configurations, the

Economizer/Evaporator/Superheater (EES) region followed by the Finishing

Superheater (FSH) region above the EES. The EES and FSH tube bundles are

made up of 350 tubes arranged in 34 concentric helical coils (or rows). The

EES bundle converts the feedwater to partially superheated steam

(approximately 280C to 420C (50'F to 75SF) superheat) during normal

operation, while the FSH acts as a finishing superheater to produce the

required outlet steam conditions. The EES and FSH bundles are surrounded by

outer and inner flow shrouds. A bi-metallic weld (BMW) connecting the EES
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and FSH tubes is located between the EES and FSH in a quiescent region. The

key physical features of the Steam Generator Subsystem are listed in Table

5.3-8.

Primary Coolant Side. The hot helium gas emerging from the reactor core

flows to the SGS through a single inner duct (hot duct) of the crossduct and

enters the top of the FSH throu~gh an inlet flow distribution cone. The gas

flows downward through the helically coiled FSH section, perpendicular to the

tubes and counter current to the steam flow. The gas then flows through a

transition region between the :FSH and the EES helical tube bundles before

continuing to flow through the helically coiled EES section, perpendicular to

the tubes and counter current to the steam/water flow. The cooled helium

leaves the EES at its lower end, turns 180 degrees, and flows upward through

an annular region between the outer shroud of the SS and the VS leading to

the MC inlet.

Secondary Coolant Side. The SG.S is supplied with feedwater through a single

pipe of the Power Conversion Group at the bottom of the SS (Figure 5.3-7). _

The feedwater extension nozzle (plenum) feeds the feedwater to the tubesheet

at an interface with the Vessel System. There are orifices mounted in each

of the 350 tubes at the front face of the tubesheet to stabilize the flow.

The lead-in tubes, which are the same size 2.22 cm (0.875 in.) OD, 3.3 mm

(0.130 in.) wall thickness and'material (2-1/4 Cr-1 Mo) as the tubes in the

EES bundle, are routed from the. tubesheet directly into the EES helical tube

bundle; subheaders are not used in the steam generator. The feedwater is

directed upward through the tub es in the EES bundle where it is converted to

steam with a small amount of superheat. The tubes in the EES bundle are

helically wound in multiple concentric cylinders through holes drilled in 8

separate support plates (Figure 5.3-8). The helix direction alternates at

adjacent tube columns. The tubes exit from the top of the EES helical bundle

(Figure 5.3-7) and are routed, to the perimeter of the bundle by lead-out

tubes of the same size. At this stage the steam is in a slightly superheated

condition. At the perimeter of the bundle, the tubes turn 90 degrees and

enter the quiescent region. The individual tubes are then led to a
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protective chamber, where bi-metallic welds which join the 2-1/4 Cr- Mo

tubes to Alloy 800H tubes are located. The Alloy 80011 tubes are routed to

the FSH bundle.

The slightly superheated steam is directed upward through the tubes in the

FSH bundle where it is converted to superheated steam.

The FSH tubes, similar to the EES tubes, are helically wound in multiple

concentric cylinders through holes drilled in 8 separate support plates

(Figure 5.3-8). The helix direction, as in the EES tubes, alternates at

adjacent tube columns. The tubes exit from the top of the FSH helical bundle

(Figure 5.3-8) and are routed to the SGS thermal expansion zone before

leading to the back (inside) face of the Alloy 800H superheater tubesheet.

Downstream of the tubesheet, the superheated steam passes into a superheated

steam outlet/accessibility extension. A blind flange is provided in the

accessibility extension for access to the superheater tubesheet, as it is in

the feedwater header (Figure 5.3-8).

Main Support. The SS is supported on the steam-generator vessel lugs by a

main support structure (gussets, cylinders) which is a welded extension of

the SGS bundle outer shroud (Figure 5.3-7). This support point carries the

structural and thermal loads of the entire SS except the partial structural

and thermal loads transmitted to the VS through the feedwater and steam

tubesheets, and partial structural and thermal loads of the SGS upper

internals structure supported by the VS at plane N (Figure 5.3-9).

The SGS is designed to be removable (event not anticipated), but with

difficult maneuvers. In order to remove the SGS, (with the S vessel

in-place) , the two tubesheets are separated from the VS. The entire SGS

(except tubesheet plenumns on the back side) can be lifted from within the SG

vessel. During this lift-up, lifting bolts attached at plane P carry the

entire weight of the SS portions below plane P (Figure 5.3-9). During

normal operation of the SGS, these bolts act as guides to accommodate thermal

differential expansion between portions of the SS above and below Plane P

via a sliding joint (piston rings) at plane P.
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Tube Bundle and Support. The EES bundle consists of 350 tubes which form

continuous water-side flow circuits from the feedwater tubesheet, to which

they are expanded into and then welded by front-face fillet welds, through a

lead-in feedwater-penetration-to-helical-bundle transition region and through

the helically coiled heat transfer region. The tubes from the tubesheet to

the bundle are routed to remain within the confines of the EES outer shroud.

They are drainable and sufficiently separated from each other that they will

not come into contact with other tubes as a result of vibration. They are

supported at sufficient intervals to avoid both flow-induced and seismic

excitation but remain sufficiently flexible to accommodate thermal movements

of the feedwater tubesheet and the tubes themselves, as well as the thermal

expansion of the lower head.

The EES tube bundle is made of 34 concentric helical coils wound into

multi-tube cylinders which are supported by support plates with drilled holes

through which the tubes are threaded. At each plate/tube intersection, a

tube retention device is installed. This device consists of two halves of a

sleeve that are inserted around the tube and fixed in place by a mechanically 

pressed ring on each side of the EES support plate. A small clearance is

left between the sleeve and the hole surface. The sleeve and ring assembly

thus serves as a wear protection device, retains the tube in position during

seismic accelerations, provides damping to flow-induced tube vibrations and

functions as a manufacturing shim. A completed steam generator will contain

over 53,000 of these relatively simple devices.

The EES tube bundle support system is quite complex in that it must be stiff

enough to dissipate deadweight and seismic loads into the adjacent structural

elements while remaining flexible enough to accommodate differential thermal

expansion motions.

The EES support plates (4 full and 4 partial) are oriented tangentially to

the tubes and are attached to floating inner or outer shrouds to provide

adequate flexibility for thermal growth, and to reduce any potential bypass

flow due to manufacturing tolerances.
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Expansion Loop Region. Because the S vessel from the SGS support locations

(plane A, Figure 5.3-9) to the superheated steam tubesheet (plane H, Figure

5.3-9) has considerably lower thermal expansion compared to the SGS tube

bundle, an expansion loop region is needed to accommodate the differential

thermal expansion. This thermal expansion loop region is located near the

superheated steam tubesheet. The transition region between the EES and FSH

tube bundle does not accommodate any differential thermal expansion between

the SS and S vessel, but it does accommodate radial and rotational thermal

movement between the helical bundles.

5.3.3.4.2 Subsystem Arrangement

Figure 5.3-9 shows the configuration of the SGS and depicts the interfaces.

The major dimension of the SGS are shown in Figure 5.3-10. The Vessel System

(VS) supports the SG at planes A and N (Figure 5.3-9) and provides the

connection between the accessibility extensions and the tubesheets at Planes

B and for the feedwater inlet and Planes H and J for the steam outlet. The

accessibility extensions provide access to the feedwater inlet and steam

outlet tubesheets (planes F and M) and interfaces with the Power Conversion

Group feedwater/steam piping at planes D and K. The SS has a major

structural and fluid interface with the reactor internals at plane N. The VS

provides seismic restraints to the SGS along cylinder G.

5.3.3.4.3 Subsystem Operating Modes

There are no distinct SS operating modes. System operating modes are

described in Section 5.3.1.4.3.

5.3.3.4.4 Instrumentation and Control

There are no instrumentation or controls in the SGS. However, the PPIS

monitors the HTS parameters necessary for investment protection as discussed

in Section 5.3.1.4.4.
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5.3.3.4.5 Subsystem Limitations

Operating limits have been imposed on the SS to prevent damage to its

components and to maintain the integrity of the primary coolant pressure

boundary. Table 5.3-3 presents the summary of the limitations. Lower and

upper temperature limits are identified. The lower limit is design dependent

and is based on the current design configuration and the operating loads and,

if exceeded, will create a situation in which the allowable stresses can be

exceeded in some areas. The upper limit is associated with a permanent

change in the metallic properties, or with the absence of Code data (e.g.

Alloy 800H).

The limitation on the hot streak (Table 5.3-9) entering the steam generator

helical tube bundle is based on performance evaluations performed under 100

percent load conditions. The cold streak limitation is based on being able to

meet lower BMW operating temperature limitations.

5.3.3.5 Design Evaluation

5.3.3.5.1 Failure Modes and Effects

Component failures of the Steam enerator Subsystem which result in moisture

ingress are identified as failures which will cause shutdown of the reactor.

Four dominant S tube failure modes have been identified, i.e. , those

resulting from:

1. Bimetallic weld (2-1/4 Cr-l Mo and Alloy 800H) failure.

2. Corrosion/erosion.

3. Defects in welds of similar metals.

4. Mechanical damage, frettings, and wear.

Table 5.3-10 lists basic Steam enerator Subsystem components and the result

of the failure modes and effects analysis for each of them.
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5.3.3.5.2 Steady-State Performance

The Steam Generator Subsystem is essentially passive during all modes of

plant operation. Its steady-state performance consists of withstanding

various temperatures and pressures corresponding to the modes of plant

operation. Tables 5.1-1 through 5.1-4 and Figures 5.1-2 and 5.1-3 present

expected steam generator performance parameters during all modes of plant

operation.

All values shown in Tables 5.1-1 through 5.1-4 and Figures 5.1-2 and 5.1-3

are expected values for the Steam Generator Subsystem. Actual parameter

values for the steam generator may vary depending on measurement

instrumentation errors and statistical performance uncertainties.

Consequently, the steam generator is designed and evaluated for a maximum

bulk helium inlet temperature of 691'C (12870F). The steam generator design

also considers the effects of local hot streaks (Table 5.3-9).

Orificing at the feedwater inlet region is required to ensure a stable

boiling process over the normal operating range of 25 to 100 percent load.

Orificing requirements include the effects of hot/cold streaks (see Section

5.3.1.5.2) and excessive helium flow maldistribution at the entrance to the

helical tube bundle. Flow maldistribution can be reduced by installing flow

distribution devices such as screens/baffles upstream of the helical tube

bundle.

5.3.3.5.3 Anticipated Operational Occurrence Performance

Five anticipated operational occurrences (AOOs) are identified and described

in Section 11.6. The response of the HTS is described in Section 5.3.1.5.3.

This section describes how the SGS is affected by A00s.

The SGS components of concern are the steam and feedwater tubesheets, and the

cooling tubes. The concerns are relative to the primary stress levels in

these components, and the possible reduction in the cyclic fatigue life of

these components as a result of these transient conditions.
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Primary stress levels exceeding the allowables can be resolved by simple

design changes; whereas, the resolution of the high fatigue usage factors

resulting from the transient conditions may require some system operational

changes and/or design changes.

AOO-1 Main Loop Transient with Forced ore Cooling. This AOO includes the

family of events which result i an HTS transient without loss of forced core

cooling. This family of events is divided into four groups based on the

contributing accident families.' They are all classified as Service Level B

under the ASME Code (Table 3.9-I).

AOO-lA Loss of Cooling- on the HTS. The adequacy of the steam tubesheet

during this transient condition was confirmed. The primary stress levels are

calculated using a 2-D axisymmetric finite element model of the structure of

a portion of the tubesheet and the barrel. All primary stress levels in this

component are within ASME Service Level B allowables at high temperature.

The contribution of this transient condition to the fatigue damage of the

steam tubesheet is considered to be insignificant due to the mild nature of

this transient relative to this component.

The economizer-evaporator-superheater bundle tubes, the transition tubes, the

finishing superheater bundle tubes, and the lead-out tubes are analyzed to

confirm their adequacy. The locations with the highest temperature in each

section are analyzed. The results indicate that the tube thicknesses are

more than adequate to withstand the loads imposed on it by this condition.

The contribution of this transient condition to the fatigue damage of the

tubes is considered to be insignificant.

The feedwater tubesheet is the component that is least affected by this

transient. The temperature profile of this component during the transient is

flat. Therefore, no cyclic fatigue damage is expected. The primary stress

levels, due to primary-secondary side pressure differential, are all within

allowables.

5.3-36



- ~AQO-lB Loss of Offsite Power and Turbine Trip. The eff ct of this event on

the SS is essentially the same as AO-lA, therefore the discussions in that

section also apply here.

AQO-lC Reactor Trip from Full Power. For all components of concern, the

primary stress levels are calculated to be within allowables for this event.

Preliminary fatigue evaluation of the steam tubesheet using the

two-dimensional finite-element model of the component indicates a concern

relative to the cyclic fatigue life adequacy of this component. The rapid

cooldown of the steam outlet temperatures coupled with low feedwater flow

rates results in very steep thermal gradients across the tubesheet-barrel

juncture. The calculated usage factor indicates that the 180 occurrences

(Table 3.9-1) for such a rapid cooldown transient are too many. However,

system design modifications and/or tubesheet design features are expected to

resolve this concern, therefore, no problems are anticipated in meeting the

requirements. The effect of this event on the cyclic fatigue life of the

tubes has not been assessed at this time. The feedwater tubesheet is not

affected by this event.

AOO-lD Turbine Trip. For all components of concern, the primary stress

levels are within allowables, and the effect of this transient on their

cyclic fatigue life is considered to be insignificant.

AOO-2 Loss of Main and Shutdown Cooling Loops. No transient information has

been calculated relative to the effect of this event on the SS, therefore,

no evaluation has been performed at this time.

AOO-3 Control Rod roup Withdrawal with Control Rod Trio. This event is

designated ASME Service Level C (Table 3.9-1). For all components of

concern, the primary stress levels are calculated to be within allowables.

The effect of this transient condition on the cyclic fatigue life of the

steam tubesheet is not expected to be significant due to a very few number of

occurrences expected, even though the thermal gradients across the

tubesheet-barrel juncture are expected to be quite steep. However, the
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stresses resulting from this transient condition are evaluated in combination
with the other critical transients to ensure calculation of correct peak

stress intensity ranges used in the fatigue evaluation. This also applies to

the tubes. The feedwater tubesheet is not affected by this transient.

AOO-4 Small Steam Generator Leak. This event is designated ASME Service

Level B (Table 3.9-1). Th!6 results of the evaluation of the components of

concern for this event are essentially the same as that for AOO-lA.

AOO-5 Small Primary Coolant Leak. The primary stress levels in the steam

tubesheet and the tubes are analyzed for two cases. The first case

represents 500 seconds into the transient with a primary-secondary side

pressure differential acros s the tubesheet and the barrel that exceeds the

design loading condition, value at high temperature. The second case

represents hour into the transient with a higher pressure differential, but

at a lower temperature. For both cases, the stresses calculated at the

tubesheet, tubesheet-barrel. juncture, and at the barrel as well as in the

-ubes are within ASME Service Level C allowables.

The contribution of this tansient condition to the fatigue damage of the

steam tubesheet and the tubes is considered to be insignificant due to the

mild nature of this transient relative to these components.

Feedwater tubesheet is the component that is least affected by this

transient. The temperature 'profile of this component during the transient is

flat. Therefore, no cycl ic fatigue damage is expected. The pressure

differential exceeding the design loading condition value across the

tubesheet and the barrel was analyzed for one case that represents 500 s into

the transient. The resulting stresses are all within allowables.

5.3.3.5.4 Design Basis Event Performance

Eleven design basis events (DBEs) are identified and described in Chapter

15. The response of the HTS is described in Section 5.3.1.5.4. This section

describes how the SGS is affected by DBEs.
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The SGS components of concern are the steam and feedwater tubesheets, and the

cooling tubes. The concerns are relative to the primary stress levels in

these components, and the possible reduction in the cyclic fatigue life of

these components as a result of these transient conditions.

DBE-1 Loss of HTS and SCS Cooling. This event is not applicable to the SGS.

DBE-2 HTS Transient Without Control Rod Trip. For all components of concern,

the primary stress levels are within allowables, and the effect of this

transient on their cyclic fatigue life is considered to be insignificant.

DBE-3 Control Rod Withdrawal Without HTS Cooling. The effect of this

transient condition on the cyclic fatigue life of these components need not

be evaluated because of the ASME Service Level D classification. The primary

stress levels for all components of concern are lower than that for the

DBE-11 event with the same allowables.

DBE-4 Control Rod Withdrawal Without HTS and SCS Cooling. This event is not

applicable to the SS.

DBE-5 Earthquake. Discussions for DBE-3 also apply for this event.

DBE-6 Moisture Inleakag-e. This event is designated as ASME Service Level C

(Table 3.9-1). The effect of this event of the SS is similar to DBE-2.

DBE-7 Moisture Inleakag-e Without SCS Cooling. This transient is not

applicable to the SS.

DBE-8 Moisture Inleakag-e with Moisture Monitor Failure. The effect of this

event on the SS is similar to DBE-2.

DBE-9 Moisture Inleakage with Steam Generator Dump Failure. No transient

data have been calculated for evaluation of the SS at this time.
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DBE-10 Primary Coolant Leak. For primary stress calculations, a case

corresponding to 320 s into the transient is analyzed. The stress levels are

calculated to be comparable to' AOO-5 stress levels. However, due to the fact

that the allowables for this transient condition (Service Level D) are

considerably higher than those for the AOO-5 condition, the components are

more than adequate to withstand the conditions imposed on them by this

condition.

The effect of this transient condition on the cyclic fatigue life of these

components need not be evaluated because of the ASME Service Level D

classification.

DBE-11 Primary Coolant Leak Without H-TS and SCS Cooling. For primary stress

calculations, two cases corresponding to 0.75 hr and 15 hr into the transient

are analyzed. The results of' the evaluation and the conclusions are similar

to DBE-10 above.

5.3.3.6 Interfaces

Interface requirements are presented in Table 5.3-6 showing the system or

subsystems on which the requirement is imposed, a description of the

interface, and the nature of the interface.
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DESIGN CONDITIONS AS SPECIFIED IN HTS SDD

> PRESSURIZED SHUTDOWN - STABLE OPERATION OF T SYSTEM
I HOUR FOLLOWING REACTOR TRIP FROM FL LOAD c20

DEPRESSURIZED SHUTDOWN - CONDITIONS AT 24 HOURS FOLLOWING T10
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SCS PRESSURIZED OPERATION -7 MINUTES FOLLOWING REACTOR 2
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D> SEE SHEET I FOR FW PATHS

SEE SHEET 2 FOR FLOW PATHS
C-2Iol
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FLOW PATH NODE DEFINITIONS

FOR HEAT TRANSPORT OPERATION

0 MAIN CIRCULATOR DISCHARGE WI Q CORE BYPASS INLET W18

f N INLET TO COLD CROSSIDUCT W2=WI-W21 CORE BARREL LOWER SEAL WI9

Q INLET TO CORE LOWER INLET PLENUM W3zW2-(WI9+W20) COLD DUCT TO HOT DUCT LEAKAGE PATH W20

(D INLET TO VERTICAL RISERS W4zW3-WI4 MAIN CIRCULATOR BYPASS PATH INLET W21

CD CORE INLET W5=W4-WI8 © STEAM GENERATOR INLET PLENUM BYPASS W22

CORE OUTLET PLENUM W6=W5+W4-W18+Wlg STEAM GENERATOR SHROUD BYPASS INLET W23

HOT DUCT INLET W7=W64-W20O;I HELIUM PURIFICATION SUBSYSTEM INLET (2 PLACES) W24

INLET TO STEAM GENERATOR INLET PLENUM W8=W7 HELIUM PURIFICATION SUBSYSTEM OUTLET W25

a STEAM GENERATOR BUNDLE INLET W9=W8-(W22+W23) CIRCULATOR MOTOR HELIUM PURIFICATION SUBSYSTEM INLET W26

G STEAM GENERATOR COLD ANNULUS INLET WIO=Wg4-W23 CIRCULATOR MOTOR HELIUM PURIFICATION SUBSYSTEM OUTLET W27

G STEAM GENERATOR COLD ANNULUS OUTLET WIk=WIO+W22 PLANT PROTECTION & INSTRUMENTATION SYSTEM MOISTURE MONITOR INLET W28

© MAIN SHUTOFF VALVE INLET W12=WI+4W21 PLANT PROTECTION & INSTRUMENTATION SYSTEM MOISTURE MONITOR OUTLET W29=W28

MAIN CIRCULATOR INLET W3WI REACTOR PLANT COOLING WATER INLET W30

LEAKAGE FROM LOWER CORE PLENUM W14 REACTOR PLANT COOLING WATER OUTLET W31=W3O

G SHUTDOWN CIRCULATOR OUTLET PLENUM WI5S( FEED WATER INLET W32

(D SHUTDOWN HEAT EXCHANGER OUTLET' PLENUM W16 MAINSTEAM OUTLET W33zW3?

G SHUTDOWN HEAT EXCHANGER INLET PLENUM W17=W14 ( ANALYTICAL INSTRUMENTATION W34

FLOW PATH NODE DEFINITIONS
FOR SCS OPERATION

Q MAIN CIRCULATOR DISCHARGE Wk=W2-W20 STEAM GENERATOR SHROUD BYPASS W23

COLD CROSSDUCT OUTLET' W2 (SCS/HTS INTERFACE)© HELIUM PURIFICATION SUBSYS INLET (2 PLACES) W24

HOT COSSDUCT INLET W7=W8+W20 (HTS/SCS INTERFACE) HELIUM PURIFICATION SUBSYS OUTLET W25

INLET TO STEAM GENERATOR INLET PLENUM W8 CIRCULATOR MOTOR HELIUM PURIFICATION SUBSYS INLET W26

STEAM GENERATOR BUNDLE INLET W9=W8-(W22+W23)© CIRCULATOR MOTOR HELIUM PURIFICATION SUBSYS OUTLET W27

STEAM GENERATOR COLD ANNULUS INLET WIO=Wg±W23 PLANT PROTECTION & INSTRUMENTATION SYSTEM MOISTURE MONITOR INLET W8

STEAM GENERATOR COLD ANNULUS OUTLET' WII=W8-W22 PLANT PROTECTION & INSTRUMENTATION SYSTEM MOISTURE MONITOR OUTLET W29ZW2B

MAIN SHUTOFF VALVE INLET' W12 REACTOR PLANT COOLING WATER INLET W30 FIGURE 5.3-2
MAIN CIRCULATOR INLET W13 REACTOR PLANT COOLING WATER OUTLET W31=W30 HTS PROCESS FLOW (PR) DIAGRAM

COLD DUCT TO HOT DUCT LEAKAGE PATH W20 FEEDWATER INLET W32 ~(SHEET 3 OF 5)
COLD DUCT TO HOT DUCT LEAKAGE PATH W2O © FEEDWATER INLET W32 HIGH TEMPERATURHETE GASTURE -COS-COEDDRRAATTO

() MAIN CIRCULATOR BYPASS PATH INLET W21 MAIN STEAM OTE 3z3 PRELIMINARY SAFETY INFORMATION DOCUMENT
vv ~~~~~~~~~~~~~~~~~~~~~~~~~~~HTGR-8424

STEAM GENERATOR INLET PLENUM BYPASS W22 ANALYTICAL INSTRUMENTATION W34



> 1~~~~i ~~~'o F~~EEL.;WATEP FLOW HTS OPERATION

FLDW PATE lbe 34 5j 4 346 3 344 9 j308 2 3.47 4 34860 348 0 3410 347 6 347 9 34845 348 45 1 365 0 68 875 1 365 36 7 109 0 58

lIMP r 491 491 491 491 491 1259 25q 1259 1259 485 485 486 486 491 491 491 351 491 491 A91

PPE'51UPE PSIA 9215 924 4 924 3 923 7 922 9 918 6 917 5 9171 91710 915 6 915 3 914 2 914 2 923 7 923 7 9187 918 6 922 9 924 0 924 0

05 0 34 6 6 0 17 0 21 0 05 0025 302 7 302 7 Z Z
41 1259 1259 [1202 491 [120] 491 1 _LA IR' I '05 LAE

925 9.70 9170 ~~~~ ~~~925 924 925 925 3000 2515

~~. > '~~~~~~i % FEE.DWATER FLOW

FLOW PATE b'~ j 281 5 j28 2 2800 2 789 249 5 280 8 2872 281 2 27 56 281 0 28I2 2815 281 5 f 130 0 55 0 714 1130 29 39 0.)78 0)44

TEMP 489 489 489 489 489 1204 1204 1204 1204 486 486 486 486 489 489 489 353 489 489 489

PRESSURE PSA 917 4 917 0 916 8 916 6 916 0 913 2 912 5 g123 912 2 91 3 911 910 4 910 3 916 6 916 6 913 3 913 3 916 0 916 8 916 8

0 3 0 24 5 36 017 0 21 0 05 0 025 227 0 227 0

486 1204 1204 [1201 4_89 [ 120] 489 _LA R_ 38I03LIE

917 4 912 3 912 2 97 917 917 917 2752 24 72

~. > SO % FEEDWATER FLOW

NODE 0 3 t 5D 6 ___ __ ___ __ ®0 _

FLOW RATE b/sec 203 6 I203 5 1202 8 202 0 180 0 203 2 203 5 203 5 199 4 203 3 203 4 203 6 203 6 0 79 0 40 0 51 0 79 22 0 0 45 0 25

TEMP 'F 487 487 487 487 487 1149 149 1149 1149 487 487 487 487 487 487 487 352 487 487 487

PRESSURE PSIA 910 3 910 1 9,0 0 909 9 909 5 9081 907 7 907 6 907 6 907 2 907 0 9086 906 6 909 9 909 9 9082 9081 909 5 910 910

017 014 38as 0 7 02a 0 05 0 025 151 3 151 3

487"= 1149 1J49 (120] 8 [120] 487 LA tR- 38 1001 LATER

910.3 907 6 907 6 910 g10 go0 910 2571 2440

~~~. > ~~~~~25 % FEEDWATER FLOW

NODE I 20 I (2 3 4 5D 6 T _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ E_ _ _ _ _ _ _ _ _ _ _ _ _

FLOW RATE lb/. 112 5 112 4 112 2 K1 00 1 2 4 K2 4 110 3 112 4 112 4 112 5 No25 0 39 0 23 0 27 0 39 1178 0 17 089

TEMP F 489 489 489 489 489 1091 1091 1091 1091 492 492 492 489 489 489 489 333 489 489 489

PRESSURE PSIA 905 3 1905.3 905 2 905 2 905 0 90486 904 5 904 5 904 5 904 4 904 3 904 3 9041 905 2 905 2 904 7 904 7 905 0 905 2 905 2

006 0 05 2 099 017 021 005 002 5 75 7 75 7

489 109 101 [10 89 [1201 489 1 LAIR 38 00 LATER

905 3 1904 5 904 5 905 905 1 905 905 241 2421

~. > > PRESSURIZED SHUTDOWN

NODE Q I (2 3D 4 (a6) I (9 I Q 0 0 0 ( ___ 18

FLOW RATE lb/se( 68 43 68 41 68 32 6813 j6304 68 38 68 41 68 41 67 00 68 38 68 41 68 43 68 43 019 013 014 019 510 00£ 0 03

TEMP F 465 465 465 465 465 609 609 609 609 472 472 472 472 465 465 465 260 465 465 465
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5.4 SHUTDOWN COOLING SYSTEM AND SUBSYSTEMS

5.4.1 Shutdown Cooling System

5.4.1.1 Summary Description

The Shutdown Cooling System (SCS) consists of the Shutdown Cooling Circulator

Subsystem (SCCS), the Shutdown Cooling Heat Exchanger Subsystem (SCHES), and

the Shutdown Cooling Water Subsystem (SCWS). The SCS consists of a single

loop (per module) on the helium side with a shutdown cooling heat exchanger

(SCHE) in series with a shutdown cooling circulator (SCC) and shutdown loop

shutoff valve (SLSV) assembly located at the bottom of the reactor vessel. A

single water cooling loop services all four reactor modules. Heat is

rejected from the SCWS to the Service Water System (Section 10.14). The heat

exchanger, circulator, and cooling water subsystems are described in more

detail in subsequent sections. The SCS general arrangement is shown in

Figure 5.4-1.

The SCWS is sized to cool all four reactor modules simultaneously,

immediately following reactor trip and loss of HTS cooling (pressurized).

This results in a peak cooling capacity of 23.7 MW(t) (80.9 x 10 6 Btu/hr)

per module [6.8 percent of rated reactor power of 350 MW(t) (1194 x 106

Btu/hr)] or a total plant capacity of 94.8 MW(t) (323 x 10 6 Btu/hr). In
addition, the SCC and the SCHE are sized to remove 3.0 MW(t) (10 x 106

Btu/hr) per module under depressurized maintenance conditions at one day

after reactor shutdown.

For high reliability the SCS can be powered by either normal or standby

non-Class E electrical power.

5.4.1.2 Functions and 10CFR100 Design Criteria

5.4.1.2.1 Power Generation Functions

The main power generation functions of the SCS are to:
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o Maintain shutdown and refueling by maintaining decay heat transfer

from the reactor to the SCS secondary coolant (water) and,

subsequently, to the Service Water System whenever the HTS is

unavailable.

o Maintain energy production and startup/shutdown by limiting primary

coolant (helium) bypass through the SS loop.

5.4.1.2.2 Radionuclide Control Functions

The radionuclide control function is to Maintain Control of Radionuclide

Release (see Figure 1.2-3)'. This function is accomplished by controlling

transport (of contaminated helium) from the primary circuit. The SCS

controls transport by maintaining its helium/water pressure boundary

integrity. In addition, the SCHES controls chemical attack by limiting fuel

hydrolysis by limiting water ingress. The other subsystems of the SCS (the

SCCS and the SCWS) have no radionuclide control functions.

5.4.1.2.3 Classification

The SCS is not "safety related" (Table 3.2-1). Since the SCS does not

perform any lOCFR100-related radionuclide control functions, no special

classification is applied to it. However, the SCS will have the appropriate

reliability to meet other Top-Level Regulatory Criteria and user

requirements.

5.4.1.2.4 IOCFR100 Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria apply to the SS.

5.4.1.3 Radionuclide Control Design Requirements

The SCS helium/water pressure boundary shall be designed to withstand the

loads resulting from the duty cycle events given in Table 3.9-1.

5.4-2 Amiendmient 4
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5.4.1.4 Design Description

5.4.1.4.1 System Configuration

The SCS consists of the Shutdown Cooling Heat Exchanger Subsystem, the

Shutdown Cooling Water Subsystem, and the Shutdown Cooling Circulator

Subsystem. The SCS general arrangement is shown in Figure 5.4-1.

The SC is located below the SCH-E at the bottom of the reactor vessel. The

SLSV is located in the SC inlet duct and limits backflow through the loop

when the SS is standby or shutdown. Section 5.4.2 describes the SCCS in

more detail.

The SCHES is located below the core support floor shield at the bottom

centerline of the reactor vessel. The SCHE transfers heat from the helium to

the cooling water flowing through the tubes. The design is described in

greater detail in Section 5.4.3.

The SWS consists of a single pressurized water, closed oop heat rejection

system for all four modules. The oop consists of three water pumps (two

100-percent and one 15-percent), a surge tank, two parallel (50 percent) heat

sinks (each shell-and-tube shutdown cooling water heat exchanger rejecting

heat to the Service Water System), and the associated valves and piping.

Section 5.4.4 describes the design and performance of the SCWS in more

detail.

Shutdown Cooling System Helium Flow Paths. When the SCS is providing core

cooling, approximately 90 percent of the flow is directed to the core. The

remainder is allowed to backflow through the closed MLSV to thermally

condition the S. The helium flow paths, station numbers, flow rates,

pressures, and temperatures for normal SS operation are shown in the process

flow (PF) diagram shown in Figure 5.4-2 (sheets 1 and 3). Flow through the

core inlet (Station 8) is in the same direction as flow during HTS

cooling.The helium exits from the core (Station 11) and flows to the SCHE

(Station 12) and through a central duct to the SC (Station 1). The helium

is then directed by the SC back to the bottom plenum (Station 3) in the
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reactor vessel via the annular flow passage around the central duct. Some of

the helium flow (approximately 10 percent) passes through the closed MLSV to

the steam generator (Station 6) to cool this component.

During HTS operation the SCS operates in a standby mode (see Section

5.4.1.4.3) with a small amount of water flow circulating through the SCHE to

provide ample margin to prevent boiling. The helium flow path through the

SCHE during this mode of operation is opposite the normal flow direction.

The flow paths, station numbers, flow rates, pressures, and temperatures for

standby operation are shown in the PF diagram shown in Figure 5.4-2 (sheets 2

and 3). The SCS helium flow (Station 1) in the standby mode is due to cold

leg helium leaking across the losed SLSV.

Shutdown Cooling System Water Flow Paths. Cold water (secondary coolant)

from the SCWS flows to the cooling water inlet nozzle at the bottom of the

reactor vessel (Station 18) and up to the SCHE helical tube bundle. Fluid

within the tubes spirals upward to the top of the bundle and then returns

back down through the center of the bundle to the cooling water outlet nozzle

at the bottom of the reactor vessel (Station 19).

5.4.1.4.2 System Arrangement

Figure 5.4-1 illustrates the location of the heat exchanger and the

circulator in the SCS cooling loop and its relationship to the rest of the

NSSS. Components of the SCC service module are located within the Reactor

Building as close to the circulator as space permits. All major components

of the SCWS are located in the Nuclear Island Cooling Water Building.

5.4.1.4.3 System Operating Modes

5.4.1.4.3.1 Cooldown Mode

The SCS is in the cooldown mode only when the reactor module is shut down and

the HTS is not available.

5.4-4
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Pressurized Operation. When the reactor is shut down and the HTS is

- intentionally or unintentionally unavailable, the startup of the SS is

initiated to provide core cooling. Under this mode of operation the vessels

remain in the pressurized condition, the MLSV is closed, and the SLSV is wide

open.

Depressurized Operation. When the HTS is unavailable for extended periods,

the vessels can be depressurized and the SS operated continuously to

maintain core cooling and maintenance conditions for the HTS. The MLSV is

closed and the SLSV is wide open.

Refueling is a special case of depressurized operation in which higher helium

f low is required because of the additional active core bypass created by the

regions being refueled.

5.4.1.4.3.2 Standby Mode

During normal HTS cooling the SC is stopped (nonrotating) and the SLSV is

closed, but there is a small leakage (backflow) of helium through the valve.

To prevent heatup of SS components the SWS operates at reduced flow to

remove heat and, thereby, maintain the SCC motor temperatures within

allowable limits, to maintain ample margin to boiling in the SCHE, to

minimize the thermal transient encountered during initiation of cooldown

operation, and to maintain water chemistry. This mode of operation is

identified as "standby" operation. During standby operation a single pump

(the 15 percent pump) in the SWS operates to maintain the water flow

required to remove parasitic heat loads.

If the HTS is providing core cooling during refueling or extended maintenance

intervals, the SS can be maintained in standby as above or, if temperatures

are sufficiently low, cooling water flow can be terminated and maintenance

can be performed on SCS components, as necessary.

5.4-5



HTGR- 86-024

5.4.1.4.4 Instrumentation and Control

Key SS parameters are nonitored and controlled for all module states as

shown in Table 5.4-1. Each of the parameters listed supports an SS

function. General descriptions of these functions appear in the "Purpose"

column of the table. Table 5.4-1 is divided into groups of measurements for

each system by appropriate subheadings. Based on its group of measurements,

the system acts to interpret the monitored parameters, and alarm and trip to

ensure that the SS and component limits are not exceeded. The SS provides

space and support for sensors as indicated in the "Location" column of the

table.

The SS control scheme is shown in Figure 5.4-3. Under the SS operating

mode, the heat removal rate is limited by control of the module SCH-E water

outlet temperature to a fixed value of 2320G (450'F) (subcooled) via control

of the CC speed. Water flow to the SCHE is controlled to a fixed value for

each module by a flow control valve upstream of the SCHE. Not shown in

Figure 5.4-3, the water pressure is controlled by a cover gas on the surge

tank. Also not shown are surge tank level controls (see Section 5.4.4.4.4).

Automatic Startup of Shutdown Coolinp_ System. Upon receipt of a signal from

the PPIS to start, the SCS automatically makes the transition from standby to

cooldown mode (automatic startup) by the following sequence of events (see

Figure 5.4-3):

1. If ac power is not available, wait for backup generator startup and

sequencing of higher priority non-SCS loads, if any.

2. Increase the reactor module(s) water flow controller setpoint from

its standby mode setting to its cooldown mode setting.

3. Start one 100 percent capacity SCWS pump.

4. Shutdown the 15 percent capacity SCWS jockey pump.
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5. Accelerate SCC to minimum controllable speed (approximately 5

percent).

6. Increase SCHE water outlet temperature controller setpoint to 2320C

(4500 F).

Other controllers within the SCS (SGWS water pressure and surge tank level)

remain in operation during and following the automatic startup. Note that

steps 2, 5, and 6 apply only to reactor modules which have initiated SS

cooling.

5.4.1.4.5 System Limitations

Operating limits have been imposed on the SCS to prevent damage to subsystems

and components and to maintain the integrity of the primary coolant pressure

boundary. The Plant Protection and Instrumentation System (PPIS) and the SS

controls operate to ensure that SCS performance parameters remain within

these limits. Table 5.4-2 presents a description of the SCS limitations and

the corresponding allowable limits.

5.4.1.5 Design Evaluation

5.4.1.5.1 Failure Modes and Effects

Failures of the SCS as an operating system generally occur at a subsystem or

component level. System failures, as discussed in this section, are defined

as those originating within the SCS which could result in shutdown of the

system or the reactor. System failures also include those failures within a

subsystem which directly affect the operability of other subsystems in the

SCS. Failures in other systems that could affect SCS operation, such as loss

of offsite power or loss of helium purification capability, are discussed in

the respective sections of these systems.

Failures in the SS subsystems that require shutdown of the SCS are

summarized in Table 5.4-3. other system-level failures that have been

identified as affecting the normal operation of the SCS are described below:
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1. SCHE Leak (Primary Coolant Into Secondary Coolant).

During normal (25 to 100 percent feedwater flow) power operation,

the SCHE secondary pressure is lower than the helium pressure,

therefore, no moisture inleakage is expected. An SCH-E leak that

occurs while the pimary coolant is initially at a greater pressure

than the SCWS coolant will result in helium leakage into the SCWS.

The pressure increase in the SCHE secondary will be sensed to detect

the helium leakage. The operator will then isolate the SCHE by

closing the valves in the SCWS loop.

Following the isolation, the SCHE would be manually drained and

backfilled with gas (Unless the SCHE leak were so large that primary

coolant readily flowed into it). The leaking tube would be located

and plugged.

For additional information related to this section, see the response to NRC

Comment 5-34.

2. SCHE Leak (Secondary Coolant-into Primary Coolant)

This type of leak would be possible while the primary coolant

pressure is lower' than the SCWS water pressure (normally 4.83 MPa

(700 psia)) . The condition that the primary coolant pressure is

lower than the SCWS can occur several hours after reactor trip under

pressurized conditions, during low power operation, depressurized

operation, and refueling operation. The SCHE tube failure in this

situation results in moisture ingress into the primary coolant.

This type of moisture ingress is expected to be very infrequent

since the pressure difference condition occurs during limited

periods.

Water vapor generated from the leakage would be detected by the

moisture monitor in the NSSS Analytical Instrumentation System. The

failure would then be identified by examining both the steam
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generator and SCHE sequentially. The frequency of this event is

low. Its safety significance is covered by the accident analysis of

SG leaks (see Chapter 15).

Following the identification of the SCHE leak, the SCHE would be

manually isolated by closing the SCWS valves, then the SCHE would be

drained and backfilled with gas. The leaking tube would be located

and plugged.

The vapor moisture would be removed by the HPS. The liquid moisture

would be manually removed through a drain valve located at the

lowest point in the SCC diffuser to the Liquid Radioactive Waste

System.

For additional information related to this section, see the response to NRC

Comment 5-35.I

3. Failures Preventing Adequac:e Forced Cooling of the Core

Shutdown LooR Shutoff Valve (SLSV) Failure. The SLSV is a

flow-actuated check valve incorporated in the SCC installation.

Closure of the counterweighted valve plates is aided by gravity and

the pressure differential generated by the main circulator. The

valve opens when the main circulator is shut down and the SCC is

turned on. An override mechanism to assist in opening and closing

the valve is included in the design. Position instrumentation, with

a readout in the control room, indicates the open or closed status

of each valve plate.

If the SLSV fails to open when the SCS is started up, the shutdown

cooling would not be effective. In this situation, if the HTS is

available the core cooling function would revert to the HTS. If the

HTS is not available, passive core heat removal to the reactor

vessel and RCCS will provide adequate core cooling.
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Loss of Water Fow to SCHE. Loss of water flow in th SCS can come

about due to active or passive subsystem failure. Active failures

are such events as failure of the standby pump, its motor or its

source of power or inadvertent closing of the SWS loop valves. A

passive failure would be a system rupture outside of the Reactor

Building.

In case of loss of flow due to pump failure, the other redundant

SCWS pump would automatically restore flow to the SCHE. In the

event of another of the above-mentioned loss-of-flow situations

without timely resolution of the problem, the SCHE would have to be

manually isolated, drained, and backfilled with gas pending repair

of the initial fault. Loop recovery could then proceed.

Instrumentation pro vided in the SWS will detect loss of the water

flow in a loop, and by means of interlocks within the CC controls,

the circulator will be prevented from increasing speed above the

minimum setpoint value or it will be run down to minimum speed, if

it were operating at a higher speed. The CC will trip when the

SCWS water flow reduces below the minimum. The interlock is

provided with an operating bypass to permit circulator speed to be

increased, if deemed necessary by the operator.

Loss of SCWS Pressure. The SCWS circuit could lose pressure due to

slow outleakage of the water or pressurizer cover-gas through

failure of the pressurization system. The loss of pressure would

reduce the heat removal capability of the loop. This would be of no

consequence, however, to SCS heat removal in standby.

Loss of Heat Sink. The SCS rejects heat to the Service Water System

(Section 10.14) through two 50 percent water-to-water heat

exchangers. In the event of loss of heat removal capability by the

Service Water System, SCWS water temperatures will increase.

Eventually, violation of the SCHE temperature trip setting will trip

the SCS loop. The core cooling is then performed in the conduction
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cooling mode in which the core residual heat is removed passively by

conductive and radiative heat transport process to the RCCS.

Mutuality of SCHE and Shutdown Cooling Circulator Failure Modes. A

failure of the SCC disables the heat transfer function of the SCHE

in the loop. Also, a failure in the SCHE causes a CC trip in the
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loop in order to protect the SCHE from overheating. These general

failure modes are associated with a trip of the SCS.

4. Effects of SCS Failures. SCS failures do not affect safe shutdown

of the reactor and do not result in prolonged system

unavailability. If the HTS is unavailable, adequate reactor decay

heat removal by passive means to the Reactor Cavity Cooling System

(RCCS) is provided.

5.4.1.5.2 Steady-State Performance

The SCS operates to remove decay heat during plant cooldown and refueling,

which are slowly changing transient conditions. Therefore, during the normal

cooldown modes of operation the SCS performance is considered quasi-steady

state. During the standby mode of operation the SCWS is operating at a

low-flow level to remove heat from the SCHE resulting in a small parasitic

heat loss from the primary coolant. The SCS is operating at steady state in

this mode of operation. Figure 5.4-2 presents SCS expected performance for

four operating conditions: standby, pressurized cooling on SCS, depressurized

cooling on SCS, and refueling cooling on SCS. During standby operation the

helium flow passes over the heat exchanger tubes in the opposite direction of

that for normal SCS operation. The SCC is not operating during this mode of

operation.

The standby performance in Figure 5.4-2 represents the expected steady-state

operating conditions during full power operation of the module. Part load

operation of the plant will result in SCS heat balances at lower helium flows

and heat loads.

5.4.1.5.3 Anticipated Operational Occurrence Performance

Five events identified as anticipated operational occurrences (AOOs) are

described in Section 11.6. This section describes how the SCS responds to

A00s.
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AGO-i Main Loop Transient with Forced ore Cooling. This AO represents the

family of events that result in a main loop transient without the loss of

forced cooling. This family of events is divided into two groups: 1) those

that involve a loss of HTS with forced cooling performed on the SCS

[including AOO-l(A) and AO-1(B)] and 2) those that involve forced cooling by

the HTS with the SS remaining in standby including AOO-1(C) and AOO-1(D)].

AOO-l(A) and A-1(B'). This event grouping includes transients where HTS

cooling is lost due to a failure within the plant [AOO-1(A)l or loss of

offsite power [AOO-1(B)I. The trip of the main circulator signals a reactor

trip and automatic startup of the SS (transition from standby to operating

mode). The SS provides the necessary flow and heat removal capability for a

cooldown of the core from 100 percent power conditions. A cooldown occurs

from an initial core outlet temperature of 710'G (13100F) to 260 0C (500*F)

within 1.5 hr. The reactor vessel remains pressurized throughout the

transient and core pressure and temperatures remain at or below the initial

iGO percent power values.

AOO-l(G) and AGO-lCD). This event grouping includes events in which HTS

cooling is not lost but is reduced either because of a reactor trip

[A00-1(G)] or some upset in the rest of the plant, such as turbine trip

[AOO-1(D)], load rejection, reduction in feedwater flow. During HTS cooling,

the SS operates in the standby mode with a low SWS water flow rate to

maintain the SCC motor within acceptable temperatures.

AOO-2 Loss of Main and Shutdown Cooling Loops. This AGO includes the family

of events that result from failures originating within the plant that render

both the HTS and the SGS unable to perform their core heat removal function.

Core cooling for this event is provided by conductive and radiative heat

transport to the RCCS. During this conduction cooldown the SLSV remains

closed. The SCS continues to operate in the standby mode for this event in

the AGO frequency region, even though the SCS fails to start, to maintain the

SGC motor within acceptable temperatures (see also DBE-1, below).

AOO-3 Control Rod Group Withdrawal with Control Rod Trip. This AGO includes

a family of events that result from a spurious control rod group withdrawal
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followed by a reactor trip. The HPIS and control response is sufficiently

prompt that the HTS remains on line to provide core cooling. The SS

operates in the standby mode for this event similar to AOO-l(G) and (D).

AOO-4 Small Steam Generator Leak. This event involves a small leak of 0.045

kg/s (0.1 lbm/s) in the steam generator which is detected by the moisture

monitors. The monitors signal a steam generator isolation and dump, a main

loop trip, and a reactor trip. Gore cooling is accomplished by the SCS

similar to the cooldown for A-1. A cooldown from the initial core outlet

temperature of 710 0C (1310 0F) to 260'C (500'F) occurs within 1.5 hr. Primary

coolant pressure does not increase above the initial value of 6.38 MPa

(925 psia).

AOO-5 Small Primary Coolant Leak. AOO-5 includes the family of events that

result in a primary coolant leak of up to 6.5 sq cm (1 sq in.) in the primary

coolant pressure boundary. The leak is detected by the PPIS due to low

primary coolant pressure. A reactor trip is initiated and core cooling is

performed using the SCS.

The SCS starts on a signal that the main loop is tripped. Initial SCS

operating conditions are the same as the normal pressurized startup described

for the A-l event. The resulting cooldown transient is less rapid due to

the low helium density caused by the primary coolant depressurization. A

maximum core helium outlet temperature of 730'C (1340'F) occurs during the

transient and cools to 4250 C (800'F) in 1 hr, then increases to 4650C (870'F)

at 3 hr before establishing a gradual downward trend.

5.4.1.5.4 Design Basis Event Performance

Eleven design basis event (DBEs) are identified and analyzed in Chapter 15.

This section describes how the SCS responds to the DBEs.

DBE-1 Loss of HTS and SCS Cooling. This DBE includes the family of events

that result from a loss of offsite power followed by an inadvertent main

turbine trip which initiates a loss of the main cooling oop and a reactor

trip. The SCS fails to start and core cooldown is performed on the RCCS.
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DBE-2 HTS Transient Withourt Control Rod Trip. This DBE includes the family

of events that result from HTS transients which require a reactor trip with a

failure by the automatic reactor trip to insert the outer control rods. A

delayed reactor trip is atomatically performed using the reserve shutdown

control equipment (RSCE). The main loop is tripped and this signals an

automatic start of the SCS (transition from standby to operating mode). The

primary coolant remains pressurized and the cooldown is continued on the

SCS. A small increase in core temperatures occurs during the initial period

required to scram the reactor with the RSGE and startup the SCS. A maximum

core helium outlet temperature of 721'C (1330'F) occurs during the

transient. The SCS reduces the helium outlet temperature from the maximum to

approximately 260'C (500'F) within 1.5 hr.

DBE-3 Control Rod Withdrawal Without HTS Cooling. This DBE includes the

family of events that result from a spurious withdrawal from the core of an

outer control rod group at maximum speed to the full-out position. A reactor

trip is initiated due to high power-to-flow ratio. The HTS cools the core

for the first 130 s and then trips. The main loop trip signals an automatic

start of the SCS (transition from standby to operating mode) and the cooldown

continues on this system with the primary coolant pressurized.

During the transition from HTS to SCS a small increase in core temperatures

occurs. A maximum core helium outlet temperature of 710'C (1310'F) occurs

during the transient. All the temperatures and pressures remain well within

allowable component limits. The SCS reduces the helium outlet temperature

from the maximum helium outlet temperature to 260'C (500'F) within 2.5 hr.

DBE-4 Control Rod Withdrawal Without HTS and SCS Cooling. This DBE includes

the family of events that result from a spurious withdrawal of an outer

control rod group at maximum speed to the full-out position. This event is

similar to DBE-3 except that the SCS fails to come on-line. Both the HTS and

the SCS remain shutdown throughout the subsequent cooldown on the RCCS. The

SCS operates in the standby mode during this cooldown and all temperatures in

the SCS are maintained within operating limits similar to AOO-l(C) and 1(D).
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DBE-5 Earthquake. This DE includes the family of events that result from a

large earthquake with a ground acceleration of up to 0.3 g. The HTS does not

remain on-line but core cooling is provided by the SS. The SS cooldown is

completed with the primary coolant pressurized and the cooldown transient is

the same as the AOO-l transient. Though the SS is not specifically designed

for a 0.3 g earthquake, it is expected to remain functional following such an

event. The SS and its support systems are designed to remain functional

following a 0.15 g ground acceleration earthquake (OBE). The data base

utilized for the PRA analyses indicates systems designed to a given seismic

ground acceleration retain their function following events which have

significantly exceeded the design ground acceleration. Hence, the SS and

its support systems are anticipated to remain functional following the

earthquake which initiated this event.

DBE-6 Moisture Inleakage. This DBE includes the family of events that result

from a moderate feedwater/steam leak into the primary coolant from one or

more steam generator tubes (5.67 kg/s (12.5 lbm/s)). Moisture monitors

detect the moisture in the primary coolant and signal a reactor trip, a main

loop isolation, and a steam generator dump. The main loop trip signals

automatic startup of the SCS (transition from standby to operating mode).

Gore cooling is continued on the SCS with the primary coolant pressurized.

The resulting performance transient for this DBE is similar to AOO-4 event

except the higher moisture content in the primary coolant causes an initial

power increase which results in slightly higher temperatures.

A maximum helium core outlet temperature of 720 'C (1330'F) occurs during the

transient. The SCS reduces the helium outlet temperature from the maximum to

260'C (500'F) within 2.0 hr. Maximum reactor vessel pressure of 6.55 MPa

(950 psia) occurs at 2 min after the initiation of the event. This is well

within the reactor vessel relief valve setpoint of 7.18 MPa (1041 psia).

DBE-7 Moisture Inleakap-e Without SCS Cooling. This DBE includes the family

of events that are similar to DBE-6 except that the SS fails to come

on-line. For this event the SCS is assumed to fail to start on demand or
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does not run for a sufficient period to adequately cool the core. Gore heat

removal for this event i provided by the RCCS. The SS operates in the

standby mode during this cooldown similar to A-l(C) and (D). Temperatures

in the SS are maintained within operating limits.

DBE-8 Moisture Inleakage ith Moisture Monitor Failure. This DBE includes

the family of events that: result from a small steam generator leak 0.045

kg/sec (0.1 bm/sec) coupled with a failure of the moisture monitors to

detect the excess moisture in the primary coolant. The leaking steam

generator is isolated automatically and subsequently dumped manually by the

operator 20 minutes later. The SS is started (transition from standby to

operating mode) automatically at the time of automatic isolation. The

cooldown continues on the SS. A small increase in core temperatures occurs

during the transition from H-TS to SS. The vessel pressure steadily

decreases once SS cooling is established and never exceeds the value of 7.07

MPa (1025 psia) which initiated main loop isolation. Gore helium outlet

temperature never exceeds its initial value of 710'G (1310'F) and decreases

to 260'C (500'F) within 1.5 hr after start of SCS cooling.

DBE-9 Moisture Inleakage with Steam Generator Dump Failure. This DBE

includes the family of events that result from a small steam generator leak

0.045 kg/s (0.1 lbm/s) followed by a failure of the steam generator dump

valves to reclose. Moisture is detected by the moisture monitors which

signal a steam generator isolation and dump. The main loop trip signals an

automatic startup of the SS (transition from standby to operating mode).

The steam generator dumps its steam/water contents to the dump tank but the

dump valves fail to close at the end of the dump. The cooldown transient on

the SS is essentially the same as the AOO-4 transient. A core cooldown

occurs with core helium outlet temperature decreasing from 710'G (1310'F) to

260'G (500'F) within 1.5 hr. Primary coolant pressure does not increase

above the initial value of 6.38 MPa (925 psia).

DBE-10 Primary oolant Leak. This DBE includes the family of events that

result from small to moderate (up to 84 sq cm (13 sq in.)) primary coolant

leaks. The reactor is tripped due to low primary coolant pressure. The H-TS
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is tripped on low primary coolant pressure in combination with a relatively

high steam temperature. The SCS is started successfully (transition from

standby to operating mode). This event is similar to AOO-5 except the

depressurization is more rapid because of the larger leak area and the

resulting SCS core cooling slightly less effective. Nevertheless, the core

outlet temperature decreases almost continuously from an initial maximum

value of 710'C (1310'F) to approximately 371'C (700'F) within 10 hours and is

gradually trending downward at this time.

DBE-11 Primary Coolant Leak Without HTS and SCS Cooling. This DBE includes

the family of events that result from small (up to 6.5 sq cm (1 sq in.))

primary coolant leaks. A 0.32 sq cm (0.05 sq in.) leak has been analyzed.

The HTS provides initial cooling for 15 hr before it fails. The SCS fails to

come on line when the main loop trips. However, the SCS continues to operate

in the standby mode for this event in a similar manner to AOO-l(C) and (D).

Cooldown continues by conduction/radiation to the RCCS.

5.4.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Shutdown Cooling System are identified in Table 5.4-4 which

also includes a description of the interface and a quantitative expression

for the interface.

5.4.2 Shutdown Cooling Circulator Subsystem

5.4.2.1 Summary Description

The Shutdown Cooling Circulator Subsystem (SCCS) consists of the following

per reactor module:

1. Shutdown cooling circulator (SCC) assembly (compressor, motor, and

housing)

2. Shutdown loop shutoff valve (SLSV) and ducting assembly
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3. CC service module

4. SLSV service module

5. Electric motor control module

The CC is located below the shutdown cooling heat exchanger (SCHE) at the

bottom of the reactor vessel. It is a two-stage axial flow machine using a

submerged motor drive supported on oil-lubricated bearings. The motor

housing serves as a reactor vessel closure, and as such is a part of the

Vessel System (Section 5.2). The motor is a variable frequency, squirrel

cage induction type and is water cooled. The SLSV is installed in the

vertical inlet ducting above the compressor. It is a flapper type that opens

on pressure from the operating SCC and is counterweighted to close by gravity

and/or pressure from the main circulator. There is also an override

mechanism to assist in operating the valve. The service modules are located

in the Reactor Building below the reactor vessel. These provide electrical

pow r to the motor, buffer helium, actuating power for the SLSV override

mechanism, oil vapor removal and cleanup, and a means for removal and

replacement of lubricating oil.

5.4.2.2 Functions and 1CFRIOO Design Criteria

5.4.2.2.1 Power Generation Functions

The SCCS supports the power generation functions of the SCS (Section

5.4.1.2.1) by circulating primary coolant (helium) through the reactor core

and the SCHE for core decay heat removal when the HTS is unavailable. In

addition, the SCCS limits bypass of primary coolant (helium) through the SCS

loop during normal power operation by means of the closed SLSV.

5.4.2.2.2 Radionuclide Control Functions

The S005 has no radionuclide control functions.
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5.4.2.2.3 Classification

Th SCCS is not "safety related". Since this subsystem does not perform any

1OCER100-related radionuclide control functions, no special classification is

applied to it. However, this subsystem will have the appropriate reliability

to meet user requirements.

5.4.2.2.4 10CFR100 Design Criteria for Radionuclide Control 

No 10CFR100 Design Criteria for radionuclide control apply to the SCCS.

5.4.2.3 Radionuclide Control Design Requirements

Th SCCS has no radionuclide control design requirements.

5.4.2.4 Design Description

5.4.2.4.1 Subsystem Configuration

Shutdown Cooling Circulator (compressor, motor, and housing). The CC is a

v rtically oriented compressor, driven by an integral electric motor (Figure

5.4-4). The compressor is a two-stage axial-flow machine mounted at the

upper end of the motor shaf t. The motor is submerged in pressurized purge

helium, and its housing serves as a reactor vessel closure which is part of

the Vessel System.

The shaft and rotor are supported on oil-lubricated rolling element bearings

which carry the axial and radial loads. The bearings are located on each end

of the motor rotor. Each bearing is mounted on the shaft through an inverted

U-shaped extension. Oil is prevented from escaping down the shaft by a

stationary dam. Oil vapor is prevented from entering the primary coolant

loop by means of a labyrinth seal, buffered by purified helium flow.

Purified helium is introduced into the center of the labyrinth and flows out

each end. Helium that flows up the shaft enters the primary coolant, while

helium that flows down the shaft mixes with oil vapor and is then routed to

external oil separation equipment.
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The circulator drive motor is a 149 kW (200 hp), 10,000 rpm, 4-pole

squirrel-cage induction motor. To meet the wide range of required operating

conditions, the electric motor is driven by a solid-state variable frequency

speed controller to a maximum frequency of 120 Hz. The motor stator and

rotor are of typical standard vertical motor construction. The motor

operates in a cool helium environment at approximately the same pressure as

the primary coolant.

Motor cooling is performed; when the CC is operating, by circulating cool

helium through the rotor and stator windings with shaft-mounted cooling

fans. Heat is removed fom this cooling circuit through two identical,

internal, helium-to-water heat exchangers. The cooling water servicing each

heat exchanger also cools the bearing oil reservoirs. A schematic diagram of

this arrangement is shown in Figure 5.4-5. The Shutdown Cooling Water

Subsystem (SCWS) removes the heat from these heat exchangers. The SCWS is

sized to remove the necessary amount of heat to cool the motor, housing, and

bearing oil reservoirs in all SCS modes of operation (i.e., SCC operating and

not operating).

Shutdown LooR Shutoff Valve (SLSV) and Ductins. The SLSV is installed in the

vertical inlet ducting above the compressor. When the SS loop is in the

standby mode, a small primary coolant leakage flow occurs upward through the

closed valve. When the oop is in a core cooling mode, the oop flow takes

place downward through the open valve.

The valve is similar in concept to the MLSV. It consists of two

semi-elliptical plates which are at an angle of 45 degrees to the vertical

centerline (90 degrees to each other) when the valve is closed and at a small

angle to the duct centerline when the valve is fully open. The bearings are

non-lubricated pin/cylinder pivots of dissimilar metals. Closure of the

valve is aided by counterweights and pressure forces generated by reverse

flow from the operating main circulator.

The valve opens automatically when the shutdown cooling loop is operating and

sufficient aerodynamic forces are generated by the SCC. Flow generated by
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the CC will maintain the lightweight valve plates in the open position

during all required SS operating conditions. An override mechanism to

assist in opening and closing the valve is included in the design.

The valve and inlet ducting are removed from the penetration by remote

handling methods when the CC is removed.

SCCS Service Modules. The SCCS service modules provide the following:

1. SLSV Actuation

Pressurized helium is provided to actuate the override function of

this valve.

2. Buffer Helium

During reactor plant operation, buffer helium is supplied to the

motor cavity of the circulator at a flow rate of about 1.9 x lO- 

cu in/s (4 scfm) . The flow rate will be controlled at this value

regardless of fluctuations in the primary coolant pressure. The

helium purge is withdrawn from the two bearing oil cavities at a

controlled flow rate of 1.4 x 10O3 cu in/s (3 scfm at atmospheric

conditions) at approximately reactor pressure. The control system

thus adjusts the helium flow to effect a split so that approximately

one-quarter of the flow leaks into the primary coolant and the

remaining three-quarters flow through the vents from the motor

bearing oil cavities. This controlled leakage of buffer helium also

prevents leakage of lubricating oil vapor into the primary coolant

system.

3. Oil Vapor Removal

Helium purged from the motor bearing oil cavities is directed first

to the oil adsorber and from there to the Helium Purification

Subsystem. The service module incorporates two adsorber columns,
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each of which contains a nonregenerable bed of adsorbent. Each

column is rated to pass the combined helium purge from the S and

is designed to permit adsorbent removal and replacement over the

complete range of system operating pressures during CC standby or

operating modes.

4. Lubricating Oil Service

The bearing oil reservoirs within the circulator assembly are

normally isolated from the oil service system. Oil is maintained

within the reservoirs except during the removal and replacement

servicing operation. Removal and replacement is achieved by helium

pressure displacement. A pressure differential of 69 kPa (10 psi)

is required to overcome line friction losses for removal or

replacement of oil. Since the reactor primary coolant is the

pressure source for oil removal, this operation must be performed at

reactor primary coolant pressures of at least 69 kPa (10 psig) above

atmospheric or greater. Bearing oil replacement can be accomplished

at any pressure within the reactor operating range. The bearing oil

replacement and removal tanks have a capacity of 19 L (5 gal.) and

are designed for a pressure of 8.28 MPa (1200 psig) at 49'C

(3000F). A predetermined quantity of oil is supplied for each

bearing cavity. The replacement interval is expected to be 2 years,

based on the amount of oil removed by the continual helium purge

within the motor cavity and the radiation tolerance capability of

the oil.

The circulator oil reservoirs are sized to hold 11.4 L (3 gal.) of

oil in each (upper and lower) reservoir of the SCC drive assembly.

An oil level indicator is provided in each reservoir to monitor the

oil level and also to act as an interlock to allow or prevent the

oil fill or drain process. A single fill/drain line is connected to

each reservoir of a circulator. The fill line is sized such that

any fill or drain operation can be accomplished in less than 3 hr
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with a pressure differential head of 69 kPa (10 psi). Outside the

circulator the line is split into two separate fill and drain lines,

each connected to their respective fill and drain tanks. A shutoff

and check valve is provided in each section of the fill/drain line

to control the fill/drain operation.

5. Electric Power to the Circulator Motor

The electric motor control module is a solid-state variable

frequency power supply that provides up to 149 kW (200 hp) at 480 V,

120 Hz to the circulator motor. SCC rotational speed (and thus the

helium flow within the SCS loop) can be regulated between 500 and

10,000 rpm by adjusting the frequency supplied to the SCC motor.

5.4.2.4.2 Subsystem Arrangement

The SCC is located in the bottom of the reactor vessel. A typical cross

section through the SCC cavity is illustrated by Figure 5.4-4. The cavity

includes a support flange to which the SCC (compressor/motor/housing

assembly), and the SLSV assembly are mounted. Components of the SCC service

modules are located within the Reactor Building as close to the SCC as space

permits.

5.4.2.4.3 Subsystem Operating Modes

The SCS has two modes of operation: cooldown and standby. For a description

of the SCCS modes, refer to the SCS description in Section 5.4.1.4.3.

5.4.2.4.4 nstrumentation and Control

The PPIS includes instrumentation and controls necessary for investment

protection of the SCCS. Key parameters are monitored and controlled for all

module states. The key parameters measured are shown in Table 5.4-1.
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5.4.2.4.5 Subsystem Limitations

Operating limits have been imposed on the SCCS to prevent damage to systems

and components and to maintain the integrity of the primary coolant pressure

boundary. The PPIS and the selected plant operating envelope ensure that the

plant performance parameters remain within these limits. Table 5.4-2

presents the important limitations, corresponding setpoints, and protective

actions.

5.4.2.5 Design Evaluation

5.4.2.5.1 Failure Modes and Effects

Table 5.4-5 lists basic SCGS components and the results of the failure modes

and effects analysis for each of them.

5.4.2.5.2 Steady-State Performance

During standby the SCS is not operating and there is a small reverse leakage

flow through the SLSV. The CC is stopped (not rotating), and cooling water

is flowing to the motor cooling coils.

The SCS operates in a quasi-steady-state condition during plant decay heat

removal. When the Vessel System is pressurized, the SCC slowly increases

speed, and when the Vessel System is depressurized, it slowly decreases speed

as decay heat is removed through the SCHE. Expected performance for various

operating conditions is shown in Figure 5.4-2. The design performance point

(sizing condition) for the SCC is shown in Table 5.4-7.

5.4.2.5.3 Anticipated Operating Occurrence Performance

If available, the SCC Subsystem can participate during anticipated

operational occurrences (AOOs) as described in Section 5.4.1.5.3. If cooling

water is not available for the SCC motor, reduced life and/or damage may

result due to overheating. This could affect equipment availability, but

does not have a safety impact.
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5.4.2.5.4 Design Basis Event Performance

If available, the CC Subsystem can participate during design basis events

(DBEs) as described in Section 5.4.1.5.4. If cooling water is not available

for the SCC motor, reduced life and/or damage may result due to overheating.

This could affect equipment availability, but does not have a safety impact.

5.4.2.6 Interfaces

Interface requirements are presented in Table 5.4-4 showing the system or

subsystem on which the requirement is imposed, a description of the interface

and the nature of the interface.

5.4.3 Shutdown Cooling Heat Exchanger Subsystem

5.4.3.1 Summary Description

The Shutdown Cooling Heat Exchanger (SCHE) Subsystem is the helium-to-water

heat exchanger portion of the Shutdown Cooling System (SCS). The SCHE is

located below the core support floor shield at the bottom centerline of the

reactor vessel. It is a vertically oriented, shell-and-tube,

cross-counterflow heat exchanger using helical tubes with subcooled water in

the tubes and helium on the shell side.

Water inlet and outlet are through the tubesheets located in the lower region

of the heat exchanger. The tubes are attached to the inlet tubesheet, routed

to the helical bundle, spiraled upward through the helical bundle, and routed

back down to the outlet tubesheet. Thus the tubes are continuous from

tubesheet to tubesheet and are accessible at both ends for inspection and/or

tube plugging.

Helium enters the bundle via the lower plenum flow manifold below the reactor

core and flows downward over the tube bundle, to the shutdown cooling

circulator.
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The SCHE transfers heat from the helium to the cooling water flowing through

the tubes. During normal plant operation, the cooling water is at a pressure

less than the primary coolant (helium) so that any leaks result in flow of

helium into the water sde. However, during depressurized conditions,

leakage would be in the everse direction.

5.4.3.2 Functions and OCFR100 Design Criteria

5.4.3.2.1 Power GenerationiFunctions

The SCHES supports the power generation functions of the SCS (Section

5.4.1.2.1) by transferring decay heat from the primary coolant (helium) to

the Shutdown Cooling Water. Subsystem (SCWS) when the Heat Transport System

(HTS) is unavailable.

5.4.3.2.2 Radionuclide Control Functions

The SCHES supports the radionuclide control functions of the SCS (Section

5.4.1.2.2) by controlling transport (of contaminated helium) from the primary

circuit. The SCS controls transport by maintaining its helium/water pressure

boundary integrity. In addition, the SCHES controls chemical attack by

limiting fuel hydrolysis by limiting water ingress.

5.4.3.2.3 Classification

The SCHES is not "safety related" (Table 3.2-1). Since the SCHES does not

perform any OOCFR100-related radionuclide control functions, no special

classification is applied to it. However, the SCHES will have the

appropriate reliability to meet other Top-Level Regulatory Criteria and user

requirements.

5.4.3.2.4 OCFR100 Design Criteria for Radionuclide Control

No 1CFRIOO Design Criteria are applicable.
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5.4.3.3 Radionuclide Control Design Requirements

The SCHES shall be designed to accommodate the duty cycle as defined in Table

3.9-1.

The SCHES shall be designed to the ASME Code, Section III, Subsection NB,

Class 1, and Code Case N-47. 

5.4.3.4 Design Description

5.4.3.4.1 Subsystem Configuration

The SCHE Subsystem comprises one heat exchanger per reactor module positioned

within the reactor vessel as shown in Figure 5.4-1. The unit is designed so

that it can be removed.

The SCHE (Figure 5.4-6) is a vertically oriented shell-and-tube,

cross-counterflow heat exchanger with subcooled water in the tubes and helium

on the shell side. The tube bundle is composed of 43 helical tubes which are

supported by drilled plates. Pressurized cooling water removes heat from the

reactor primary coolant.

During the SCS cooldown mode of operation the hot primary coolant flows from

the reactor core lower helium plenum through an open passageway in the core

support structure blocks of the RI to the entrance of the SCS. The helium is

channeled to the top of the SCHE. An elliptical head in the central region

directs flow downward through the annular region formed by the inner and

outer shrouds. This annular region contains the heat exchanger helical tube

bundle. The cooled helium leaving the bundle is directed by a helium outlet

cone to the circulator.

During the standby mode of operation (i.e., normal HTS cooling), the shutdown

loop shutoff valve (SLSV) is closed, but there is a small leakage (back flow)

of helium through the valve. The helium flows through the circulator, across

the shutoff valve, upward across the SCHE tube bundle, and into the reactor

core outlet plenum.
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During all SCS operating modes, cooling water enters the SCHE inlet tubesheet

through a reactor vessel no zzle which connects to the SCWS inlet piping by a

cooling water/access extension (Figure 5.4-6). The cooling water flows

through the 43 tubes which are 2.22 cm (0.875 in.) in diameter, and 2.54 mmn

(0.100 in.) thick made of 2-/14 Cr - 1 Mo.

The tubes are routed to an annulus between the inner and outer flow shrouds.

The water flows upward through the helically wound tubes in the annular

region. The tubes are helically wound into eight concentric cylinders

through holes drilled in four separate support plates. The helical tubes

have a longitudinal and transverse pitch of 3.8 cm (1.5 in.) and an average

active length of 46.3 m (152 ft). At the top of the annular region the

heated water is turned 180 degrees, and is routed through return cooling

water tube penetrations located in a ledge at the top of the inner shroud.

The water is routed in the tubes in a region inside the inner shroud; then

through penetrations in the helium outlet cone, into the tube outlet routing

assembly, to the SCHE outlet tubesheet and finally through a reactor vessel

nozzle which connects to the SCWS outlet piping by a cooling water/access

extension.

The inlet and outlet tubesheet are 35.6 cm (14.0 in.) in diameter, 3.8 cm

(1.5 in.) thick, and made of SA-508, CL. 2 steel.

The inner and outer shrouds function to guide primary coolant flow over the

helical tube bundle and are also part of the support system. The outer

shroud has an ID of 1.86 m'(73.25 in.) and the inner shroud has an ID of 1.17

m (46.25 in.). Both have the same thickness 3.8 cm (1.5 in.) and are made of

the same material (2-1/4 Cr - 1 Mo).

At the bottom of the outer shroud is an intermediate shell course which is

girth welded and sealed together. Welded to the bottom of the intermediate

shell course is the helium outlet cone which in turn is welded to the helium

outlet pipe. Both the helium outlet cone and pipe are made of 2-1/4 Cr - I

Mo and both impart their load to the support shroud.
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5.4.3.5 Design Evaluation

5.4.3.5.1 Failure Modes and Effects

The primary failure mode of the SCHES which results in plant shutdown is due

to SCHE tube leaks. These are discussed at the system level in Section 
5.4.1.5.1.

5.4.3.5.2 Steady-State Performance

During standby operation the helium flow passes over the heat exchanger tubes

in the opposite direction of that for the cooldown mode of operation. Also,

the SCC is not operating during this mode of operation.

The standby performance in Figure 5.4-2 shows the expected steady-state

operating conditions required to remove the heat passed to the SCHE during

full power operation of the module. Part load operation of the plant will

result in SCS heat balances at lower helium flows and heat loads.

Th SCHE operates in a quasi-steady-state condition during plant decay heat

removal. The expected performance for various operating conditions is shown

in Figure 5.4-2. The design performance point (sizing condition) for the

SCHE is shown in Table 5.4-7.

5.4.3.5.3 Anticipated Operational Occurrence Performance

Five anticipated operational occurrences (AOOs) are identified and described

in Section 11.6. The response of the SCS is described in Section 5.4.1.5.3.

This section describes how the SCHES is affected by these events.

The SCHES components of concern are the water inlet and outlet tubesheets and

the cooling tubes (see Figure 5.4-1). The concerns are relative to the

primary stress levels in these components, and the possible reduction in the

cyclic fatigue life of these components as a result of these transient

conditions. Due to low operating temperature of these components, only ASME

Service Level A and B transient conditions are required to be considered in

the fatigue evaluation.
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AOO-l Main LooR Transient with Forced ore Cooling. This AO includes the

family of events which result in a main loop transient without loss of forced

core cooling. This family of events is divided into four groups based on the

contributing accident filies. They are all classified as Service Level B

under the ASME Code (Table 3.9-1).

AQO-1A Loss of Cooling- on the HTS. For all the components of concern, the

primary stress levels are found to be below the design loading condition

stress levels of the depressurized operation mode. The effect of this event

on the cyclic fatigue life, of the water inlet tubesheet is calculated to be

insignificant. The effec~ on the tubes have not been addressed at this

time. Detailed fatigue evaluation of the water outlet tubesheet is discussed

under AOO-4 due to similarity of the transient response of this component for

these events.

AQO-lB Loss of Offsite Power and Turbine Trip. The effect of this event on

the SCHE is essentially the same as AOO-lA, therefore the discussions in that

section also apply here.

AOO-lC Reactor Trito from Full Power. For all components of concern, the

primary stress levels are calculated to be within allowables, and the effect

of this transient on their cyclic fatigue life is considered t be

insignificant.

AOO-ID Turbine Trip. For all components of concern, the primary stress

levels are within allowables, and the effect of this transient on their

cyclic fatigue life is considered to be insignificant.

AOO-2 Loss of Main and Shutdown Cooling Loops. This event is classified as

ASME Service Level C (Table 3.9-1). No transient information has been

calculated relative to the effect of this event on the SCHE, therefore no

evaluation has been performed at this time.

AOO-3 Control Rod Group3 Withdrawal with Control Rod TriR. This event is

designated as ASME Service Level C (Table 3.9-1). For all components of

concern, the primary stress levels are calculated to be within allowables.

5.4-32



H-TGR- 86-024

AOO-4 Small Steam Generator Leak. This event is designated ASME Service

Level B (Table 3.9-1).

For all components of concern, the primary stress levels are calculated to be

within allowables. The effect of this event on the cyclic fatigue life of

the water inlet tubesheet is calculated to be insignificant. The effect on

the tubes have not been addressed at this time. Preliminary fatigue

evaluation of the water outlet tubesheet is performed using the 2-D finite

element model of the component. Due to similarity of the transient response

of this event and events AO-lA and AOO-lB, the number of occurrences of

these events were lumped to assess the fatigue damage. The results indicate

that for the total number of occurrences of 74, the fatigue usage factor is

very small. Therefore, the cyclic fatigue life of this component is not

significantly affected by these events.

AOO-5 Small Primary Coolant Leak. Two cases are analyzed for all components

to calculate primary stress levels. These cases correspond to 0.5 hr and 1.5

hr into the transient representing the highest primary-to-secondary side

pressure differentials at two temperature levels. For all the components of

concern, the pressure differentials are found to be no higher than the design

loading condition values of the depressurized operation mode. In addition,

due to the fact that the allowables for this transient condition are higher

than the design loading condition allowables, the components of the SCHE are

structurally adequate under this transient condition.

5.4.3.5.4 Design Basis Events Performance

Eleven design basis events (DBEs) are identified and described in Section

15. The response of the SCS is described in Section 5.4.1.5.4. This section

describes how the SCHES is affected by DBEs.

The SCHES components of concern are the water inlet and outlet tubesheets,

and the cooling tubes (see Figure 5.4-6). The concerns are relative to the

primary stress levels in these components. Due to low operating temperature

of thes components, only ASME Service Level A and B transi nt conditions are
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required to be considered in the fatigue evaluation. This precludes all DBE events because they are

evaluated as being either service Level C or Service Level D events.

The loading during DBEs, that will induce primary stresses, a at or below the design loading

condition levels of the depressurized operation mode. However, the allowables for the DBEs are

higher than design condition appropriate to the ASME Service Level classification. Therefore, no analysis

is necessary to show the structural adequacy of these components.

5.4.3.6 Interfaces

Inzerface requirements imposed on other systems or subsystems within other systems by this subsystem

are identified in Table 5.4-4 which also includes a description of the interface and a quantitative

expression for the interface.

5.4.4 Shutdown Coolinit Water Subsystem

5.4.4.1 Summary Description

The Shutdown Cooling Water Subsystem (SCWS) provides cooling water to the Shutdown Cooling

System (SCS) for removing reactor residual and decay heat and for maintaining appropriate thermal

conditions for the shutdown cooling circulator motors. The subsystem removes heat from the SCS loop

in each reactor module via the shutdown cooling heat exchanger (SCHE) and from each shutdown cooling

circulator motor via cooling coils. It- rejects the heat to the outside air through the air-cooled shutdown

cooling water heat exchanger (SCWHE). A separate SCWS closed cooling loop is provided for each

reactor module. Each cooling loop consists of one 100 percent capacity pump, one 14 percent jockey

pump, and one 100 percent capacity heat exchanger. The 100 percent capacity pump is operated to

remove heat from the reactor during pressurized and depressurized shutdown conditions, while the jockey

pump serves to remove a much smaller heat load in maintaining the requisite thermal conditions for SCS

equipment during normal power operation. However, either or both pumps can operate in any of the

various SCWS modes of operation. The major components of the subsystem are located within the

Nuclear Island at grade adjacent to the associated Reactor Building.
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5.4.4.2 Functions and OCFRIOO Design Criteria

5.4.4.2.1 Power Generation Functions

The SCWS supports the power generation functions of the SCS (Section 5.4.1.2.1) by transferring and
transporting decay heat from the SCHE to the MIHTGR's ultimate heat sink, the outside air, when the
HTS Is unavailable. In addition, the SCWS maintains appropriate thermal conditions for each module's
SCC motor and SCHE.

5.4.4.2.2 Radionudide Control Functions

The SCWS does not have any radionuclide control functions.

5.4.4.2.3 Classification

The SCWS is not "safety related". Since the SC`WS does not perform any OCFRIOO-related radionudide
control functions, no special classification is applied to it. However, the system will have the appropriate
reliability to meet the user requirements.

5.4.4.2.4 lOCFRlOO Design Criteria for Radionuclide Control

No OCFRl100 Design Criteria apply to this subsystem.

5.4.4.3 Radionuclide Control Design Requirements

No radionucide control requirements are imposed on the SCWS as the system does not have any
radionuclide control function.

5.4.4.4 Design Description

5.4.4.4.1 Subsystem Configuration

The configuration of the SCWS is shown schematically in the system flow diagram, Figure 5.4-7. The
cooling loop serving each module consists of one 14 percent capacity jockey pump, one 100 percent 
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capacity pump, and one 100 percent capacity eat exchanger. Each of these pumps and the heat
exchanger is equipped with all necessary valves, controls, and instrumentation.

To provide functional and operational flexibility, the SCWS pumps and heat exchanger are connected
through headers. A check valve at the discharge of each pump allows operation of one pump without
valve isolation of the other pump. The 100-percenit capacity pump is generally used for heat loads
ranging from 0.78 MW (2.66 x 106 Btu/br) during refueling (depressurized shutdown) to 23.9 MW
(81.6 x 106 Btu/hr) during pressurized cooldown.

To conserve power during nonmal power operation or decay heat removal using the HTS when the SCWS
is in a standby condition, a jockey pump with 14 percent of ful load capacity is provided to handle the
much smaller heat load of 0.28 MW (0.96 x 10 Bu/hr) which is removed in maintaining the requisite
thernal conditions for the SCS components.

Two cooling water flow bypasses are provided for flexibility of operation and control: one around the
SCHE and one around the SCWBE. Both eat exchangers are also provided with isolation valves.

A surge tank is connected at the pump suction to maintain the SCHE cooling water outlet pressure at a
minimum of 5.06 MPa (720 psig) to prevent boiling during the core cooldown mode. 7b surge tank
also accommodates anticipated system thermal expansion without exceeding 5.13 Mpa (730 psig) at the
SCWHE outlet, thus maintaining the SCWS below reactor pressure when the primary system is
pressurized. Since the plant demineralized water supply pressure is well below the surge tank pressure,
a booster pump is provided on the makeup line. A bypass line around the makeup pump pennits filling
the loop quickly when the loop is depressurized.

System pressure is automatically maintained and controlled at the surge tank using a nitrogen blanket
supplied from the Helium Service System nitrogen storage through a compressor. Nitrogen gas exhausted
from the surge tank for pressure control is vented to the Gaseous Radioactive Water System. The
discharge from the surge tank relief valve is also vented to the Gaseous Radioactive Waste System to
prevent inadvertent, uncontrolled release of radioactivity. A grab sample station on the surge tank permits
a small gas sample to be taken for helium presence analysis.

The SCWS water quality is maintained by a chemistry control package. The SCWS water is periodically
sampled using the grab sample. Flow through the chemistry package is manually initiated when the
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quality falls below the requirements listed in Table 5.4-8. The chemistry package receives 2.3 m3/hr
(10 gpm) of water from the pump discharge and returns it back to the pump suction. A separate line
allows circulation of cooling water through the surge tank to maintain water quality in the surge tank.

5 .4.4 .4.2 Subsystem Arrangement

All major components of the Shutdown Cooling Water Subsystem are located in the NI at grade adjacent
to the associated Reactor Building . The piping s routed to the bottom of each reactor cavity to connectl
to the SCS components.

The components are arranged to facilitate the installation, maintenance, testing, and inspection
operations as required to be performed both on line and off line.

5.4.4.4.3 Subsystem Operating Modes

5.4.4.4.3.1 Standby Mode

During normal plant power operation, the associated SCWS loop is maintained in the standby mode. n
this mode, the jockey pump continuously circulates cooling water through the SCHE to maintain
appropriate thermal conditions for the shutdown circulator motor and to minimize the thermal transient
encountered during initiation of cooldown operation. The resultant parasitic heat load is rejected to the
outside air via the shutdown cooling water heat exchanger.

5.4.4.4.3.2 Cooldown Mode

When the Shutdown Cooling System is started following the loss of the HTS, the Shutdown Cooling
Water Subsystem is brought into the cooldown operating mode. The switch from the standby mode to
cooldown operating mode is accomplished by switching to the 100 percent capacity pump from the jockey
pump. The cooldown mode operates over a wide range of heat loads. The highest heat load occurs
during a pressurized cooldown following the loss of the HTS loop, and the lowest heat load is
experienced when the cooldown mode approaches the depressurized shutdown condition. The heat load
during cooldown mode is dependent on the stage of cooldown (i.e., time elapsed after reactor trip).
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5.4.4.4.4 Instrumentation and Control

Primary control of the SCWS is from the main control room (MCR). Control can also be accomplished
from a local control panel located near the system components.

Transfer from standby mode to cooldown mode is fully automated, with manual backup. In the standby
mode, only the jockey pump is in operation. The sequence of switching to the cooldown mode is
discussed in Section 5..1.4.

The following additional automatic control functions are provided as shown in Figure 5.4-7:

1. Surge tank pressuie is controlled by admitting or venting blanket gas (nitrogen).
2. Cooling water retumn temperature in controlled by a combination of varying the number

of fans operating and modulating the bypass valves around the SCHE and SC`WHE.

The following automatic protective functions a provided:

1. Trip of the SCC on high temperature in the water exiting from the associated SCHE
2. Start the 100 percent capacity pump on loss of jockey pump (low flow).

All of the above protective actuations a indicated and alarmed in the MCR and at the local SCWS
control panel.

Controls for performing the following normal operating functions ae provided at the local control panels:

1. Operation of cooling water pumps (jockey and 100 percent capacity)
2. Operating of SCWHE fans

3. Operation of surge tank water makeup pump
4. Opening and closing of the SCHE bypass valve
5. Opening and closing of the pump discharge isolation valves
6. Opening and closing of the SCHE isolation valves
7. Opening and closing of the surge tank nitrogen discharge

Opening and closing of the SC`WBE drain valve

9. Modulation of the SCWHE bypass valve.
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The following parameters are displayed and/or alarmed in the MCR and on the local panel:

1. Cooling water outlet temperature from the SCHE; display and high temperature alarm
2. SCWS cold leg temperature; display and high temperature alarm

3. Cooling water flows; display and low flow alarm

4. Surge tank pressure; display, high and low pressure alanms

5. Surge tank level; high and low level alarms

6. Radiation level in the cooling water exiting from each SCHE; high radiation alarm.

5.4.4.5 Design Evaluation

5.4.4.5.1 Subsystem Failure Modes and Effects

The principal failure modes are discussed below.

Loss of Jockey Pump Durinst Standby Oneratina Mode. In this case, the 100 percent capacity shutdown

cooling water is started automatically and, in combination with the flow bypass lines around the SCHE

and SCWHE, is used to remove the heat load. This failure mode does not affect the performance of the

ScwS.

Loss of the 00 Percent Capacity Pumip During Cooldown Mode. The jockey pump is started to circulate

cooling water to maintain the requiisite SCS component thermal conditions. If pressurized, cooldown is

continued either by re-starting the HTS, if available, or on the RCCS while the SCWS pump is isolated

and repaired or replaced. If in a depressurized cooldown, the flow provided by the jockey pump can

adequately remove decay heat while the SCWS pump is repaired or replaced.

Loss of Surge Pressure. The surge tank pressure is monitored and the low pressure alarmed. During the

standby or depressurized cooldown modes, loss of surge tank pressure wil not affect SCWS operation.
During pressurized cooldown, water may boil, off at the SCHE if the surge tank pressure drops below the

normal operating pressure. In this case, if the loss of pressure is due to a failure of the nitrogen pressure

control valve on the surge tank nitrogen supply line, the manual bypass will be used to reestablish the

pressure. If the loss of pressure is due to inadequate nitrogen storage tank pressure (e.g., nitrogen

compressor failure), the SCWS pump will be shut down. to be restarted after the nitrogen pressure in the
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surge tank is reestablished. Coldown is continued either by re-starting the HTS, if available, or on the
RCCS.

Loss of Heat Sink. The heat sink for the SCWS is the outside air, so it can be lost only through loss of
circulating air in the SCWBE. The SCWHE is provided with five 20 percent capacity fans for circulating
outside air through the heat exchanger. Failure of a fan while in standby or a depressurized coldown
will have no effect on the SCWS performance since not all the fans are needed during these modes of
operation. During a pressurized cooldown in hot weather, the SCWS performance will be below design
values but will still be adequzate. The failed fan can be replaced while the SCWS is operating. Another
possible cause of loss of heat sink s failure of the recirculating air louvers controls. In this case, the
louvers can be temporarily controlled manually until the controls are repaired.

5.4.4.5.2 Subsystem Steady-State Performance

5.4.4.5.2.1 Standby Mode

During standby operation, the jockey pump delivers a flow of 17 ms/h (75 gpm) in the SCWS loop.
Continuous flow is necessary in order to minimize the effect of thermal shock upon initiation of the core
cooldown mode. The maximum heat load during standby is 0.28 MW(t) (0.96 x 106 Btu/hr). The SCWS
cold leg temperature is maintained ab ove 21.10C (700 F) to prevent cooling water feezing during cold
weather. When the outside air is at the maximum design dry bulb temperature of 110rF, the cold leg
temperature is at 600C (1400 F) and the hot leg temperature is at 78.30C (173 0F).

5.4.4.5.2.2 Cooldown Mode

During the cooldown mode of operation, the 100 percent capacity pump operates to provide 125 m/hr
(500 gpm) of cooling water flow. The maximum heat load during this mode is 23.9 MW
(81.6 x 10' Btu/hr). The water temperature at the SCHE outlet is maintained at or below 221 C (4300 F).
Since the cooling water flow is constant, the temperature is controlled by the SCS controls (circulator
speed).
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5.4.4.5.3 Anticipated Operational Occurrence Performance

The SCWS performance in response to AQ0s is listed in Table 5.4-9.

5.4.4.5.4 Design Basis Event Performance

The SCWS performance in response to DBEs is listed in Table 5.4-9.

5.4.4.6 Interfaces

Interface requirements imposed on other systems or subsystems within other systems by this subsystem
are identified in Table 5.4-4, which also includes a description of the interface and a quantitative

expression for the interface.
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TABLE 5.4-1

SHUTDOWN COOLING SYSTEM PARAMETERS TO BE MONITORED

Measurement Purpose Location Comments

Plant Protection and Instrumentation System

Safety Protection Subsystem

None

Investment Protection Subsystem

Helium mass flow rate Helium flow rate SCC inlet SCC trip input
calculation in SCS loop
Primary to secondary
flow mismatch (trip)

Water flow rate Primary to secondary Shutdown Cooling SCC trip input
flow mismatch (trip) Water Subsystem

SCS Control/Performance Measurements

SCC speed and NSSS component At the SCC shaft, Measurement for SCC and
following service protection and speed service module, and equipment protection and
system parameters control motor speed control (e.g.,
(Later) circulator speed and

motor stator temperature

SCWS water flow Cooling water flow At entrance to SCHE Measurement for normal
control control of SCS operation.

SCS performance.
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TABLE 5.4-1 (Cont)

Measurement Purpose Location Comments

SCWS hot water Control of cooling At exit of SCHE Measurement for normal control
temperature water hot temperature. of SCS operation. SCC trip

Protection of SCHE input. Performance.
and SCC motor. SCS
performance evaluation.

SOWS cold water SCS performance At inlet of SCHE
temperature evaluation

Helium mass flow rate SCS performance SCC inlet

Hot helium temperature SCS performance Inlet of SCHE

Cold helium temperature SCS performance Exit of SCHE

SCWS surge tank pressure Control of secondary At surge tank Measurement for normal control
pressure of SCS operation. Measurement

for manual isolation of SCHE in

the event of tube leak.

SCWS surge tank level Control of surge tank At surge tank
level
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TABLE 5.4-2

SHUTDOWN COOLING SYSTEM LIMITATIONS

Nominal Operating Allowable Protective

Description Value (1) Limit SetRoint Action

SCC speed 10,000 rpm [11,000 rpm] [10,500 rpm] SCC trips.
(depressurized operation)

700 rpm [500 rpm] None None
(pressurized operation)

Helium temperature, 6870 C (268oF)(a) [TBD] [TBD] [TBD]
SCHE inlet

Helium temperature, 1690 C (336oF)(a) [427 0C (8000F)] None None
SCC inlet

Helium pressure 6.38 MPa (925 psia) 7.89 MPa (1145 psia) [7.18 MPa (1041 psia)] Relief valve vents

SCHE exit water 2320C (4500F) 2600C (5000F) [2460C (4750F)] SCC trips
temperature

Cooling water pressure 4.83 MPa (700 psia) 7.89 MPa (1145 psia) [7.18 MPa (1041 psia)) Extension pipe
(between SCHE isolation Relief valve vents
valves and between SCC
motor isolation valves)

Cooling water pressure 4.83 MPa (700 psia) [7.24 MPa (1050 psia)] [5.17 MPa (750 psia)] Surge tank
(outside isolation Relief valve vents
valves)

(')Value is at onset of stable pressurized cooling, except as noted.
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TABLE 5.4-3

SCS FAILURE MODES AND EFFECTS ANALYSIS

Failure Effects

Subsystem Function Mode SCS Status Other System Status

Shutdown circulator Circulate helium Circulator component Circulator trips, SCWS Cooldown continued
failure in standby on HiTS or RCCS

Shutdown circulator Prevent helium Valve fails to close Circulator tripped, Cold helium back-
(helium shutoff backflow during SCWS in standby flow through SCS
valve) HiTS operation re du c ed HT S
cooling efficiency

Valve fails to open Circulator runs but SCHE operates with
flow is blocked no helium flow, no

heat load

Shutdown cooling Control SCS Control failure, Circulator overspeeds Cooldown continued
heat removal control operation overspeed signal and trips (on over- on HTS or RCCS

speed or high water
temperature)

Shutdown cooling Control SCS Control failure, Continues to operate Core heat removal
heat removal control operation lower speed signal at reduced heat load reduced

Shutdown cooling Transfer heat Tube leak Operates normally until Cooldown continued
heat exchanger from helium to moisture detectors in on HiTS or RCCS

shutdown cooling NSSS Analytical Instru-
water mentation Subsystem

detects leak. SCHE
manually isolated.

SCHES component Circulator trips, Cooling continued
failure SCWS shutdown on HTS or RCCS
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TABLE 5.4-3 (Cont.)

Failure Effects

Subsystem Function Mode SCS Status Other System Status

Shutdown cooling Primary coolant Tube leak allowing SCHE is manually HTS continues
heat exchanger boundary when helium loss of primary isolated and drained cooling

pressure above 700 psia coolant based on high pressure
in the SCWS

Shutdown cooling Removes heat from Loss or large reduc- High water temperature Cooldown continued
water .helium and-rejects heat - tion in cooling - - trips~circulator, SCWS -on- HTS. or RCGS-

to service water switches to standby
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TABLE 5.4-4
IDENTIFICATION OF INTERFACES FOR TE SHUTDOWN COOLING SYSTEM

Interfacing Systems
and Subsystems Nature of Interface Interface/Reguirements

Reactor System Minimize neutron shine" and (Fast) neutron flux to SCS components toneutron activation of SCS be limited to less than those specifiedcomponents to facilitate in Table [TBD].
maintenance

Required subsystem envelope The Reactor System lower internals core
support structure shall provide a cylin-
drical space for the upper section of the
SCH-E outer shroud and insulation having an
OD of TBDI.

Vessel System Provide structural support Loads from the SCS are [TBDJ.
and attachments for the
weight, seismic, thermal,
and vibration and torque loads
of the CC and SCHE.

Provide reactor vessel cavity Envelope cavity requirements are [TBDJ.
space for the CC and SCHE.

Reactor Services Group

Helium Purification Clean helium purge for CC A maximum of 96 kg/hr at 6.48 MPa,"submerged" motor to and 490C (211 lb/hr at 940 psia
facilitate maintenance and 120 0F).

Gaseous Radioactive Remove oil-laden helium tTBD kg/sec] [TBD lb/hrJ.Waste waste.

Helium gas Process helium exhaust from SCWS surge
tank at [TBD] per day.
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TABLE 5.4-4 (Cont)

Interfacing Systems
and Subsystems Nature of Interface InterfaceiRequirements

Liuid Radioactive Circulating water Process [TBD] gallons of water per day.
Waste System

Heat Transport System Limit helium bypass flow Helium bypass flow shal be less than [TBD].
through the MLSV.

Electrical Group

AC Distribution (Normal and AC electrical power Provide 150 kW (200 hp) at 480 V to each SCC.
Standby)

AC electrical power Provide 37.5 kW (50 hp) at 480 V to I x 100% SCWS pump,
4.5 kW (6 hp) at 480 V to x 14% SCWS pump, and 186.5
kW (250 hp) at480 Vto 5x 2% SW fanpsforeach
module.

AC electrical power Provide (later) kW at 120 V for SCS/SCWS controls and
instrumentation.

Plant Protection and Instrumentation
System

Investment Protection SCS start command Provide logic signals to start
Special Nuclear Area Post-accident monitoring Provide sttu (open/shut) of the SLSV and other [TBDJ.
Instrumentation information applicable to

the SCS
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TABLE 5.4-5

SCGS FAILURE MODES AND EFFECTS ANALYSIS

Effect

Failure Safety-Related
Component Function Mode Cause SCC Status Component Damage Other

Bearings Support compressor Seize Loss of Stops None Up to 3 gal.
and rotor assembly lubricant oil ingress

Break Fatigue or Stops None. Parts--
foreign captured in SCC
material

Compressor Circulate helium Unbalance Deposits Stops None -

Break Fatigue or Stops None. Parts -

foreign captured in SCC
material

Surge Flow blockage Stops None--

Ducting and Guide helium flow Break Fatigue or Stops None. Parts--
diffuser and increase foreign captured in SCC

static pressure material

Motor Drive compressor Seize Foreign Stops None--

material

Overheat Loss of Stops None--

cooling water

Stop Electrical Stops None--
failure
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TABLE 5.4-5 (Cont)

Effect

Failure Safety-Related

Component Function Mode Cause SCC Status Component Damage Other

Motor (Cont'd) Break Fatigue or Stops None. Parts--
foreign captured in SCC

material

Oil reservoir Lubricate bearings Break Fatigue Stop None. Parts Up to 3 gal.
captured in SCC oil ingress

Drain Line or valve Stop None
failure

Motor cooling Remove motor heat Break Corrosion Runs-cooling None. Parts Water ingress

coils fatigue coils are captured in SCC (reactor vessel
redundant depressurized)

Helium egress
(reactor vessel

pressurized)

Plug (both Deposits Stops None

loops)

HPS purge Maintain clean Not avail- Various Runs None Possible con-

helium in motor able tamination

cavity in motor cavity

Shutdown loop Prevent helium Fails to Sticks and Runs None Heats up

shutoff valve backflow when SCC open override fails stagnant gas

is not running to operate. which could weake;
SCC materials.
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TABLE 5.4-5 (Cont)

Effect

Failure Safety-Related
Comp~onent Function Mode Cause SCC Status Comp~onent Damagze Other

Fails to Sticks and Stops None Cold helium back-
close override fails flow through SCS,

to operate. reduces main loop
cooling capacity.

Oil adsorber Cleans helium Plugs or Improper Runs None SCC designed to
fails to maintenance function without
clean purge flow.

3 of 3
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TABLE 5.4-6

SHUTDOWN COOLING HEAT EXCHANGE S SYSTEM OPERATIONAL
LIMITATIONS()

Component Max (3) Allowable Steady State URper Limit (4 )

Tube Bundle, OC (F) 343 (650) 621 (1150)

Tube Bundle Support [TBD] 621 (1150)
Plate ( Ligaments), 0C (F)

Tubesheets, 0C (F) 371 (700) 371 (700)

Outer & Inner Shrouds, OC (F) 565 (1050) 621 (1150)
(at Bundle Support Elevation)

Parameter Max. Limit

Hot Streak [TBD]

Cold Streak [TBD]

Helium ap Velocity, m/s (ft/s) 61 (200)

Water Velocity [TBD I

(')Other SCS limitations such as helium and feedwater pressure, temperature, etc. also
apply (Table 5.4-2).

(2)Preliminary values to be confirmed as the design progresses.

(3 )Design dependent.

(4)Limit above which material properties are irreversibly changed and/or code material
property limitation.
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TABLE 5.4-7
SHUTDOWN COOLING SYSTEM DESIGN PERFORMANCE POINTS(')

I tern Depressurized(2) Pressurized(3 )

Heat duty, MW (Btu/hr) 3.0 (10.2 x 106) 23.7 (80.9 x 106)

Helium pressure, MPa (psia) 0.097 (14.0) 6.15 (891)

SCHE helium inlet temperature, 0C (F) 316 (600) 619 (1147)

SCHE helium exit temperature, 00 (F) 116 (240) 224 (436)

Helium flow, kg/hr (lb/hr) 10,400 (22,900) 41,730 (92,000)

SCC pressure rise, kPa (psi) 4.92 (0.71) (TBD)

SCHE pressure drop, kPa (psi) 2.14 (0.31) (TBD)

Water pressure, MPa (psia) 4.83 (700) 4.83 (700)

Water inlet temperature, 00 (F) 54 (130) 43 (110)

Water exit temperature, 00 (F) 232 (450) 232 (450)

Water flow, kg/hr (lb/br) 13,970 (30,800) 105,240 (232,000)

Water pressure drop, KPa (psi) (TBD) (TBD)

(')Values shown are on a "per module" basis.

(2 ) Semi steady-state condition. Sizing condition for SCHE and SC.

(3) Initial heat duty at the beginning of the cooldown period. CC at or near
minimum (5%) speed. Sizing condition for SCWS (maximum heat duty). Note that
SCWS is sized for four modules.
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TABLE 5.4-8

SCWS WATER CHEMISTRY REQUIREMENTS

Normal Operations

Chloride 100 ppb max

Conductivity 1.0 mhos/cm max~1 )

Oxygen 100 ppb max

pH (NH3 controlled) 10.0 - io.5(l)
Suspended solids 250 ppb max (by weight)

Suspended solid particle size 0.02 in. max

Initial Fill & Makeup

Chloride 100 ppb max

Conductivity 1.0 mhos/cm max~1 )

Oxygen 100 ppb max

pH (NHl3 controlled) 5.8 - 8.0(1)

Suspended solids 250 ppb max (by weight)

Suspended solid particle size 0.02 in. max

(')Measured at 250 C (770 F)
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TABLE 5.4-9

SCWS RESPONSE TO A0s AND DBEs

AOO S CWS

Number Anticipated Oerational Occurrence Operating Mode~')

AOO-l Main oop transient with forced core cooling Gooldown

AOO-2 Loss of main and shutdown cooling loops Fails to start

AOO-3 Control rod group withdrawal with control Standby
rod trip

AOO-4 Small steam generator leak Cooldown,

AOO-5 Small primary coolant leak Cooldown

DBE
Number Desig-n Basis Event

DBE-1 Loss of HTS and SCS cooling Fails to operate

DBE-2 HTS transient without control rod trip Gooldown

DBE-3 Control rod withdrawal without HITS cooling Cooldown

DBE-4 Control rod withdrawal without HTS and SS Fails to provide
cooling core cooling

(standby)

DBE-5 Earthquake Cooldown

DBE-6 Moisture inleakage Gooldown

DBE-7 Moisture inleakage with SS cooling Fails to start or
provide cooling

DBE-8 Moisture inleakage with moisture monitor
failure Gooldown

DBE-9 Moisture inleakage with steam generator Cooldown
dump failure

DBE-10 Primary coolant leak Standby

DBE-11 Primary coolant leak without HTS and SCS Fails to provide
cooling cooling

(')Refer to Figure 5.4-7 for performance parameters.
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CONDITIONS: El

DEPRESSURIZED CONDITIONS 3 SHEET HLU WATER

STREAM NO. I 2 3 4 5 6 7 a 9 lo I LI 13 14 LS 16 17 II II 20 21

FLOW, LBS/w lis81 0.00 I 8.15 I0.00 I0.00 I0.93 I0.93 I 7.21 I0.30 I 6.91 I .14 I 8.15 I0.00 I0.00 I cci 0 .oi 0 . I' 64.44 I64.44 I5.94 I5.94
PRESSURE. PSIA 14.00 14.00 13.99 13.99 13.98 13.98 13.90 12.96 13.92 1.3.92 13.86 13.72 14.00 14.00 13.96 13.99 13.96 770.15 700.00 D-- P-

TEAPERATURE. VF 161 161. 249 249 249 249 .329. 309 498. 498. 563. 474. 120. 161. 309. 120. 30 t. 159. 120. 145.

PRESSURIZED CONDITIONS I SHEET IWAE

STREAM.INO. I 2 3 4 5 6 7 a 9 10 I 12 13 14 Is III I7 lo 19 20 2

FLOW. LBS/w. 25.59 I0.01 I 5.57 I0.02 1 0.01 2.81 I3.05 I22.48 I1.42 I21.06 I25.54 I25.56 I0.04 0.03 0.25 I0.24 0. 64.44 I64.44 I5.94 S.94
PRESSUIRE. PSIA 890.90 890.90 890.89 890.89 890.89 890.89 890.85 890.86 890.835 890.85 890.84 890.80 890.90 890.90 890.86 890.86 890.816 770.84 700.00

TEICRAT~~~~E. ¶ ~ 436. 436. 485. 485. 485. 485. 1190. 561. 875. 875. 11961. 1147. 120. 436. 561. 120. no0. 449. 120 145

REFUELING CONDITIONS SHEET I HELIUM I WATER

STREAM NO. I 2 3 4 5 B 7 B 9 10 I e12 1.3 14 1 15 16 17 16 S1 0 20 21

FLOW, LB/ S J5 I0.00 I .15 I0.00 I0.00 I0.69 I0.69 I7.45 I3.98 I3.48 18.15 I 5 0.00 I0.00 I0.0 I 0.01 IO0. K:>~ 64.44 1 64.44 1 5.94 1 5.94 
PRESSURE. PSIA 14.00 14.00 13.99 13.99 13.98 13.98 13.93 13.99 13.94 13.94 13.93 13.83 14.00 14.00 1 13.99 13.99 113.99 770.45 700.00 a, !-

TEMERATURE. F 138. 138. 150. 150. ISO. ISO. 130. 138. 210. 210. 204. 192. 120. 138. 138. 120. MO. 121. 120. 145.

STANDBY CONDITIONS [>SHEET 2

HELIUM ~~~~~~~~~WATER
STREAMNO I 2 3 4 I 13 14 15 16 17 is It 20 21

FLOW.LBS 10.61 0.19 0."810.491 1.37 10.04 0.031 0.25 0.24 IO.t ~ 0.79 0.79 I 
PRESSUME. PSIA 9-23.80 923.80 923.78 923.78 918.65 923.80 923.80 923.37 924.39 923.37 700.00

TECWERATLUE. 491. 491. 491. 49L 351. 120. 491. 491. 120. 1O. 300.

NOTES:

12> EXPECTED PEWFOAANCE SHOWN.

>SEMd-STEADY STATE CONDITIONS AT 24 H'R FOLLOWNO REACTOR
SHUJTDOWN FROM FL LOAD.

ED> STABLE OPERATION OF T SYSTEM IMMDIATELY FOLLOWINO
REACTOR TRIP FROM FL LOAD.

[3> SEMI-STEADY STATE CONDITIOS AT 7 DAYS FOLLOWING
REACTOR SIUTDOWN FROM FL LOAD WITH MAXMUM CORE REMOVAL. FGURE 5.4-2

0> CONDITIONS DN FULL LOAD HTS OPERATION SCS PROCESS FLOW (PFR DIAGRAM
SIJTDOWN CULATORS ARE NOT RIfi DINGtJ STANDBY
OPERATION4 CCULATOR FLOW IS MAINS LOOP COOLANT LEAKI4G (SHEET 3 OF 3)
BACKWARDS TU THE STDOWN CRCULATOR

NUN TIRAIURE GAM11113 REM
R> FLOWS IICATEO AS ZERO (0) ARE ACTUALLY SMALL BUT TBD. PPURU I.VW40SAuE DOCUMATUU

TBO.HTMU/5
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5.5 REACTOR CAVITY COOLING SYSTEM

5.5.1 Summary Description

The air-cooled Reactor Cavity Cooling System (RCCS) removes eat from the reactor cavity in a passive
manner by the natural convection of outside air through the cooling panel located in the reactor cavity.
The cavity cooling panel, which is located adjacent to and follows the internal contour of the reactor
cavity wall, is completely external to the primary coolant pressure boundary and surrounds the uninsulated
reactor vessel. The cooling panel and ducting collect the heat transferred from the vessel by radiation
and natural convection and transport the heated air to the environs. They protec the cavity walls from
overheating during normal operation and provide an alternate means of decay heat removal in the event
that the forced cooling systems, the Heat Transport System OMT) and the Shutdown Cooling System
(SCS), are lost.

5.5.2 Functions and 10CFRI00 Deslhn Crteria

5.5.2.1 Power Generation Functions

The main power generation function of the RCCS is to maintain the module's energy production,
shutdown, refueling, and startup/shutdown capability by protecting the concrete surrounding the reactor
module from overheating.

5.5.2.2 Radionuclide Control Functions

One radionuclide control function is to remove core heat in order to retain radionuclides with the fuel
particle coatings (see Figure 1.2-3). This function is accomplished by transferring core heat to the
ultimate heat sink (outside air). Heat is transferred to the RCCS from the reactor vessel by radiation
convection. The RCCS, via natunal circulation of outside air, transfers this heat to the air and transports
it to the environs.

Another radionuclide control function is to control personnel radiation exposure by shielding.
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5.5.2.3 Classification

The RCCS is classified as "safety related".

5.5.2.4 OCFR100 Design Criteria for Radionuclide Control

The following 10CFR100 Design Criterion applies to the RCCS:

10lCFR100 Design Criterion IV

The intrinsic dimensions and power densities of the reactor core, internals,

and vessel, and the passive cooling pathways from the core to the environment

shall be designed, fabricated, and operated such that the fuel temperatures

will not exceed acceptable values.

5.5.3 Radionuclide Control Design Reguirements

The RCCS shall have the capability to remove sufficient decay heat from the

reactor core to prevent overheating of the outer control rods, the reactor

vessel, and vessel internals.

The RCCS shall have the capability of removing sufficient decay heat from the

reactor core to maintain peak fuel temperatures below 1600'C (2900'F)].

The RCCS shall provide the required decay heat removal capability for the

duration of the HTS and SCS shutdown whether the vessel is pressurized (with

full primary coolant inventory) or depressurized.

Offsite radionuclide releases are to be limited as necessary to meet the

numerical dose guidelines of the Top-Level Regulatory Criteria (see Section

3.1).

In the event of a loss of primary coolant pressure boundary integrity, the

RCCS shall be capable of withstanding a (69 kPa (10 psi)] differential

pressure.

5.5-2 Amendment 4



HTGR-86-02

5.5.4 Design Descrimtion

A unique feature of the Standard MHTGR is the use of an uninsulated steel reactor vessel to provide.a
passive decay heat removal path to the environs.

During normal shutdown, decay heat is removed through the Heat Transport System or through the
Shutdown Cooling System. However, in the event that these paths a not available, decay heat s then
removed by conduction through the graphite reflector and by radiation and convection from the
uninsulated vessel to the heat sink provided by the RCCS cooling panel which is located around the
periphery of the reactor cavity and surrounds the reactor vessel. The RCCS removes heat from the
reactor cavity by natural circulation of outside air through the cooling panel and duct worIk

The natural draft air cooling concept s shown schematically in Figure 5.5-1. The design has no
valves or active components. The surface of the cooling panel serves as a barrier separating the outside
atmosphere from the reactor cavity atmosphere. This minimizes the offsite radiological dose due to
release of air activated in the reactor cavity. The system has multiple nletloutlet ports and interconnected
parallel flow paths to assure continued cooling in the event of blockage of any single duct or opening.

The system is required to operate continuously in all modes of plant operation to support normal
operation and, if forced cooling is lost, to meet the investment and safety protection criteria.

5.5.4.1 System Configuration

Each reactor module is provided with an independent RCCS completely separate from that of the other
modules. The configuration of the RCCS is outlined in the system flow diagram, Figure 5.5-2. The
general layout of the system in the Reactor Building is shown in Figure 55-3. The inlet/outlet structures
are located above grade, and the cooling panel, which consists of cold downcomers and hot risers,
surrounds the reactor vessel below grade. The rectangular outlet duct is routed inside the inlet air passage
to protect the structural concrete from the hot outlet air. The outlet duct is insulated to minimize
regenerative heating of the inlet air. The inlet air passage is not actually a metal duct but a passage in
the Reactor Building structure.
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Four pairs of inlet/outlet ports provide a high degree of redundancy in the event of inlet/outlet blockage.

Since all the banks of hot riser tubes are cross-connected at the hot and lower cold plena, blockage of

one or more inlets or outlets will not prevent cooling air from flowing through all of the hot riser tubes.

The inlet and outlet openings are equipped with screens to preclude entry of birds and wind-borne debris

and are located high enough above grade to discourage unauthorized access and to minimize blockage.

The openings are large to minimize the pressure loss due to the screens and to reduce the possibility of
total blockage. The outlet ducts are run as high as practical (currently 28.65 m (94 ft) above the top of

core) to maximize the natural circulaton (chimney) effect. With the Reactor Building embedded, this
results in the outlet ducts extending 18.3 in (60 ft) above grade.

The inlet/outlet ports are housed in two separate inlet/outlet structures. These structures are tornado

missile-hardened and designed to meet seismic and tornado wind requirements. The inlet/outlet structure

configuration s shown in Figure 5.5-4. Each structure consists of two inlet and two outlet chambers

anranged in alternating order. Each chamber, in turn consists of a separate but identical secondary

chimrney and quiescent chamber which function to cancel the effects of wind on the natural draft air flow

through the RCCS while minimizing recirculation of exhaust air.

This arrangement assures tha the average RCCS inlet and outlet pressures are virtually the same for all

anticipated wind conditions. As a result, wind cannot significantly affect the natural circulation of air

flow through the RCCS. Additionally, the diversity and redundancy of the configuration make the inlets

and outlets largely insensitive to blockage of the side screens or the top of the chimney due to wind-borne

objects or icing in winter months.

As shown in Figures 5.5-5 and 5.5-6, the panel s located around the periphery of the reactor cavity and

surrounds the reactor vessel over its full circumference and length. The hot riser tubes collect the heat,

transferred from the vessel by radiation (approximately 90 percent) and convection (approximately 10

percent). The cold side of the RCCS panel is directly in contact with the concrete wall of the reactor

cavity and, thus, protects the concrete from reactor vessel heat. Concrete wall and floor areas not covered

by the RCCS panels but near the reactor vessel will be protected by insulation.

The panel is constructed entirely of carbon steel
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5.5.4.2 System Arrangement

All components of the RCCS are located in or form a portion of the Reactor Building.

As discussed above, two inlet/outlet structures ae provided, separated by a gap of 5 mn (16 ft) and
designed for tornado and seismic loads and tornado missiles. This provides for a high degree of
redundancy and reliability n inlet/outlet capability. The salient features of the inlet/outlet structures are
shown in Figure 5.5-4.

The cold,'hot ductwork connects the inlet/outlet structure and the cooling panel and transports cold and
hot air between them. The general configuration of the ductwork is illustrated in Figure 5.5-3. The cold
ducts are rectangular in shape and are made of structural concrete inside each Reactor Building. The
ducts are routed with a number of "bends" and long "runs." These bends and runs, together with the
concrete wall of the duct, limit neutron streaming from the reactor cavity and provide shielding to allow
personnel access to the adjacent areas. The hot ducting is also of rectangular shape and is routed
concentrically inside the cold duct. It is made of carbon steel and is covered with insulation to
sufficiently retard regenerative heating of the cold inlet air that it leads to a rise in the inlet air
temperature of only about 6C (100F). This configuration eliminates the need to provide for concrete
cooling that would exist if the hot and cold ducts were separately n, s more space efficient, and
precludes any heating of the outlet air flow in a horizontal segment of the flow path and, thus, the
occurrence of thermal stratification and consequential flow stagnation.

As shown in Figures 5.5-3 and 5.5-7a, four concentric cold/hot ducts connect to the cooling panel at four
locations, entering the reactor cavity vertically from the top. The four ducts are grouped into two pairs.
Each pair combines to form a header which leads up to and connects to one of the two identical
inlet/outlet structures. The two headers are, in turn manifolded just below the inlet/outlet structures and,
thus, cross-connect them. This configuration has several unique advantages. The cross-connecting
manifold between the two inlet/outlet structures enstires adequate air supply even if one inlet/outlet
structure becomes completely unavailable due to some unforeseen circumstance. Similarly, if one-half
of the ductwork connecting the cooling panel to the inlet/outlet structures becomes unavailable, the
remaining half of the ductwork is capable of fully meeting the air flow requirements. Finally, the
inlet/outlet manifold plenum equalizes any unequal pressure disturbance transmitted through the inlets.
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The hot ducting is supported as shown in Figure 5.5-7b. Thermal expansion of the hot ducting is

accommodated by segregating the duct runs into units with connecting expansion joints. One point of

each run is rigidly attached to the cold duct and the remainder of the supports permit sliding. The

supports transmit seismic loads from the hot duct to the cold duct (Reactor Building). Tornado loads on

the hot duct are negligible since both hot and cold ducts are directly connected to outside air. Tandem

bellows expansion joints are provided wherever longitudinal and transverse motion must be

accommodated.

A plan view of the RCCS panel configuration, at a plane just above the upper lateral supports of the

reactor vessel, is shown in Figure 5.5-5. A cross-sectional view of the panel configuration inside the

reactor cavity is shown in Figure 5.5-6. As shown in these figures, the RCCS panel follows the internal

contour of the reactor cavity and surrounds the reactor vessel over Its full circumference and length. The

cold side of the RCCS panel is directly in contact with the concrete wall of the reactor cavity, thus

protecting the concrete from reactor vessel heat. The cold side of the RCCS panel consists of four parts:

upper cold plenum, downcomer, bottom cold plenum, and drain arrangement (see Figure 5.5-6).

The upper cold plenum receives cold air ftrm the ductwork at four different locations as shown in Figures

5.5-3 and 5.5-7a. It performs multiple functions: It distributes the incoming cold air over the full

circumference and directs the air flow to the downcomers. It also serves as a quiescent/damping chamber

which further attenuates the effects of any atmospheric distuiibance in the incoming cold air.

The downcomer part of the cooling panel provides a guided vertical flow path for the cold air to travel

to its bottom. The downcomer is formed by two parallel vertical steel plates held 25 cm (10 in.) apart

by vertical steel channels spaced at approxImately 0.6 m (2 ft) intervals along the wall of the cavity as

shown in Figure 5.5-5. The outer plate is anchored to the reactor cavity wall, and the inner plate is

bolted to the channels. These vertical channels also guide the air flow in the downcomer.

As shown in Figure 5.5-5, a reflective surface/Insulation is provided as a part of the downcomer. This

surface is attached to the inner plate and faces the reactor vessel. It serves to reflect the reactor vessel

heat back to the cavity and also protects the cold incoming air from being prematurely heated in its

downward journey.
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The bottom cold plenum, located at the bottom end of the downcomer, is essentially a box-shaped
continuous ring header (see Figures 5.5-6 and 5.5-7c) around the reactor vessel along the cavity wall.
It serves multiple functions. It permits a change in air flow direction with minimal flow resistance. It
also facilitates proper distribution of air flow to the riser part of the cooling panel. Any atmospheric
disturbance and mal-distribution that may have propagated down to the bottom of the cooling panel is
suppressed in the bottom plenum, and proper air flow distribution is restored.

Several drain connections are provided in the bottom cold plenum to drain any water that may be
collected from the incoming air. Although the inlet/outlet structure is designed to prevent rain water from
entering the RCCS, potential sources of water a mist entrained in the air or the limited condensation
that will occur on the cooler inlet flow path surfaces when their temperature remains sufficiently below
the dew point of the incoming air stream to preclude revaporization of the condensate prior to it reaching
the bottom cold plenum. The drain arrangement consists of four drain connections located at the four
corners of the bottom cold plenum directly below where the ductwork connects to the upper cold plenum.
The drain lines, sized at 10 cm (4 in.) each, are brought down to a sump located at te bottom of the
reactor cavity. The drain lines do not have any valves or pumps, and the cooling panel drains to the
sump by gravity. The drain lines are oversized to provide flow even if partially obstructed. Further
discussion on the drain system in given in response to NRC Comment 5-8.

The hot side of the RCCS cooling panel consists of two parts: the riser and the hot plenum (see Figure
5.5-6). The riser pant consists of [2271 vertical rectangular structural steel tubes arranged around the
reactor vessel as shown in Figure 5.5-5. Each is a standard structural steel tube of rectangular cross
section having external dimensions of 5 cm x 25 cm (2 in. x 10 in.) with 4.76 mm (0.1875 in.) wall
thickness. The tubes are arranged with a 5 cm (2 in.) gap between the adjacent tubes. The total number,
cross-sectional shape, and configuration of the tubes provide the optimal surface area for radiative and
convective heat transfer and optimal cross-sectional area for air flow. In addition, the gap between the
tubes allow a fraction of the thermal radiation from the reactor vessel to reach the reflective surface on
the cold downcomer. The reflected radiation then heats up the back side of the tubes, permitting
utilization of the entire tube surface area and enhancing the heat transfer.

Tubes a omitted where they might interfere with the reactor vessel lateral restraints. The tubes rise from
the bottom cold plenum and connect to the hot plenum located at the top of the reactor cavity. The tubes
are vertically supported on the bottomn cold plenum and are laterally supported from the downcomner with
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the help of lateral support plates as shown on Figures 5.5-7d and 5.5-7e. Supporting the hot riser tubes

on the bottom plenum enables the tubes and the hot plenum to expand as they are heated. The design

and configuration of the lateral support plates also accommodate the thermal expansion of the tubes.

These high-strength steel plates bend easily as the tubes expand vertically.

The configuration of the hot plenum is shown in Figures 5.5-6 and 5.5-7a. The hot plenum is arranged

all around the reactor vessel along the cavity wall. The plenum receives hot air from the riser tubes and

distributes it to the hot ducts at four locations as shown in Figure 5.5-3. The interface configuration

between the hot plenum and the hot ducting is shown in Figure 5.5-7a.

The hot plenum is completely supported by the riser tubes and is relatively free to expand. Tandem

bellows expansion joints a provided between the hot ducting and the hot plenum to accommodate

thermal expansion of the riser tube-hot plenum assembly. The entire RCCS cooling panel assembly is

a very stable and rigid structure and s designed for all required thermal, seismic, and pressure loadings.

5.5.4.3 System Operating Modes

The passive natural draft RCCS has no valves or active components so there is only one system alignment

and only one operating mode. For all modes of reactor operation, air flow through the RCCS is a

function of the reactor vessel temperature and the outside air temperature.

5.5.4.4 Instrumentation and Control

The RCCS is a passive system and, therefore, has no controls. However, instrumentation is provided to
monitor thermodynamic performance and potential radioactivity releases.

The thermodynamic performance of the system s continuously monitored by measuring flow and

temperature in the two exhaust headers as shown in Figure 5.5-8. This location is preferred for access

to the sensors. A combination of high temperature and low flow will trigger an alarm in the control room

indicating a reduction n RCCS cooling capability. The high temperature set point is a function of air

flow. Temperature sensors will also be provided for diagnostic purposes in each of the four hot duct

segments leading out of the reactor cavity as well as in a cold leg segment in one of the inlet/outlet
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structures. Similarly, additional flow sensors will also be located in the hot duct segments leading out

of the reactor cavity as well as in each of the four inlet/outlet structure outlet ducts.

Radiation monitors are provided as part of Radiation Monitoring System, Section 7.4.2, on each air
exhaust to monitor the nonmal air activation and to detect any additional releases that might occur through

leaks in the cooling panel or possibly as a result of activated dust or corrosion products which may

accumulate in the cooling panel and occasionally shake loose. Such releases are expected to have a very

low activity and may be controlled by periodic cleaning of the panel.

Further discussion on RCCS instumentation is given in response to NRC Comments 5-9 and 5-10.

5.5.4.5 System Limitations

The thermodynamic performance of the system is monitored by measuring air flow and temperature in

the exhaust headers. A combination of high temperature and low flow sounds an alarm in the control

room indicating reduced cooling capability and some degree of flow blockage. The high temperature set

point is a function of air flow as shown in Figure 5.5-9.

Further discussion on system limitation is given in response to NRC Comment 5-1 1.

5.5.5 Desian Evaluation

For additional information related to this section. see the responses to NRC Comments R GII1.1, R

5-2, R 5-6, R 5-32 and R 6-2. A discussion on the failure probability of RCCS is given in Appendix

F of the Probabilistic Risk Assessment, DOE-HTGR-86-O011.

5.5.5.1 System Failure Modes and Effects

As a passive system, the RCCS has very few potential failure modes. The faulted system conditions

which could potentially result in a failure of the RCCS to perform its allocated functions have been

determined to fall into the following three categories:
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Loss of structural integrity, including inlet/outlet structure damage or RCCS boundary
faults, i.e., offset break, bellows rupture, or panel opening in the system's ducts, plenums,
panel, or risers

Obstruction of a normal air flow path within the RCCS
Air flow instability within the system caused by an adverse atmospheric condition (e.g.,
strong wind).

While Table 5.5-2 lists the specific faulted conditions and their potential mechanistic causes which have
so far been identified as falling into each of thes categories, further analysis has found that the specific
nature or initiating agent of a faulted condition s immaterial to the consequential response of the system.
Rather, they a only of significance in detennining the likelihood with which a given fault will occur.
For the purposes of analyzing the response of the RCCS in a faulted state, it s sufficient to postulate that
such a fault has occurred.

The fault condition scenarios which have been analyzed are listed on Table 5.5-3. Because design basis
intensities for the events identified as potentially leading to inlet/outlet structure damage or collapse have
been explicitly considered in their design, the assessment does not include any scenario involving damage
to the inlet/outlet structures. All of the other possible RCCS structural faults have been analyzed at a
variety of locations and over a range of boundary fault sizes. In the case of air flow obstructions, the
analyzed blockage scenarios were found by a preliminary, qualitative failure modes and effects analysis
(FMEA) to be the bounding cases, given the size and arrangement of the ducts and the redundant and
diverse nature of the possible flow paths through them. Finally, while the inlet/outlet structures have been
specifically designed to ameliorate the effects of adverse wind conditions and other atmospheric
instabilities on system operation, it is intended that a quantitative analysis of one or more fault scenarios
falling into the third category of faulted system conditions will be performed. However, a thorough
analysis and subsequent experimental confirmation of wind flow effects is required to evaluate the
complete range of possible scenarios and accurately assess the effects on RCCS performance. This
analysis will be performed prior to the completion of preliminary design.

The RCCS faults which have been modeled in the quantitative effects analysis a shown schematically
on Figure 5.5-17. The numbers shown adjacent to the fault locations are used for identification purposes
in the following discussion. Boundary faults occurring in the portion of the system located above the
reactor cavity have been postulated at various locations along the RCCS duct network. Due to the overall
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symmetry of the RCCS, each fault is modeled on one side of the system only. Each is modeled as a hole

which creates a flow path connecting the hot duct to the cold duct. The locations considered are:

Along the cross-connecting manifold below the inlet/outlet structure (#I in Figure 5.5-17)

At one of the junctions above the reactor cavity (#2)

In one of the four hot ducts coming out of the reactor cavity just above the hot plenum

(#3).

Similarly, a variety of breaks have also been postulated to occur in the portion of the system located

within the reactor cavity:

Upper cold plenum access panel (#4)

Lower cold plenum panel (#5)

Hot plenum access panel (#6)

Riser tube bank (effectively same location as #5).

As discussed above, the flow obstructions that need to be considered can be limited to the foliowing

locations:

Inlet/outlet structure lower side openings (#7)

Inletloutlet structure top openings (#8)

Lower cold plenum (#9)

Each inlet/outlet structure obstruction scenario is assumed to involve 100% of the affected flow area (i.e.,

either all lower side openings or all top openings are assumed to be blocked). The lower cold plenum

blockage scenario involves a progressive and uniform reduction (i.e., with no azimuthal variation) in the

flow area of the path connecting the downcomer outlet to the riser inlet

For this analysis, the parameter used to evaluate the sensitivity of RCCS performance to the various

faulted conditions was the peak riser panel temperature. Given the operative heat transfer process in the

case of the RCCS, it was considered for the purposes of this analysis to be an acceptable surrogate for

vessel temperature, which is the actual functional measure of adequate RCCS performance. A summary

of results for all of the analyzed faults is presented in Table 5.5-4.
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As seen from Figures 5.5-18, 5.5.-19, and 5.5-20, the limiting break of those analyzed is the fault
occurring at the junction just above the reactor cavity (fault #2 on Figure 5.5-17). At this location, a very
marked break size-dependent transitional characteristic is exhibited. For faults measuring less than
approximately 0.07 m2 ( ft2), the RCCS performance is unaffected, If the break reaches or exceeds that
size, however, the RCCS undergoes a sudden operational change wherein sufficient cold air flows through
the breach into the hot duct to not only block the upward flow of hot air but to also allow cold ambient
air to flow downward nto the hot plenum via the damaged ducL The itc hot duct thus contains a
mixture of cold ambient air and heated riser exhaust, reducing the buoyancy of the exhaust stream and
causing a lower air flow rate and higher riser temperature. As indicated on Figure 5.5-19, the calculated
peak riser temperature increases to around 3660C (6900F. Based upon a simplified steady state heat
transfer calculation, it is estimated that the corresponding vessel temperature increase would be about
38*C (900F). Thus, while this results in a degradation in the heat removal capability of the RCCS, it does
not constitute a failure of the system to fulfiIts allocated functions (see Section 5.5.5.5 for a discussion
of RCCS accident response under nominal conditions). Further, initial analyses indicate that there is no
credible mechanistic means for producing a breach of this size in the hot duct coincident with a
conduction cooldown event; this will be subject to further confirmation in the later stages of design. A
similar phenomenon occurs with the break postulated to occur just above the hot plenum, but with a less
marked transition characteristic.

As Indicated on Table 55-6, RCCS performance s unaffected by any fault occurring in that portion of
the system located within the reactor cavity, even n those cases involving a severe break in a riser tube
bank or a pressurized reactor cavity. Any panel or plenum breach opens the system to the reactor cavity
atmosphere rather tha producing a "short circuit" in the system, as is the case with a breach in a hot
duct, and does not affect the system's ability to fully maintain ts thermally-induced driving head.

The inlet/outlet structure flow obstruction scenarios were also found to have a negligible adverse effect
on the performance of the RCCS, reflecting the inherent redundancy of the structures' design. When the
top openings are completely blocked, the side openings are able to function as an exhaust path for the
outlet sections as well as an intake for the inlets with no appreciable impact on system operation.
Similarly, when the side openings are blocked, the inlet section top openings, which in the normal
configuration handle a portion of the intake flow, now fulil that function in its entirety. An interesting
sidelight on this scenario is that the system performance actually improves somewhat when the side
openings are blocked. In the normal configuration, a natural circulation-induced draft of cold ambient
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air flows through the outlet section side opening and mingles with the hot RCCS exhaust in the secondary

chimney, reducing the buoyancy of the exhaust stream. With the side openings blocked, no such mixing

occurs, and the increased buoyancy of the exhaust enhances the stack effect and, thus, the performance

of the system.

Figure 5.5-2 1 shows the RCCS response to an obstructed lower cold plenum. The effect of uniform

obstruction of the lower plenum on system performance is negligible as long as the total flow area

reduction is less than 96 per cent.

5.5.5.2 Steady-State Performance

RCCS performance is primarily governed by the reactor vessel temperature and the outside air

temperature.

During normal power operation, the reactor primary helium cold leg temperature is maintained nearly

constant [2541C (4890 F) and 2581C (4971F) at 25 and 100 percent power, respectively]. Forced

circulation results in a uniform vessel temperature. Outside air temperature and, therefore, RCCS inlet

temperatures are assumed to vary independently over a range of 421C (451F) to 431C (1 100F).

These conditions lead to a varying parasitic heat loss to the RCCS cooling panel. The performance of

the RCCS under nominal conditions is summarized n Table 5.5-1.

During normal power operation, a small amount of the outside air passing through the cooling panel is

activated by neutrons from the reactor core. This activity contributes to the site boundary dose; however,

as discussed in Section 11.7, this dose s well within allowable limits for normal operating releases.

During normal shutdown, decay heat is removed via the Heat Transport System or the Shutdown Cooling

System. As a result, a uniform vessel temperature s still maintained. However, the vessel is cooler than

at power and becomes colder as the plant continues to cool down. Therefore, the heat rejection to the

RCCS diminishes with time after shutdown. Table 5.5-1 shows RCCS performance at the beginning and

end of a normal 24 hour cooldown for maintenance following a 100 percent reactor trip. There is no air

activation when the reactor is shutdown.
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Shutdown for maintenance or refueling requires that the reactor be depressurized and the primary helium
cold leg temperature be maintained below 1 1601C (2400F). If cooling is provided by the HTS, then the
primary cold leg temperature is 5401C (130 0F) or less. If cooling is by the SCS, the cold leg temperature
is somewhat higher, but still below 11C (2400F). In either case, the cold leg temperature
diminishes with time. At these low temperatures, te RCCS natural draft driving head is very small, and,
as a result, the air flow becomes sensitive to wind effects. Under these conditions, adverse winds
could either impede natural circulation flow or cause a flow reversal. However, normal air flow will be
restored with the increase in outlet air temperature that will be the consequence of both an increased
residence time in the cooling panel and if a loss of forced cooling should also occur, an increase in
reactor vessel temperature.

5.5.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AQOs) are described in Section 11.6. For most A00s, the cor is
cooled by forced circulation using either the HTS or SCS. For these events, RCCS performance is the
same as for normal shutdown as described in the preceding subsection. For AOO-2, forced cooling via
the HITS or SCS is not available, so decay heat is removed via te RCCS alone. Since the reactor
remains pressurized and decay heat is removed by conduction thrugh the vessel wall, this event is called
a pressurized conduction cooldown. The performance of the RCCS for this event is identical to that for

DBE-1 and SRDC-l described below.,

5.5.5.4 Design Basis Event Performance

The analysis of design basis events (DBEs) is discussed in detail in Chapter 15. With respect to RCCS
performance, the various DBEs (as well as the following SRDCs) can be divided into three general
categories:

1. Forced circulation cooldown on HITS or SCS

2. Pressurized conduction cooldown

3. Depressurlzed conduction cooldown

The performance of the RCCS for forced circulation events is the same as for normal shutdown as
described above (Subsection 55.5.2 and Table 5.5-1). RCCS performance for all pressurized conduction
cooldown events (DBE-1, DBE-4, DBE-7, and most SRDCs) is nearly identical and is enveloped by
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SRDC-4, described below. The RCCS response to all depressurized conduction cooldown events (DBE-ll

and three SRDCs) is also virtually the same and is represented by SRDC-ll, described below.

5.5.5.5 Safety-Related" Design Condition Performance

The following sections discuss the response of the RCCS to "safety-related" design conditions (SRDCs).

These are similar to the DBEs mentioned above except that, in this case, no credit is taken for the

operation of systems which are not "safety-related." SRDCs are discussed in detail in Chapter 15.

The RCCS response to pressurized conduction cooldowns (SRDC-1 through SRDC-5) is enveloped by

SRDC-4 which is described below. The RCCS response to depressurized conduction cooldowns (SRDC-6

through SRDC-ll) is represented by SRDC-ll, also described below.

SRDC-4 Pressurized Conduction Cooldown with Control Rod Withdrawal

This condition begins with a spurious witdrawal of an outer control rod bank from a fully inserted

position. The HTS is assumed to operate until the reactor trips on a high power-to-flow ratio. It is

assumed that the SCS is not available so subsequent cooling is via conduction and radiation to the RCCS.
RCCS heat removal varies as a function of vessel temperature and outside air temperature. A constant

430C (1 100F) outside air temperature is assumed fr this analysis. For this accident, the vessel

temperature peaks at 3940C 7420F) in the side wall at about 10 hours after shutdown. Consequently,

the major RCCS parameters also peak at 10 hours. The peak RCCS parameters are as follows:

RCCS heat removal 1.75 MW

Air flowrate 12.44 kg/sec (9.88 x 10' bmibr)

Maximum panel temperature 20801C (4090F)

Air outlet temperature 183 0C (3610F)

These parameters are shown as a function of time in Figures 5.5-10 through 5.5-12, respectively.

SRDC-ll Depressurized Conduction Cooldown with Small Primary Leak

The conditions imposed by a small primary coolant leak without forced circulation cooling will result in

a depressurized conduction cooldown. The leak will depressurize the Reactor System in 23 hours. At
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1 hour, the reactor is tripped on a low pressure signal using the outer control rods. The Heat Transport
System and Shutdown Cooling System a not available after reactor trip to provide forced circulation
cooling to the reactor, resulting in a gradual heat up of the core and its surmoundings. As in the
pressurized case, decay heat is transferred to the RCCS by radiation and conduction across the gap
between t and the reactor vessel.

RCCS heat removal s a function of vessel temperature and ambient air temperature. A constant 430C
(ll 0 F) ambient air temperature s assumed for this analysis. For the depressurized cooldown accident,
there is very little convective heat tranfer from the core to the top head. Decay heat is primarily
removed by conduction horizontally through the reflector to the vessel sidewall. Vessel temperature peaks
at 4410C (8260F) just above the core midplane at 120 hours after shutdown. All major RCCS parameters
also peak at 120 hours. Peak RCCS parameters are as follows:

RCCS heat removal 1.50 M

Air flow rate 12.2 kg/see (9.68 x 104 bmflhr)
Maximum panel temperature 21901C (4260F)

Air outlet temperature 1640C (326-F)

These parameters are shown as a unction of time in Figures 5.5-13 through 5.5-15, respectively.

For SRDC-lI 1, the rate of depressurization is slow so pressurization of the reactor cavity is negligible.
Since the cooling panels are designed to withstand design basis breaks inside the silo, they will not be
damaged by the small leak pressurization. Local damage (f any) due to helium jet impingement would
not prevent the RCCS from performing its fnctions.

Further discussion on RCCS design evaluation is given in response to NRC Comments 5-4, 5-5, and 5-48.

5.5.6 Interfaces

Interface requirements imposed on other systems or subsystems within other systems by this system
identified in Table 5.5-5, which also includes a description of the interface and a quantitative expression
for the interface.
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TABLE 5.5-1

RCCS STEADY-STATE PERFORMANCE

NORMAL PLANT OPERATION

(22 C (72-F) AMBIENT AIR)

24 Hours After
Parameter 10%Pwr Reactor TritP)

Reactor Vessel

Heat loss to RCCS, kW 718 31

Inside wall temperature, C (F) 258 (497) 40 (104)

Outside wall temperature, 0C (F) 209 (409) 40 (104)

Cooling Panel

Average temperature, C (F) 74 (166) 28 (82)

Maximum temperature, C (F) 103 (218) 31 (88)

Air inlet temperature, C (F) 22 (72) 22 (72)

Air outlet temperature, C (F) 89 (193) 30 (86)

Air flow, kg/sec (bm/hr) 10.6 4.10

(84,400) (32,600)

Maximum velocity, in/sec (ft/sec) 4.8 (15.6) 1.5 (5.0)

Structure

Concrete surface temperature, 'IC () 22 (72) 22 (72)

Accelerated 24 hour cooldown. for maintenance following reactor trip from 100% power.
Cooldown. is performed by either HTS or SCS.
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Table 5.5-2

POSTULATED FAULT CONDITIONS AND POTENTIAL MECHANISTIC CAUSES

POSTULATED FAULT CONDITION POTENTIAL MECHANISTIC CAUSE

LOSS OF STRUCTURAL INTEGRITY

- I~/O Structure * Tornado wind and/or missiles
Tornado depressurization

- ~Ducts and headers * Earthquake
Fatigue/Cycling
Corrosion

- ~Panel * Earthqake
Falling object makes hole
Rainwater collecting at bottom; panel
damage due to plugged drain

Cracks in weld due to thermal loading
Corrosion
Break in prmr rscondary coolant
pressure boundary

OBSTRUCTION TO AIR FLOW
- I~/O Structure * Wind-borne debris

Snow storm
Ice formation
Birds and bees forming habitat
Swarm of insects (locusts)
Volcano ashes

- ~Ducts * Dust storm
* Volcano ashes

- ~Panel * Dust storm
Rain flooding
Trash left by workers blocks some tubes

FLOW INSTABILITY a Adverse wind conditions (transient)

* Tornado-generated pressure gradient
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Table 5.5-3

RCCS FAILURE MODES AND EFFECTS ANALYSIS
ANALYZED FAULT CONDITION SCENARIOS

THE FOLLOWING FAULT CONDITION SCENARIOS HAVE BEEN ANALYZED:

1. RCCS BOUNDARY FAULT

A. HOT AIR DUCT/HEADER

i. Offset Break
ii. Bellows Rupture
iii. Open access Panel

B. SUDDEN PANEL RUPTURE INSIDE REACTOR CAVITY

i. Upper Cold Plenum.
ii. Lower Cold Plenum
iii. Hot Plenum

C. OFFSET BREAK IN BANK OF HOT RISER TUBES

2. AIR FLOW OBSTRUCTION

A. I/O STRUCTURE: ALL TOP OPENINGS

B. I/O STRUCTURE: ALL LOWER SIDE OPENINGS

C. BOTTOM COLD PLENUM FLOW AREA REDUCTION DUE TO PARTICLE

BUILDUP
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Table 5.5-4

RCCS FAILURE MODES AND EFFECIS ANALYSIS
SUMMvARY OF RESULTS

I. RCCS BOUNDARY FAULT

Location Size Range Effect on RCCS
(in2)

1. Hot Duct

- I/O Header 0 - 2.25 Ref. Figure 5.5-18

- Flow Split Above Cavity 0 - 0.5 Ref. Figure 5.5-19

- Cold Plenum Top 0 - 2.25 Ref. Figure 5.5-20

2. Upper Cold Plenum Panel All Negligible

3. Lower Cold Plenum Panel/Riser Tube Bank All Negligible

4. Hot Plenum Panel All Negligible

II. OBSTRUCTION TO AIR FLOW

Effect on
Location Path Reduction Performance

(%
1. / Structure

- Side Openings 100 Negligible

- Top Openings 100 Negligible

2. Lower cold Plenum 0 - 98 Ref. Figure 5.5-21
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TABLE 5.5-5

IDENTIFICATION OF
INERFACES FOR THE RCCS

Interfacin Systems Nature of Interface Interface Requirements

Miscellaneous Control and Radiation monitoring Provide sensors to monitor
Instrumentation activity (primarily Ar-41) n

each of the two RCCS air
outlet headers.

Plant Protection and Safety system information Control room alarm for high
Instrumentation display alarm on RCCS air temperature with low

blockage flow. For normal power
operation, alarm set point
corresponds to 25 percent
flow area blockage. Set point
for cold shutdown (TBD).
Provide temperature and flow
instrumentation in the two air
outlet headers as follows:

Flow Sensors:
Type (TBD)
Quantity 2 x (TBD)
Range O to 600 fpm
Accuracy (TBD)

Temperature sensors:
Quantity 2 x (TBD)
Range - 450F to 3500F
Accuracy (TBD)
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Table 5.5-5 (cont)

Interfaciney Systems Nature of Interface Interface Reauirenments

R CC S d ia gno s ti c Provide temperature sensors
instrumentation as follows:

Air inlet:
Quantity 4
Range -4501F to 1 10OF
Accuracy (TBD)

Cooling panel outlet plenum:
Quantity 12
Range -450F to 350-F
Accuracy (TBD)

Air outlet:
Quantity 4
Range 45o t 35001F
Accuracy (TBD)

Liquid Radioactive Waste Receive drainage Receive [BD] cu m (gal) of
RCCS drain every [TBD]
months.

Bldg. Struct, & Serv. Enclose, shield, support, and Provide structure to enclose,
collect drainage support, and provide access to

RCCS equipment

Provide sump for RCCS
drain.
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CHAPTER 6

BUILDINGS AND STRUCTURES

6.1 NUCLEAR ISLAND

The overall plot plan is shown on Figure 1.3-1, with Figure 6.1-1 providing a

key plan for the Nuclear Island. The four identical Reactor Buildings, the

two identical Reactor Auxiliary Buildings, and the Reactor Service Building,

all below-grade structures, are set in a row and constitute the principal

portion of the Nuclear Island. A steel-framed maintenance enclosure with

metal roofing and siding, shelters the entire operating floor formed by these

buildings at-grade slab; this enclosure, while common to all below-grade

structures, is described here in conjunction with the Reactor Building.

North of this power block, and constructed at grade are the Radioactive Waste

Management Building, the Personnel Services Building, and the Nuclear Island

Cooling Water Building. This last is dealt with here as an adjunct to the

Reactor Service Building (RSB), as is the Chilled Water Buildir.g located

immediately to the west of the RSB. The remaining structure located in the

Nuclear Island is the Helium Storage Structure (see Figures 6.1-2 through

6.1-10).

6.1.1 Reactor Building

6.1.1.1 Summary Description

The Reactor Building is predominantly a multicell reinforced concrete

structure set below grade. Below elevation -10.67 m (-35 ft), the building

is configured as a vertically oriented cylinder (the "silo") and contains the

major Reactor, Vessel, and Heat Transport System components. At elevation

-10.67 m (-35 ft), the shape of the building changes to a rectangular, prism

subdivided into several compartmuents to house nuclear auxiliaries dedicated

to each reactor.

A slab at grade provides biological shielding and protection from external

hazards, with concrete plugs providing access for major equipment maintenance

and replacement. The portions of the Reactor Building extending above grade

6.1-1
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are limited to the Reactor Cavity Cooling System (RCCS) intake and exhaust

structures and the main steam isolation 
valve enclosure.

6.1.1.2 Functions and 10CFR100 Design Criteria

6.1.1.2.1 Power Generation Functions

The principal function of the Reactor Building is to accommodate and arrange

spatially; support structurally; provide access to or for; lift, handle,

and/or transport; and permit establishment of an appropriate environment,

including requisite equip'ment radiation levels, for those systems,

components, and activities whicha re located or which occur within the

envelope it defines. Additionally, the Reactor Building protects both its

own capabilities and those of the contained systems and components from

various hazards, both internally and externally generated, as required to

meet the user's availability and investment 
protection criteria.

6.1.1.2.2 Radionuclide Control Functions

T.he Reactor Building must perform several Goal 3 functions. To assure

adequate core heat removal, the Reactor Building must maintain the requisit

core-reactor vessel-RCCS geometry and serve to assure maintenance of RCCS

structural integrity. To prevent chemical attack of the fuel, the -Reactor

Building must serve to assure maintenance of reactor coolant pressure

boundary integrity to limit fuel oxidation. To maintain control of the core

heat generation rate, the Reactor building must serve to assure continued

operability of the Plant Protection and Instrumentation and Neutron Control

Systems. Other Goal 3 functions are to control direct radiation from the

core and process systems and to control radionuclide transport from the

Reactor Building.

Under Goal 1 and Goal 2, in compliance with regulatory requirements, the

Reactor Building serves to limit or control the spread of contamination and

the release of radionuclides stemming 
from either system or component leakage

or the production of activation products. 
In addition, the Reactor Building
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serves to limit either personnel access or area radiation levels as required

to control occupational radiation exposure while providing the requisite

access for plant operation and maintenance.

6.1.1.2.3 Classification

The Reactor Building is classified as safety related'.

6.1.1.2.4 1CFR100 Design Criteria for Radionuclide Control

The following 1CFRIOO Design Criteria apply: 

10CFR100 Design Criterion II: The vessels and other components that limit or

prevent the ingress of air or water shall be designed, fabricated, and

operated such that the amount of air or water reacting with the core will not

exceed acceptable values. 

10CFRIOO Design Criterion III: The reactor shall be designed, fabricated,

and operated such that the inherent nuclear feedback characteristics ensure

that the reactor thermal power will not exceed acceptable values.

Additionally, the reactivity control system(s) shall be designed, fabricated,

and operated such that during insertion of reactivity the reactor thermal

power will not exceed acceptable values.

IOCFR100 Design Criterion IV: The intrinsic dimensions and power densities 

of the reactor core, internals, and vessel, and the passive cooling pathways

from the core to the environment shall be designed, fabricated, and operated

such that the fuel temperatures will not exceed acceptable values.

6.1.1.3 Radionuclide Control Design Requirements

The design basis conditions against which the Reactor Building must provide

protection for or, under which it must serve to assure the continued

functionality of systems and components required to fulfill, with a high

degree of confidence, 10CF?,100-related radionuclide control functions are
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described in Sections 3.3 through 3.8. The specific floor or support seismic

response spectra, peak subcompartment pressures and temperatures, and maximum

intercompartmental or component pressure differentials which must be obtained

or limited by the Reactor Building as well as the loads it must carry will be

determined as the design of the contained systems and components proceeds.

Routine offsite radionuclide releases are to be limited as necessary to meet

the numerical dose guidelines of the Top-Level Regulatory Criteria (see

Section 3. 1). Specific allocation of release limitations to the various

radionuclide source points and release paths will be made as the design is

further developed. The plant dose assessment is discussed further in Section

11.7.

For the purposes of occupational radiation control, radiation levels in the

generally accessible areas of the Reactor Building above elevation -10.67 m

(-35 ft) are to be limited to no more than 1.0 mrem/hr during all modes of

normal plant operation to permit access for at least 40 hours per week.

Within the cylindrical portion of the building below this level, access is

generally not required during power operation and, therefore, need not be

provided for. During shutdown, radiation levels throughout the Reactor

Building are to be limited as required to maintain the overall average plant

population exposure to no more than 10 percent of 1CFR20 limits while

providing the access and stay time required for anticipated maintenance,

inspection, and repair activities. The subject of occupational radiation

protection is dealt with in detail in Chapter 12.

6.1.1.4 Design Description

The Reactor Building consists almost entirely of a multicell reinforced

concrete structure set below grade. The building is configured as an

18.3-meter (60-foot) inside diameter cylinder (the silo") from elevation

-46 m (-151 ft) to elevation -10.67 m (-35 ft). At elevation -10.67 m (-35

ft), the shape of the building changes to a rectangular prism. The external

walls of the Reactor Building are nominally 0.9 m (3 ft) thick. Slabs and

interior walls are of varying thickness, based on shielding and strength
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requirements. The slab at grade has several hatchways for equipment access

which normally are closed with concrete access plugs. These plugs provide

biological shielding and protection from such external hazards as tornado

missiles.

The silo is subdivided into a number of vertical cells which house the major

Reactor, Vessel, and Heat Transport System equipment and provide access

(Figure 6.1-5 through 6.1-7). Those cells housing the reactor and steam

generator occupy the major portion of the silo. The steam generator and

reactor cavities are separated by a 1.5-in (5-ft) thick wall which is

penetrated by the cross duct. Other vertical cells provide personnel and

equipment access and pipe and cable ways. While the reactor cavity is

normally isolated from the rest of the Reactor Building to limit both the

release of Ar4l during power operation and the heat load on the Heating,

Ventilation, and Air Conditioning (HVAC) System (see Section 9.1.3.2), there

is a vent path to the steam generator cavity equipped with blow out panels to

limit the peak reactor cavity pressu re following a loss of reactor coolant

pr ssure boundary integrity.

The below-grade rectangular portion of the building is divided into two

levels and subdivided into several compartments (Figures 6.1-4, 6.1-6, and

6.1-7). The majority of this area is occupied by RCCS ducting and the steam

generator cavity vent path. The sizing of both the steam generator and the

reactor cavity vent path is discussed in Section 6.1.1.5 below. The

torturous routes followed by both the vent paths and the RCCS ducts are

required to provide the requisite attenuation of neutron streaming from the

react r cavity. other spaces in the upper portion of the Reactor Building

house Helium Purification System (HPS) equipment, Plant Protection and

Instrumentation System (PPIS) equipment, and other nuclear auxiliaries which

are dedicated to each reactor. They have been arranged to permit ventilation

air flow from spaces with a lower potential for radioactive contamination to

those with a higher potential.

The only portions of the Reactor Building itself extending above grade are

th intake and xhaust structur s for th RCCS and the main steam isolation
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and relief valve nclosure (Figures 6.1-2, 6.1-3, 6.1-6, and 6.1-7). This
latter structure also supports the startup/shutdown tank and contains the
vent discharge to atmosphere for the escape of steam or helium accidentally
released in the Reactor Building.

The common operating floor formed by the at-grade Reactor, Reactor Auxilary,
and Reactor Service Building slabs is sheltered by a single steel-frame
maintenance enclosure with insulated metal roofing and siding. The Reactor,
Reactor Auxiliary, and Reactor Service Buildings are served by a single 125
ton bridge crane supported from the maintenance enclosure structural
framework. This framework also provides support for one end of the fuel
handling equipment positioner.

6.1.1.5 Design Evaluation

The inherent safety characteristics of the Standard MHTGR make an LWR-type
containment structure unnecessary. Nonetheless, the Reactor Building silo
does serve as an enclosure that can be vented in a controlled manner,
providing an additional attenuating barrier to radionuclide releases.
Releases are filtered or contained during normal operation (see Section
9.1.3.2) and in the long-term post-accident, but are released to the
atmosphere when dampers open to relieve the pressure pulse following a helium
or steam-line break.

The vent path size from the steam generator cavity is presently set by an
assumed double-ended, full separation guillotine break of the main steam
line. The size of the vent path from the reactor cavity is presently set by
an assumed 193.55 sq cm (30 sq in.) reactor coolant pressure boundary break.
The resultant peak cavity pressures are less than 170 kPa (10 psig) following
ither break. Mechanistically derived break sizes determined on the basis of

the probabilistic analysis are to be utilized in further development of the
Reactor Building design.

The entire Reactor Building is designed structurally to withstand the
requisit levels of intensity for external and internal hazards to ensure
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that the equipment it houses can function as required to meet the investment

protection and public health and safety criteria. This includes the

structural framework for the maintenance enclosure, which is to be designed

not to collapse under design basis conditions. For additional information

related to this section, see responses to NRC Comments 6-3, 6-4, 6-5, 6-6,

6-7, 6-8, and 6-9.

6.1.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Reactor Building are identified in Table 6.1-1, which also

includes a description of the interface and a quantitative expression for the

interface.

6.1.2 Reactor Service Building

6.1.2.1 Summary Description

6.1.2.1.1 Reactor Service Building

The Reactor Service Building (RSB) is a multilevel reinforced concrete

structure set below grade and located at the north end of the power block.

It is subdivided into several compartments to house equipment common to all

four reactors.

Within the RSB, the fuel-handling area contains facilities for introducing

new fuel, for filling and shipping spent fuel casks, for storing new fuel,

and for inspecting new and spent fuel. The hot service facility (SF), also

know as the reactor equipment service facility (RESF), located within the

RSB, is equipped with remote viewing and manipulation capabilities for

maintenance of activated or contaminated components. The RSB also houses the

Class E DC and Class E Uninterruptible Power Supply Systems required to

fulfill, with a high degree of confidence, 10CFR100-related radionuclide

control functions and that portion of the PPIS, which may be used for

shutdown of the plant outside the main control room.
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6.1.2.1.2 Nuclear Island Cooling Water and Chilled Water Buildings

As adjuncts to the RSB, two additional structures, the Nuclear Island Cooling
Water Building (NICWB) and the Chilled Water Building (CWB), are located
adjacent to it at grade level. These buildings house equipment supplying the
nuclear island with cooling and chilled water.

6.1.2.2 Functions and 1CFR100 Design Criteria

6.1.2.2.1 Power Generation Functions

The principal function of the RSB, NICWB, and CWB is to accommodate and
arrange spatially; structurally support; provide access to or for; lift,
handle, and/or transport; and permit establishment of an appropriate

environment, including requisite equipment radiation levels where applicable,
for those systems, components, and activities which are located or which
occur within the envelopes they define. Additionally, the RSB, NICWB, and
CWB protect both their own capabilities and those of the contained systems
and components from various hazards, both internally and externally
generated, as required to meet the user's availability and investment

protection criteria.

6.1.2.2.2 Radionuclide Control Functions

6.1.2.2.2.1 Reactor Service Building

To meet the oal 3 requirements, the RSB must, to maintain control of the
core heat generation rate, serve to ensure with a high degree of confidence,
the continued functionality of electrical equipment which powers the Safety

Protection Subsystem of the PPIS and the RSS.

Under oal 1 and oal 2, the RSB functions to control radiation or
radionuclide release functions to control radiation or radionuclide release
from processes and from storage, such as from the HSF and fuel sealing and
inspection facility (FSIF), which are located within the RSB and in which
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spent fuel and contaminated or activated equipment are handled. In addition,

the RSB serves to limit either personnel access or area radiation levels as

required to control occupational radiation exposure while providing the

requisite access for plant operation and maintenance.

6.1.2.2.2.2 Nuclear Island Cooling Water and Chilled Water Buildings

Neither the NICWB nor the CWB has any radionuclide control functions.

6.1.2.2.3 Classification

6.1.2.2.3.1 Reactor Service Building

The RSB is classified as "safety related".

6.1.2.2.3.2 Nuclear Island Cooling Water and Chilled Water Buildings

Neither the NICWB nor the CWB is "safety related". Since they do not perform

any OCFR100-related radionuclide control functions, no special

classification is applied to them. However, the NICWB and CWB will have the

appropriate reliability to meet user requirements.

6.1.2.2.4 10CFR100 Design Criteria for Radionuclide Control

The following IOCFR100 Design Criterion applies: 

lOCFRlOO Design Criterion I: The reactor fuel shall be designed, fabricated,

and operated such that radionuclides are retained within the fuel to the

extent that releases to the primary coolant will not exceed acceptable

values.
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6.1.2.3 Radionuclide Control Design Requirements

6.1.2.3.1 Reactor Service Building

The design basis conditions against which the RSB must provide protection for
or under which it must ensure, with a high degree of confidence, the
continued functionality of components required to meet the limits of OCFR100
are described in Sections 3.3 through 3.8. The specific floor seismic
response spectra and peak environmental conditions which must be obtained or
limited by the RSB as well as the loads it must carry will be determined as
the design of the contained systems and components proceeds.

Routine off-site radionuclide releases are to be limited as necessary to meet
the numerical dose guidelines of the Top-Level Regulatory Criteria (see
Section 3.1). Specific allocation of release limitations to the various
radionuclide source points and release paths will be made as the design is
further develored. The plant dose assessment is discussed further in

Section 11.7.

For the purpose of occupational radiation exposure control, radiation levels
in the generally accessible areas of the RSB are to be limited to no more
than 1.0 mrem/hr during all modes of normal plant operation to permit access
for at least 40 hours per week. The subject of occupational radiation

protection is dealt with in detail in Chapter 12.

6.1.2.3.2 Nuclear Island Cooling Water and Chilled Water Buildings

Neither the NICWB, nor the CWB has any radionuclide control function.

6.1.24 Design Description

6.1.2.4.1 Reactor Service Building

The RSB is a multilevel reinforced concrete structure set below grade. it
houses faciliti s, systems or components which are shared by all four reactor
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modules. Reactor support activities taking place within facilities housed by

the RSB include: new fuel, neutron control assembly, and helium purification

filter storage; new and spent fuel handling; and maintenance of activated or

contaminated NSSS components. The RSB also houses portions of the PPIS and

the lass E DC and Class E Uninterruptible Power Systems. The slab at

grade forms a portion of the operating floor and is sheltered by the steel-

framed maintenance enclosure described in Section 6.1.1.4. Detailed building

arrangement and major equipment locations are shown on the general

arrangement drawings, Figures 6.1-2 through 6.1-7.

The RSB is served by the same 125-ton bridge crane that also serves the

Reactor Auxiliary Buildings (RAB) and Reactor Buildings.

Railroad and truck access to the RSB is effected through the washdown bay,

which is connected to the west wall of the maintenance enclosure. The

washdown bay is a structure large enough to accommodate a railroad car loaded

with a fuel cask. In the washdown bay, incoming fuel casks and equipment are

cleaned and outgoing spent fuel casks are decontaminated. Equipment and fuel

casks are loaded onto and unloaded from the railcars and trucks by the bridge

crane.

New fuel is stored at elevation -10.7 m (-35 ft) in the new fuel storage

area. Access to the new fuel storage area is through a plug in the operating

fl oor, which provides protection from external hazards when in place.

Activated or contaminated helium purification filters and control rod drives

are stored in 15 circular storage wells. They extend down from the operating

floor and are accessible through individual plugs in the operating floor.

The storage area for two Shutdown Cooling System (SCS) circulators is under

the operating floor to the east of the access plug through which they are

taken below grade. The SS circulator storage casks are pushed up into their

storage locations from below.

There are three main circulator storag wells at th south end of the RSB,
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the tops of which are below the operating floor. Access to the wells is

through individual plugs in the operating floor.

Fuel-handling operations that involve equipment located on or above the
operating floor are controlled by operators in a fuel-handling control

station. The fuel-handling control station is situated behind a window in
the north wall of the maintenance enclosure. This location gives a clear
view of the entire operating floor. The fuel-handling station itself is

actually located outside the, maintenance enclosure, on top of the Personnel

Service Building (PSB); however, personnel access to and from the station is

by means of a stairway and an-elevator located in the maintenance enclosure.

A fuel sealing and inspection facility (FSIF) is housed below grade in the

RSB. Access is available to the FSIF from the operating floor through two
access plugs. The FSIF is a multilevel rectangular facility which extends

14.3 m (47 ft) below grade and is described further in Section 9.1.1.2.

Adjacent and perpendicular to the FSIF is the HSF. The HSF is also a
rectangular, below grade, multilevel facility whose greatest vertical extent

is 6.1 m (20 ft) below grade. Access from grade to the HSF is through three
plugs in the operating floor. A more complete description of the HSF is

found in Section 9.1.2.2.

At elevation -14.3 m (-47 ft), tracks are laid that run underneath the FSIF

and HSF. A shipping cask transporter runs along these rails and stops under

an access plug in the operating floor above. This access plug is located due

south of the HSF and the FSIF.

The Essential DC and Essential Uninterruptible Power Supply System equipment
is located in the RSB at elevations -6.1 m (-20 ft) and -10.7 m (-35 ft). As
these power the Safety Protection Subsystem of the PPIS and reserve shutdown

control equipment to effect shutdown of the reactor and, therefore, control

the core heat generation rate, they are classified as "safety related". As

the RSB is required to ensure the continued operability of these systems

under design basis conditions, it is also classified as safety related".
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The Remote Shutdown Area is located in the RSB at elevation (-)5'O"1. This is

labeled as the "Remote Shutdown Panel Room" in Figure 6.1-4. The equipment

housed within the Remote Shutdown Area does not perform any functions

necessary to meet 10CFR100; thus, the Remote Shutdown Area facility design

does not require that the Reactor Service Building perform any

"safety-related" function. The function of the Remote Shutdown Area is to

provide a location for the PPIS operator interface to support PPIS operation

and maintenance. The Remote Shutdown Area is normally unmanned. Access is

not required to maintain releases within OCFR100 limits, but access is

available even for low probability events.
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6.1.2.4.2 Nuclear Island Coaling Water and Chilled Water Buildings

Both the NICW`B and CWB are steel-framed, metal-sided enclosures set on a slab

at grade. The NICWB is located north of the RSB and to the west of the PSB.

It houses the pumps, heat exchangers, and other components common to all four

modules that provide cooling water for systems on the Nuclear Island. The

CWB is located west of the RSB immediately adjacent to the maintenance

enclosure and houses the components necessary for providing the plant with

chilled water.

6.1.2.5 Design Evaluation

6.1.2.5.1 Reactor Service Building

The entire RSB is designed structurally, as discussed in Section 3.8, to

withstand the design basis levels of intensity for external and internal

hazards, to ensure, with a high degree of confidence, that equipment it

houses can function as required to meet the limits of OCFRIOO. This

includes the structural framework for the maintenance enclosure, which is

designed not to collapse under design basis conditions.

6.1.2.5.2 Nuclear Island Cooling Water and Chilled Water Buildings

Both the NICWB and CWB are structurally designed to withstand the requisite

levels of intensity for external and internal hazards to ensure that the

equipment it houses can function as required to meet the user's availability

and investment protection goals. Collapse or other failure of the NICW`B or

the CW`B poses no hazard to any system or structure required to meet the

limits of OCFR100.

6.1.2.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Reactor Service Building are identified in Table 6.1-2, which

also includes a description of the interface and a quantitative xpr-ssion
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for the interface.

6.1.3 Reactor Auxiliary Building

6.1.3.1 Summary Description

The Reactor Auxiliary Building (RAB) is principally a multilevel reinforced

concrete structure set below grade. It is subdivided into several

compartments to house equipment common to a pair of reactor modules. Two

identical RABs are provided, one located between modules 1 and 2 and the

other between modules 3 and 4.

Each RAB has two equipment levels below an enclosed operating floor located

at grade. All levels are continuous with corresponding levels in the

adjacent Reactor Building. 

6.1.3.2 Functions a. 1CFR100 Design Criteria

6.1.3.2.1 Power Generation Functions

The principal function of the RAE is to accommodate and arrange spatially;

structurally support; provide access to or for; lift, handle, and/or

transport; and permit establishment of an appropriate environment, including

requisite equipment radiation levels, for those systems, components, and

activities which are located or which occur within the envelope it defines.

Th space occupied by the RAB also serves to provide the requisite

construction separation between adjacent Reactor Building cylindrical cavity

excavations. Additionally, the RAE protects both its own capabilities and

those of the contained systems and components from various hazards, both

internally and externally generated, as required to meet the user's

availability and investment protection criteria.

6.1.3.2.2 Radionuclide Control Functions

For Goal 3, the RAB serves to control the core heat generation rate and
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therefore, retain radionuclides in the fuel particles by ensuring the

continued functionality of Class E DC Power System and Class E

Uninterruptible Power Supply System circuits, routed between the RSB and the

r actor modules. Additionally, to maintain control of radionuclides from

stored spent fuel, the RAB must serve to ensure, with a high degree of

confidence, maintenance of the structural integrity of both the spent fuel

storage assemblies and the spent-fuel storage pool,

Under Goal 1 and Goal 2, to control both onsite and offsite personnel

radiation exposure on a routine basis, the RAB serves to limit or control the

spread of contamination and the release of radionuclides stemming from system

or component leakage. In addition, the RAB serves to limit either personnel

access or area radiation levels as required to control occupational radiation

exposure while providing the requisite access for plant operation and

maintenance.

6.1.3.2.3 Classification

The RAB is "safety related".

6.1.3.2.4 IOCFR100 Design Criteria for Radionuclide Control 

The following 10CFR100 Design Criterion applies:

10CFR100 Design Criterion III: The reactor shall be designed, fabricated,

and operated such that the inherent nuclear feedback characteristics ensure

that the reactor thermal power will not exceed acceptable values.

Additionally, the reactivity control systems(s) shall be designed,

fabricated, and operated such that during insertion of reactivity the reactor

thermal power will not exceed acceptable values.

6.1.3.3 Radionuclide Control Design Requirements

The design basis conditions against which the RAB must provide protection or

under which it must serve to ensure the continued functionality of components
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required to fulfill, with a high degree of conEfid nce, 10CFRIOO-related

radionuclide control functions are described in Sections 3.3 through 3.8.

Routine offsite radionuclide releases are to be limited as necessary to meet

the numerical dose guidelines of the Top-Level Regulatory Criteria. Specific

allocation of release limitations to the various radionuclide source points

and release paths will be made as the design is further developed. The plant

dose assessment resulting from routine or anticipated releases is discussed

further in Section 11.7.

For the purpose of occupational radiation control, radiation levels in the

generally accessible areas of the RAB are to be limited to no more than

1.0 mrem/hr during all modes of normal plant operation to permit access for

at least 40 hours per week. The subject of occupational radiation protection

is dealt with in detail in Chapter 12.

6.1.3.4 Design Description

The RAB consists almost entirely of a multilevel reinforced concrete

structure set completely below grade. It has floors at elevations -6.1 m

(-20 t) and -10.67 m (-35 t) and is subdivided into several compartments to

house equipment common to a pair of reactor modules. Two identical RABs are

provided, one located between modules 1 and 2 and the other between mo dules 3

and 4, as shown on Figure 6.1-1. Detailed building arrangement and major

equipment locations are shown on the general arrangement drawings

(Figures 6.1-2 through 6.1-4, 6.1-6, and 6.1-7).

Slabs and interior walls are of varying thickness, based upon shielding and

strength requirements. A portion of the floor at elevation -6.1 m (-20 ft)

has grating to facilitate building ventilation. The slab at grade has

sev ral hatchways normally closed with concrete plugs which provide access to

the spent fuel storage assemblies and to equipment located at elevations

-6.1 m (-20 t) and -10.67 m (-35 ft). The plugs provide biological

shielding and protection from such external hazards as tornado missiles. All

floors are continuous with the corr sponding levels in th adjacent Reactor
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Buildings, and the floor at grade forms a portion of th operating f loor

sheltered by the steel-framed reactor maintenance enclosure described in

Section 6.1.1.4.

Dominating the RAB arrangement is the covered spent fuel storage pool.

Extending from grade to elevation -10.67 m (-35 ft), it occupies essentially

the entire western third of the RAB. Of reinforced concrete construction, it

is provided with a steel liner to maintain water quality.

The only above-grade structure which is considered a portion of the RAB is

the liquid nitrogen enclosure. Located external to the reactor maintenance

enclosure between adjacent RCCS intake/exhaust structures, it is a two-story

steel-framed structure with metal siding. It houses the liquid nitrogen

storage tank, pumps, and recondensers serving the adjacent reactor modules.

6.1.3.5 Design Evaluation

The below-grade portion of the RAB is structurally designed, as discussed in

Section 3.8, to withstand the design basis levels of intensity for external

and internal hazards to ensure with a high degree of confidence, that

equipment it houses can function as required to meet the limits of 1CFR100.

6.1.3.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the RAE are identified in Table 6.1-3, which also includes a

description of the interface and a quantitative expression for the interface.

6.1.4 Personnel Service Buildinz

6.1.4.1 Summary Description

Th Personnel Service Building (PSB) is a grade-level structure housing

facilities for monitoring, controlling, and minimizing human exposure to

radioactivity. In addition to the hot chemistry laboratory and radiation
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decontamination facilities, the building also houses locker rooms, a

nonradiation (cold) chemistry laboratory, and a supervisor's office. A

fuel-handling control station for monitoring and controlling fuel-handling

activities is located on the roof of the PSB.

The PSB is located at the north end of the plant, west of the Radioactive

Waste Building (RWB) and adjacent to the Reactor Service Building. The PSB

provides controlled access and egress to and from the RSB and the RWB.

6.1.4.2 Functions and 1CFR100 Design Criteria

6.1.4.2.1 Power Generation Functions

The principal function of the PSB is to accommodate and arrange spatially;

structurally support; provide access to or for; and permit establishment of

an appropriate environment for those facilities and activities which are

located or which occur within the envelope it defines. Ae-litionally, the PSB

protects both its own capabilities and those of the facilities it houses from

various hazards, both internally and externally generated, as required to

meet the user's availability and investment protection criteria.

6.1.4.2.2 Radionuclide Control Functions

Under Goal 1 and oal 2, to control both onsite and offsite radiation

exposure on a routine basis, the PSB serves to limit or control the spread of

contamination and the release of radionuclides stemming from storage and

decontamination of contaminated tools, clothing, and personnel. In addition,

the PSB serves to limit personnel access to the rest of the Nuclear Island as

required to control occupational radiation exposure while providing the

requisite access for plant operation and maintenance.

6.1.4.2.3 Classification

The PSB is not safety related. Since the PSB does not perform any

10CFR100-related radionuclide control functions, no special classification is
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applied to it. However, the PSB will have the appropriate reliability to

meet other Top-Level Regulatory Criteria and user requirements.

6.1.4.2.4 1CFR100 Design Criteria for Radionuclide Control

No OCFR100 Design Criteria apply to the PSB.

6.1.4.3 Radionuclide Control Design Requirements

Routine offsite radionuclide releases are to be limited as necessary to meet

the numerical dose guidelines of the Top-Level Regulatory Criteria (see

Section 3. 1). Specific allocation of release limitations to the various

radionuclide source points and release paths will be made as the design is

further developed. The plant dose assessment is discussed further in Section

11.7.

For the purpose of occupational radiation control, radiation level..; in the

generally accessible areas of the PSB are to be limited to no more than 1.0

mrem,/hr to permit access for at least 40 hours per week. Access to the rest

of the Nuclear Island shall be controlled as required to maintain the overall

average plant population exposure to no more than 10 percent of 1CFR20

limits while providing the access required for anticipated maintenance,

inspection, operation, and repair activities. The subject of occupational

radiation protection is dealt with in detail in Chapter 12.

6.1.4.4 Design Description

The PSB is located at the north end of the plant, west of the RWB and

adjacent to the RSB.

Access from the PSB to the rest of the Nuclear Island is through a door in

the southeast corner of the building. A hallway, with a controlled access

station and friskers for monitoring radioactivity at its entrance, leads to

this doorway.
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Facilities for dealing with radioactive materials or personnel and equipment

decontamination are located in the southern half of the PSB, closest to the

rest of the Nuclear Island. These facilities include:

1. A hot chemistry laboratory

2. Tool storage, dispensing, and decontamination facilities

3. Contaminated and reusable clothing storage

4. Laundry facilities

5. Men's and women's decontamination facilities

Facilities for providing personnel services that are unrelated to

radioactivity control are located in the northern half of the PSB, farthest

from the Nuclear. Island. These facilities include:

1. Men's and women's toilets, lockers, and showers

2. Health physics lab

3. Supervisor's office

4. Cold chemistry lab

5. Clean clothing storage

A fuel-handling control station is located on the roof of the PSB as

discussed in Section 6.1.2.4.1.

6.1.4.5 Design Evaluation

The PSB is designed structurally to withstand the requisite levels of

intensity for external and internal hazards to ensure that the equipment and
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facilities it houses can function as required to meet the user's investment

protection and availability goals. Collapse or other failure of PSB poses no

hazard to any system or structure required to meet the limits of lOCFR100.

6.1.4.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Personnel Service Building are presented in Table 6.1-4, which

also includes a description of the interface and a quantitative expression

for the interface.

6.1.5 Helium Storage Structure

6.1.5.1 Summary Description

The Helium Storage Structure (HSS) is an isolated, one-story building housing

and supporting the major ci ,nents of the Helium Storage and Transfer System

(HSTS). It is located east of the Reactor Building/Reactor Auxiliary

Building complex as shown in Figure 6.1-1.

6.1.5.2 Functions and 10CFR100 Design Criteria

6.1.5.2.1. Power Generation Functions

The principal function of the HSS is to accommodate and arrange spatially;

structurally support; provide access to or for; lift, handle, and/or

transport; and permit establishment of an appropriate environment for the

HSTS, its components, and associated activities. Additionally, the HSS

protects both its own capabilities and those of the components it houses from

various hazards, both internally and externally generated, as required to

meet the fser's availability and investment protection criteria.

6.1.5.2.2 Radionuclide Control Functions

The HSS has no radionuclide control function.
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6.1.5.2.3 Classification

The HSS is not "safety related". Since the HSS does not perform any

10CFR100- related radionuclide control functions, no special classification

is applied to it. However, the structure will have the appropriate

reliability to meet user requirements.

6.1.5.2.4 OCFR100 Design Criteria for Radionuclide Control

No OCFRIOO Design Criteria apply to this structure.

6.1.5.3 Radionuclide Control Design Requirements

There are no radionuclide control design requirements pplicable to this

structure.

6.1.5.4 Design Description

The HSS contains the helium storage tanks, their supporting racks, and the

helium compressors with their supporting electrical equipment constituting

the major components of the HSTS, which only handles purified helium (see

Section 9.1.2.6). A detailed building arrangement and major equipment

locations are shown on the general arrangement drawings (Figures 6.1-2 and

6.1-3).

The building rests on a reinforced concrete slab on grade with foundations

extending to competent bearing material. The building superstructure is a

pre-engineered, prefabricated steel rigid frame with insulated metal roofing

and siding.

The helium transfer compressors are mounted on isolated concrete foundations

to prevent transmission of vibrations to the remainder of the building. Each

compressor is located in a separate partitioned compartment to permit

maintenance without impacting operating components and to limit the common

potential modes of failure. Partitions are reinforced concrete masonry.
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The replaceable high-pressure helium storage tanks are permanently mounted on

their delivery trailers. These trailers are restrained by holddowns when

connected to the high-pressure helium manifold.

Support frames for the low-pressure helium storage tanks and for the reserve

high-pressure storage tanks are located between the main building columns.

If removal and replacement of the frames or tanks is ever necessary, the

building siding and girts can be removed without disturbing the main building

frame.

6.1.5.5 Design Evaluation

Collapse or other failure of the HSS poses no hazard to any system or

structure required to function to meet the limits of 1CFR100. The HSS is

designed structurally to withstand the requisite levels of intensity for

external and internal hazards to ensure that the equipment it houses can

funct on as required to meet the user's investment protection and

availability criteria.

6.1.5.6 Interfaces

Because the HSS has no radionuclide control functions, it imposes no

interface requirements on other plant systems related to fulfilling such

functions.

6.1.6 Radioactive Waste Management Building

6.1.6.1 Summary Description

The Radioactive Waste Management Building houses the Solid Radioactive Waste

System, Liquid Radioactive Waste System, and Gaseous Radioactive Waste

System. Tanks, pumps, and filters which handle radioactive materials are

housed in concrete cubicles to provide radiation shielding and protection for

the environment.
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The Radioactive Waste Management Building is a grade-founded, reinforced

concrete and steel structure located on the Nuclear Island. The HVAC System

for the building is housed on a mezzanine level. Figures 6.1-8, 6.1-9, and

6.1-10 show the general arrangement of the Radioactive Waste Management

Building.

6.1.6.2 Functions and 1CFR100 Design Criteria

6.1.6.2.1 Power Generation Functions

The principal function of the RWMB is to spatially accomodate and arrange;

structurally support; provide access to or for; lift, handle, and/or

transport; and permit establishment of an appropriate environment for the

radwaste systems, their components, and associated activities. Additionally,

the RWMB protects its own capabilities and those of the components it houses

from various hazards, both internally and externally generated, as required

to meet the user's availability and investment protection criteria.

6.1.6.2.2 Radionuclide Control Functions

Under Goal 1 and Goal 2, to control both onsite and offsite radiation

exposure on a routine basis, the RWMB serves to limit or control the. spread

of contamination and the release of radionuclides from the radwaste systems.

In addition, the RWMB serves to limit either personnel access or area

radiation levels as required to control occupational radiation exposure while

providing the requisite access for plant operation and maintenance.

6.1.6.2.3 Classification

The Radioactive Waste Management Building is not safety related". Since the

Radioactive Waste Management Building does not perform any 10CFR100-related

radionuclide control functions, no special classification is applied to it.

However, the building will have the appropriate reliability to meet other

Top-Level Regulatory Criteria and user requirements.
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6.1.6.2.4 IOCFR100 Design Criteria For Radionuclide Control

No 10CFR100 Design Criteria apply to the Radioactive Waste Management 

Building.

6.1.6.3 Radionuclide Control Design Requirements

The Radioactive Waste Management Building is designed to maintain the

functional capability of equipment, systems, or components which provide

reliable processing of collected waste to meet the requirements of OCFR20

and effluent design objectives of 100FR50, Appendix I.

6.1.6.4 Design Description

The Radioactive Waste Management Building is a grade-founded structure with

plan dimensions of 3,505 cm (115 ft) by 3,048 cm (100 ft), including a 3,048

cm (100 :,c) long and 7-,? cm (25 ft) wide truck loading/unloadingL bay at the

east end and two areas for drum storage, one shielded and the other

unshielded.

The truck loading/unloading bay and the adjoining bay are served by a 13,608

kg (15 tons) capacity bridge crane. The Radioactive Waste Management

Building is steel framed with insulated sheet metal siding and roof decking

covering most of the exterior surface. Individual concrete cubicles are

provided for components which require radiation shielding.

The top of the concrete slabs, roofing for some of the cubicles in the

central bays, is at elevation 609.6 cm (20 ft). This area serves to house

the building HVAC system, including all fans, filters, and heating and

cooling units. The exterior roof, covering the truck bay and the HVAC area,

is at elevation 1,478 cm (48.5 Lt). Concrete cubicles at the west end of the

building, housing tanks which are part of the Gaseous Radioactive Waste

System, have concrete roof slabs at elevation 914.4 cm (30 ft) which also

serve as the exterior roof.
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An office, toilet, and laboratory are provided.

6.1.6.5 Design Evaluation

Possible environmental or operating conditions which could affect the

Radioactive Waste Management Building are as follows:

1. Tornado wind pressure, missiles, and pressure drop

2. Earthquake

3. Fire

4. Sabotage

The Radioactive Waste Management Building is designed for pressures

associated with hurricane-level 77ind velocities in compliance with local. and

national building codes. Local distress could result from tornado wind

pressure and missile impact; however, pressure drop is not a factor since the

building is vented.

The Radioactive Waste Management Building is designed to resist earthquake

accelerations of the same magnitude as the OBE. The occurrence of an

earthquake with acceleration levels of the same order as those of the SSE

could be expected to cause local distress, but not cause the building to

collapse.

The concrete structure has adequate resistance to fire and would limit fire

propagation from one cubicle to another.

The structure is expected to resist any credible sabotage threats.

6.1.6.6 Interfaces

The Radioactive Waste Management Building is located on the Nuclear Island
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and, in the extremely unlikely event that either an SSE or a design basis

tornado occurs, the building is not a hazard to any sysem or structure

required to function to meet the limits of 1CFR100.
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TABLE 6.1-1

IDENTIFICATION OF INTERFACES FOR THE

REACTOR BUILDING

Interfacing Nature of Interface

Systems Interface Reguirements

Reactor Cavity Provides cooling Tc<650C (150 0F)

Cooling System of reactor cavity

concrete

Mechanical Service

Gro2p

Plant Fire Protection Provides water [TBD]

Provides fire detectors [TBD]

Plant Drains Removes potentially [TBD]

contaminated floor

drainage

HVAC Provides cooling of Tc<650C (1500F)

steam generator Ts[TBD]

supports and cavity

concrete

1 of 1
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TABLE 6.1-2

IDENTIFICATION OF INTERFACES FOR THE

REACTOR SERVICE BUILDING

Interfacing Nature of Interface

Systems Interface Requirements

Mechanical Service

Group

Plant Fire Protection Provides water [TBD]

Provides fire detectors [TBD]

Plant Drains Removes potentially [TBD]

contaminated floor

drainage
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TABLE 6.1-3

IDENTIFICATION OF INTERFACES FOR THE

REACTOR AUXILIARY BUILDING

Interfacing Nature of Interface

Systems Interface Requirements

Spent Fuel Storage Provides cooling of [TBD]

Cooling Water System spent fuel pool liner

and concrete

Mechanical Service

GroutR

Plant Fire Protection Provides water [TBD]

Provides fire detectors [TBD]

Plant Drains Removes potentially [TBD]

contaminated floor

drainage
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TABLE 6.1-4

IDENTIFICATION OF INTERFACES FOR THE

PERSONNEL SERVICE BUILDING

Interfacing Nature of Interface

Systems Interface Reguirements

Mechanical Service

GrouR

Plant Fire Protection Provides water [TBD]

Provides fire detectors [TBD]

Plant Drains Removes potentially [TBD]

contaminated floor

drainage

1 of 1
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6.2 ENERGY CONVERSION AREA

6.2.1 Turbine Building

6.2.1.1 Functional Description

The function of the Turbine Building is to house the turbine generator and

auxiliaries, Feedwater and Condensate Systems, Demineralized Water Makeup

System, Main and Bypass Steam System, Extraction and Auxiliary Steam System,

heater drains and condensate returns, Condensate Polishing System, steam

vents and drains, Turbine Plant Sampling System, Turbine Building Closed

Cooling Water System, Startup and Shutdown System, and Non-Class IE

Distribution System.

The Turbine Building structure is designed to protect the occupants during

design basis conditions. Figures 6.2-1 through 6.2-5 show the general

arrangement of the Turbine Building.

6.2.1.2 Interface with Nuclear Island

The Turbine Building is located in the energy conversion area, west of the

Nuclear Island.

6.2.1.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake (SSE)

or design basis tornado occurs, the Turbine Building would not be a hazard to

structures, systems, and components designed to withstand SSE or OBE

conditions since it is located a sufficient distance from these structures.

6.2.2 Fire Pumphouse

6.2.2.1 Functional Description

The function of the Fire Pumphouse is to house fire water pumps and related

6.2-1
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equipment which are part of the Plant Fire Protection System.

The Fire Pumphouse structure is designed to protect the occupants during

design basis conditions. Figure 6.2-6 shows the general arrangement of the

Fire Pumphouse.

6.2.2.2 Interface with Nuclear Island

The Fire Pumphouse has no interface with the Nuclear Island.

6.2.2.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

design basis tornado occurs, the Fire Pumphouse would not be a hazard to

structures, systems, and components designed to withstand SSE or OBE

conditions since it is located a sufficient distance from these structures.

6.2.3 Energy Conversion Area Warehouse Building

6.2.3.1 Functional Description

The function of the Energy Conversion Area (ECA) Warehouse Building is to

house the spare parts inventory required for equipment, components, and

systems in the energy conversion area.

The EA Warehouse Building structure is designed to protect the occupants

during design basis conditions. Figure 6.2-7 shows the general arrangement

of the ECA Warehouse Building.

6.2.3.2 Interface with Nuclear Island

The ECA Warehouse Building has no interface with the Nuclear Island.

6.2.3.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

6.2-2
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design basis tornado occurs, the EA Warehouse Building would not e a hazard

to structures, systems, and components designed to withstand SSE or OBE

conditions since it is located a sufficient distance from these structures.

6.2.4 Makeup Water Treatment and Auxiliary Boiler Building

6.2.4.1 Functional Description

The function of the Makeup Water Treatment and Auxiliary Boiler Building is

to house the auxiliary boiler and its related equipment, and the Raw Water

Treatment System.

The Makeup Water Treatment and Auxiliary Boiler Building structure is

designed to protect the occupants during design basis conditions.

Figure 6.2-8 shows the general arrangement of the Makeup Water Treatment and

Auxiliary Boiler Building.

6.2.4.2 Interface with Nuclear Island

The Makeup Water Treatment and Auxiliary Boiler Building has no interface

with the Nuclear Island.

6.2.4.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

design basis tornado occurs, the Makeup Water Treatment and Auxiliary Boiler

Building would not be a hazard to structures, systems, and components

designed to withstand SSE or OBE conditions since it is located a sufficient

distance from these structures.

6.2.5 Maintenance Building-

6.2.5.1 Functional Description

The function of the Maintenance Building is to house the mechanical/machine,

6.2-3
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welding, electrical, instrument, and electronic maintenance shops and related

activities.

The Maintenance Building structure is designed to protect the occupants

during design basis conditions. Figures 6.2-9 and 6.2-10 show the general

arrangement of the Maintenance Building.

6.2.5.2 Interface with Nuclear Island

The Maintenance Building has no interface with the Nuclear Island.

6.2.5.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

design basis tornado occurs, the Maintenance Building would not be a hazard

to structures, systems, and components designed to withstand SSE or OBE

conditions since it is located a sufficient distance from these structures.

6.2.6 Intake Pumphouse and Discharge Structure

6.2.6.1 Functional Description

The function of the Intake Pumphouse and Discharge Structure is to house and

support the pumps, valves, and piping which comprise a portion of the

Circulating Water Makeup and Blowdown System.

The Intake Pumphouse and Discharge Structure is designed to protect the

occupants during design basis conditions. Figure 6.2-11 shows the general

arrangement of the Makeup Water Pumphouse.

6.2.6.2 Interface with Nuclear Island

The Intake Pumphouse and Discharge Structure has no interface with the

Nuclear Island.

6.2-4
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6.2.6.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or design basis tornado occurs,
the Intake Puznphouse and Discharge Structure would not be a hazard to structures, systems, and
components designed to withstand SSE or OBE conditions since it is located a sufficient distance from
these structures.

6.2.7 Operations Center

6.2.7.1 Functional Description

The function of the Operations Center is to house the control room and computer room, primary and
secondary plant security alarm rooms, primary access facility for the Nuclear Island and the Energy
Conversion Area, and facilities for administration and security services. The Operations Center integrates
control, security, and administrative facilities within a single, common building.

The Plant Control, Data, and Instrumentation System (PCDlS) control/display panels and computers are
housed in the control room since they a not required to be in a structure designed to withstand SSE or
OBE conditions.

The Operations Center (OC) is a two story building housing control room, security and administration
facilities. It is located north of the turbine building as shown in Figure 1.3-1, Plot Plan. Figures 6.2-12
and 6.2-13 show the general arrangement of the Operations Center. The ground floor of the OC provides
plant access and egress, security, administration and general purpose computer areas. Plant access and
egress areas consist of inspection, detection and access control into both the protected and non-protected
areas of the plant. The second floor contains administration areas for plant operation, the control room,
and a plant control system computer equipment area.

For additional information related to this section, see response to NRC Comments 13-11 and 13-17.

6.2-5 Amendment 12
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The OC structure is a steel structure f unded on reinforced c ncrete grade
beams and footings. The facade is a pre-formed, insulated, metal curtain
wall. The roof of the building is metal decking with built-up roofing.

The Operations Center is designed and constructed in accordance with the
folloving standards:

ACI 318 Building Code Requirements for Reinforced Concrete
ANSI A58.1 Building Code Requirements for Minimum Design Loads in Buildings

and Other Structures
AISC Specifications for the Design. Fabrication and Erection of

Structural Steel for Buildings

The OC is designed for wind pressures resulting from wind speeds of 110 mph
at a height of 30 feet above grade. Wind load coefficients and variations in
wind pressure due to height are specified in accordance with ANSI A58.1.

The control room and plant control systems. computer equipment area are
designed to assure that its internal environmental conditions do not exceed
the design basis environmental condition limits of the equipment and
occupants located in these areas. Two redundant, 100% capacity HVAC units,
hal n storage units and portable fire extinguishers are used f r
environmental control and fire protection, respectively.

6.2.7.2 Interface with Nuclear Island

The OC is located adjacent to, but not within, the Nuclear Island. The OC
d es not have any physical interfaces with Nuclear Island structures, systems.
or c mponents. The OC provides the facilities for controlling personnel and
service vehicle access to the Nuclear Island. All security activities and
systems in the Nuclear Island are administrated from facilities within the
Operations Center.

6.2-6 Amendment 6
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6.2.7.3 Safety Evaluation of Interface

In the extremely unlikely event that either an SSE or a design basis tornado

occurs, the Operations Center would not be a hazard to structures, systems,

and components designed to withstand SSE or OBE conditions since it is

located a sufficient distance from these structures.

6.2.8 Cooling Tower Basin and Circulating Water Pm~house

6.2.8.1 Functional Description

The function of the Cooling Tower Basin and Circulating Water Pumphouse is to

support the cooling tower and house the pumps, valves, and piping which are

part of the Circulating Water and Service Water Systems.

The Cooling Tower Basin and Circulating Water Pumphouse structure is designed-

to protect the occupants during design basis conditions. Figure 6.2-14 shows

the general arrangement of the Circulating Water Pumphouse.

6.2.8.2 Interface with Nuclear Island

The Cooling Tower Basin and Circulating Water Pumphouse has no interface with

the Nuclear Island.

6.2.8.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

design basis tornado occurs, the Cooling Tower Basin and Circulating Water

Pumphouse would not be a hazard to structures, systems, and components

designed to withstand SSE or OBE conditions since it is located a sufficient

distance from these structures.

6.2-6a Amendment 6
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6.2.9 Standby Power Building

6.2.9.1 Functional Description

The Standby Power Building houses non-Class IE onsite ac power sources

consisting of two backup generators and accessories, each housed within its

separate cubicle. The Standby Power Building is a grade-founded,

single-story, steel-framed structure located in the Energy Conversion Area.

Figure 6.2-15 shows the general arrangement of the Standby Power Building.

6.2-6b Amendment 6
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6.2.9.2 Interface with Nuclear Island

The Standby Power Building has no interface with the Nuclear Island.

6.2.9.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

design basis tornado occurs, the Standby Power Building would not be a hazard

to structures, systems, and components designed to withstand SSE or OBE

conditions since it is located a sufficient distance from these structures.

6.2.10 Nuclear Island Warehouse Building

6.2.10.1 Functional Description

The function of the Nuclear Island (NI) Warehouse Building is to house the

spare parts inventory required for equipment, components, and systems in the

Nuclear Island. The building also provides for a cargo-search area.

The NI Warehouse Building structure is designed to protect the occupants

during design basis conditions. Figure 6.2-16 shows the general arrangement

of the NI Warehouse Building.

6.2.10.2 Interface with Nuclear Island

The NI Warehouse Building is located on the Nuclear Island, but is not

adjacent to any structures, systems, or components designed to withstand SSE

or OBE conditions.

6.2.10.3 Safety Evaluation of Interface

In the extremely unlikely event that either a safe shutdown earthquake or

design basis tornado occurs, the NI Warehouse Building would not be a hazard

to structures, systems, and components designed to withstand SSE or OBE

conditions, since it is located a sufficient distance from these structures.

6.2-7
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CHAPTER 7

PLANT PROTECTION, INSTRUMENTATION, AND CONTROL

7.1 INTRODUCTION

The Standard MHTGR plant provides automatic control for the four reactor

modules and two turbine generator systems for power generation. The

automatic control is used during normal operational control and abnormal

events to maintain power generation while averting challenges to safety and

investment protection. The multimodule plant is controlled from a single

main control room with one primary operator and an assistant.

The three Standard MHTGR plant systems that provide plant protection,

instrumentation, and control are as follows:

1. Plant Protection and Instrumentation System (PPIS)

2. Plant Control, Data and Instrumentation System (PCDIS)

3. Miscellaneous Control and Instrumentation roup (MCIG)

These systems and subsystems for Standard MHTGR plant protection,

instrumentation, and control are shown on Figure 7.1-1. Power generation and

radionuclide control functions, 10CFR100 Design Criteria, classifications,

design descriptions, design evaluations, and system interfaces are discussed

in Sections 7.2, 7.3, and 7.4 for each system respectively.

The PPIS is an independent system of hardware and software provided to

protect the public health and safety and to protect the plant investment.

The PPIS monitors and initiates actions to protect plant systems and features

to assure the maintenance of fission product barriers. The system monitors

selected process variables, compares the sensed values to preselected levels

and, as required, commands and initiates predetermined corrective actions.

The PPIS provides safety-related' actions to trip the reactor with the outer

* control rods or reserve shutdown material and to shut down the main loop.

7.1-1
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Investment protection actions of the PPIS include reactor trips, steam

generator isolation and dump, and Shutdown Cooling System initiation. The

PPIS Subsystems included to perform and support these functions are as

follows:

1. Safety Protection Subsystem

2. Special Nuclear Area Instrumentation Subsystem

3. Investment Protection Subsystem

The PCDIS is a functionally hierarchical set of hardware and software that

automatically controls the Standard MHTGR plant from startup to full power

and return to shutdown. The subsystems of the PCDIS are:

1. Plant Supervisory Control Subsystem (PSCS)

2. Nuclear Steam Supply System (NSSS) Control Subsystem__

3. Energy Conversion Area Control Subsystem

4. Data Management Subsystem (DMS)

The PSCS automatically supervises and coordinates balancing of load (power)

levels among the energy production (NSSS) and energy conversion (BOP) areas.

There are individual NSSS control subsystems for each reactor that control

reactor conditions and the supply of steam to the main steam header in

response to PSCS direction load demands. The BOP provides monitoring and

control for those systems that directl y impact the continuity of power

generation. The DM5 provides plant-wide communication and centralized data

processing. The DMS supports the PCDIS subsystems by transmitting control

and monitoring communications between subsystems.

The Miscellaneous Control and Instrumentation roup senses, acquires, and

processes data from the plant. The data are processed for display to the

plant operator and/or retention for historical purposes. The subsystems that

7.1-2
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support these functions are as follows:

1. NSSS Analytical Instrumentation System

2. Radiation Monitoring System

3. Seismic Monitoring System

4. Meteorological Monitoring System

5. Fire Detection and Alarm System

7.1.1 Identification of "Safety-Related" Systems

The Standard MHTGR "safety-related" control and instrumentation important to

assure 1CFR1OO limits are not exceeded is located in the PPIS. Within the

PPIS, only the Safety Protection Subsystem is safety related". Table 7.1-1

identifies the "safety-related" equipment of the Safety Protection

Subsystem. Each reactor has an independent Safety Protection Subsystem.

Section 3.2 describes the method used to establish safety classification.

"Safety-related" equipment within the PPIS is necessary to assure the

retention of radionuclides within the fuel particles under "safety-related"

design conditions (SRDC). The SRDCs envelope all design basis events of

Chapter 15. Retention of radionuclides within the fuel particles requires

accomplishing the following functions:

1. Control heat generation

2. Remove core heat

3. Control chemical attack

The Safety Protection Subsystem provides active control or initiation of

systems to control heat generation (reactivity control). "Safety-related"

7.1-3
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core decay heat removal is accomplished passively with the Reactor Cavity

Cooling System (RCCS) without initiation or control from the PPIS. Safety

Protection Subsystem actions are required for SRDCs to control chemical

attack caused by water ingress to the primary system. In addition to a

reactor trip, the steam generator is isolated to limit water ingress.

7.1.2 Identification of Special Nuclear Area Instrumentation

The Special Nuclear Area Instrumentation is a subsystem of the PPIS that

provides the monitoring and interlocks to assure that "safety-related"

systems are operable or have performed their safety function. Included in

this subsystem are the:

1. Vessel System pressure relief block valve closure interlock

2. Safety System information displays

3. Investment protection information displays

4. Post-accident monitoring instrumentation

The Vessel System pressure relief block valve closure interlock prevents the

simultaneous closure of both Vessel System relief block valves to ensure that

at least one vessel relief valve is always available to protect the reactor

vessel and primary coolant boundary.

The Safety System information displays sense those plant variables necessary

to determine that the Plant Safety Systems and preventive features are

operable during normal operation, and that they have performed their

function. Information is provided at local displays and also to the control

room via the DMS to inform the operators that the plant is safely shut down,

and that core cooling and fission product barrier integrity are maintained

during normal shutdown and following the occurrence of a design basis event

(DBE).
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The post-accident monitoring instrumentation senses a subset of safety system

parameters plus additional parameters such as site radiological and site

meteorological parameters. The post-accident monitoring instrumentation uses

field-mounted electronic multiplexer modules to acquire plant signals and

convert the signals to a digital format. These signals are transmitted over

redundant Data Management Subsystem data highways to microprocessor driven

displays located in the control room. This information is also available at

other plant locations.
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7ABLE 7.1-1

"SAFETY-RELATED" INSTRUMENTATION

AND CONTROL EQUIPMENT

Principal Component "Safety-Related" Function

Safety Protection Subsystem:

Safety protection cabinets Control reactivity

Safety protection remote instrumentation Control reactivity

Instruments, hardware, and software Control reactivity

1 of 1
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SYSTEM INSTRUMENTATION SYSTEM INSTRUMENTATION GROUP,

SAFETY PROTECTION PLANT SUPERVISORY 1 NSSS ANALYTICAL

SUBSYSTEM* CONTROL SUBSYSTEM INSTRUMENTATION

__ __ __ __ _ __ __ __ __ _ __ __ __ _ __ __ __ _ _ __ __ __ __ _ __ __ __ _ __ __ __ __ _ __ __ __ jS Y S T E M

SPECIAL NUCLEAR AREA 1 NUCLEAR STEAM SUPPLY j RADIATION MONITORING

INST. SUBSYSTEM J CONTROL SUBSYSTEM J SYSTEM

LINVESTMENT PROTECTIONi ENERGY CONVERSION SEISMIC MONITORING

SUBSYSTEMAREA CONTROL SUBSYSTEM SYSTEM

DATA MANAGEMENT METEOROLOGICAL

SUBSYSTEM MONITORING SYSTEM

ALARM SYSTEM

*SAFETY-~RELATED

FIGURE 7.1-1
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MENTATION AND CONTROL SYSTEMS
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* 7.2 PLANT PROTECTION AND INSTRUMENTATION SYSTEM

The Plant Protection and Instrumentation System (PPIS) is composed of three

major subsystems: Safety Protection, Special Nuclear Area Instrumentation,

and Investment Protection. The PPIS is designed to meet top-level investment

protection goals. It has reactor trip, main loop shutdown, steam generator

isolation and dump, primary coolant pumpdown, and initiation of the Shutdown

Cooling System (SCS) functions. Some of these functions are also required to

meet 1CFR100 requirements, and the hardware portions of the PPIS that

accomplish these functions have been grouped and labeled as the Safety

Protection Subsystem. The PPIS hardware that provides the other active

functions have been grouped and labeled Investment Protection Subsystem. The

scope of these subsystems and the division into their subordinate subsystems

or major components are shown in Table 7.2-1.

The Safety Protection Subsystem provides the sense and command features

necessary to initiate reactor trip using the outer control rods and the

reserve shutdown control equipment (RSCE) and to initiate main loop

shutdown. The Safety Protection Subsystem contains the ppIS safety-related"

equipment.

The Special Nuclear Area Instrumentation Subsystem provides plant protection

interlock and monitoring features. This includes the Vessel System pressure

relief block valve closure interlock, equipment that monitors plant

protection systems status, and equipment that monitors the plant safety and

investment under normal operating and accident conditions. The Special

Nuclear Area Instrumentation Subsystem contains only equipment that is not

"safety related".

The Investment Protection Subsystem provides the sense and command features

necessary to initiate protective actions to limit plant investment risk. The

Investment Protection Subsystem contains only equipment that is not "safety

related".

A functional overview of the PPIS protective trip actions is shown in Figure

7.2-1.

7.2-1
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7.2.1 Safety Protection Subsystem

7.2.1.1 Summary Description

The Safety Protection Subsystem provides the safety system sense and command

features necessary to sense process variables, detect abnormal plant

conditions, and initiate reactor trip and/or main loop shutdown to mitigate

the consequences of design basis events (DBEs). Each reactor module has a

separate and independent Safety Protection Subsystem.

7.2.1.2 Functions and 1CFR100 Design Criteria

7.2.1.2.1 Power Generation Functions

The power generation function of the Safety Protection Subsystem is to

protect the capability to maintain energy production, shutdown, refueling,

and startup/shutdown by sensing process variables to detect abnormal plant

conditions and actuating a reactor trip to maintain plant parameters within

acceptable limits.

7.2.1.2.2 Radionuclide Control Functions

The functions of the Safety Protection Subsystem for maintaining control of

radionuclide release are to limit heat generation, within acceptable limits,

to limit radiation transport from the primary coolant, and to control

chemical attack on the fuel particles by sensing process variables to detect

abnormal plant conditions and actuating a reactor trip and/or main loop

shutdown.

7.2.1.2.3 Classification

The Safety Protection Subsystem is classified as safety related". The

features of the Safety Protection Subsystem that are not required for meeting

IOCFR100-related radionuclide control functions are not "safety related".

However, these "nonsafety-related" features will have the appropriate
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reliability to meet other Top-Level Regulatory Criteria and user

requirements.

For additional information related to this section, see the response to NRCj

Comment 5-29.
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7.2.1.2.4 IOCFRI100 Design Criteria for Radionuclide Control

The following OCFRIOO Design Criteria apply to this subsystem:

IOC`FRIOO Design Criterion II: The vessels and other components that limit or prevent the ingress of
air or water shall be designed, fabricated, and operated such tha the amount of air or water reacting with
the core will not exceed acceptable values.

IOCFRIOO Design Criterion III: The reactor shall be designed, fabricated, and operated such that the
inherent nuclear feedback characteristics ensure that the reactor thermal power will not exceed acceptable
values. Additionally, the reactivity control system(s) shall be designed, fabricated, and operated such that
during insertion of reactivity the reactor thermnal power will not exceed acceptable values.

7.2.1.3 Radionuclide Control Design Requirements

1. The Safety Protection Subsystem shall sense plant process variables to detect abnormal
plant conditions and actuate reactor trip to limnit heat generation to assure that IOCFRI100
radionuclide release limits are not exceeded.

2. The Safety Protection Subsystem shall sense plant process variables to detect large steam
generator leaks and actuate main loop shutdown to isolate the steam generator to limit
chemical attack of the fuel to assure that OCFRI100 radionuclide release limits are not
exceeded.

3. The Safety Protection Subsystem shall meet the requirements of ANSI/IEEE
Standard 603, "IEEE Standard Criteria for Safety Systems for Nuclear Power Generating
Stations", with the exception of the format for documenting safety system design bases.

4. The Safety Protection Subsystem shall be designed, fabricated, and erected to
performance standards that will enable it to withstand the forces that might be imposed
by an earthquake with ground acceleration levels corresponding to an operating basis
earthquake (OBE) and a safe shutdown earthquake (SSE) and operate as required without
undue risk to the reactor plant and ultimately to the health and safety of the public. The
Safety Protection Subsystem shall be seismically qualified in accordance with IEEE
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Standard 344, "Recommended Practices for Seismic Qualification of Class I E Equipment
for Nuclear Power Generating Stations."

5. The Safety Protection Subsystem shall be capable of performing its safety functions
before, during, and for an adequate time after being subjected to environmental conditions
associated with normal plant operation, abnormal plant operation, anticipated operational
occurrences (AQOs), design basis events, and "safety-related" design conditions (SRDCs).
The Safety Protection Subsystem shall be environmentally qualified in accordance with
IEEE Standard 323, "Qualifying Class IE Equipment for Nuclear Power Generating
Stations."

7.2.1.4 Design Description

The safety protection functions of the PPIS ae implemented on a per reactor basis with a fully automatic,
remote multiplexed, microprocessor based protection system. The protection system architecture consists
of multiple separate and redundant optical digital data highways from the local multiplex units that
communicate with four separate, redundant computers to implement the four channel protection systems
for each reactor module.

Separate and independent Safety Protection Subsystem operator interfaces for each reactor module ae
Ilocated in the PPIS equipment room, the control room and the remote shutdown area. The operator

interfaces include color video displays, function input devices, and keyboards. Since no operator action
is required for safety, these interfaces a not classified as "safety-related". However, these operator
interfaces are provided as part of the PPIS, and they a separate and independent of all other plant
instrumentation and controls. In addition, data on the Safety Protection Subsystem are transmitted through
a unidirectional isolator to the Data Management Subsystem for display by the Plant Control, Data and

irIstrumentation ystem in the main control room. Manual inputs to the Safety Protection Subsystem ae
Iprovided in the main control room. The PPIS operator interfaces in the remote shutdown area provide

an operator the capability of initiating reactor trip or main loop shutdown from a position remote from
the main control room.

Each reactor module has a separate and independent Safety Protection Subsystem which consists of four
separate (redundant) safety channels with two-out-of-four coincidence solid-state logic to command
initiation of reactor trip or main loop shutdown. Each safety channel includes the field-mounted process
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variable sensors (e.g., resistance thermometers, flow transducers, pressure transducers, neutron detectors,
etc.), electronic signal conditioning equipment, and electronic trip setpoint comparators to provide a trip
signal when the process variable value reaches the trip setpoint. The two-out-of-four coincidence logic
circuitry provides a reactor trip or main loop shutdown initiation signal when any two or mome separate
safety system channels reach the trip setpoint. The reactor trip and main loop shutdown initiation signals
are sent to separate and redundant actuation devices. The boundaries of the Safety Protection Subsystem
include the safety system sensors to the input of the actuation devices. A summary of the logic used in
the sense, command and execute features of the Safety Protection Subsystem is shown in Table 7.2-1 A.

7.2.1.4.1 Subsystem Configuration

The Safety Protection Subsystem is composed of the following subsystems for each reactor module:

1. Reactor Trip Using Outer Control Rods

This "safety-related" subsystem initiates a reactor trip upon detection of reactivity
excursions, loss of core cooling, water ingress events that cause positive reactivity
insertion, or breach of the primary coolant barrier by initiating the automatic insertion of
all outer control rods including any that may be in the process of being withdrawn. Since
this subsystem provides the primary reactor trip capability, it is also used to provide a
reactor trip for "nonsafety-related" purposes. To protect the plant investment, this
subsystem initiates a rapid reduction in reactor power upon detection of water ingress
events which cause graphite oxidation, loss of main loop cooling, oveurheating of NSSS
components, and also upon receipt of a manual initiation command from the PPIS
operator interface located in the control room and the remote shutdown area. A
simplified one-channel block diagram of the outer control rod reactor trip subsystem is
shown in Figure 7.2-2.

The outer control rod reactor trip subsystem inputs, each derived from four separate and
redundant sensor channels are:

a. Neutron flux to helium mass flow ration high. ("Safety related". To detect
reactivity excursions and loss of core cooling.)
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b. Primary Coolant pressure low. ("Safety related". To detect breach of primary
Coolant barrier.) Automatic bypass for startup when neutron flux is low.

C. Primary coolant pressure high. ("Safety related". To detect large water ingress
events).

d. Primary coolant moisture concentration high. (Not "safety related". To detect
water ingress events which cause graphite oxidation.)

e. Main loop trip signal. (Not "safety related". To provide signal on investment
protection trip of main cooling loop.)

f. Steamn generator inlet helium temperature high. (Not "safety related". To detect
potential overheating of NSSS components.)

g. Manual initiation (Not "safety related". To provide independent backup to the
automatic trip systems.)

The outer control rod reactor trip subsystem actuated equipment are the outer control rods
and their release mechanisms. Upon initiation of the reactor trip signal, all outer control
rods a released and inserted into the core.

2. Reactor Trip Using Reserve Shutdown Control Equipment

This "safety-related" subsystem actuates the Reserve Shutdown Control Equipment
(RSCE) to perform reactor trip whenever the outer control rod reactor trip subsystems
fails to trip when commanded [anticipated transient without scram (ATWS)] or when the
positive reactivity of water ingress in the reactor core exceeds the negative reactivity of
the uter control rods. For investment protection purposes, a manual initiation capability
is provided at the PPIS operator interface located in the control room and the remote
shutdown area. A simplified one channel block diagram of the reserve shutdown reactor
trip subsystem is shown in Figure 7.2-3.
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The RSCE reactor trip inputs, each derived from four separate and redundant sensor
channels, are:

a. Reactor neutron flux to main helium circulator speed ratio high after appropriate
delay time to allow the outer control rod reactor trip system to correct the
transient. ("Safety related". To detect ATWS.)

b. Primary coolant pressure high. ("Safety related". To detect large water ingress

events.)

C. Manual initiation. (Not required for safety. To provide independent backup to
the automatic trip systems.)

The actuated equipment for this reactor trip subsystem are the RSCE fusible links. Upon
actuation the fusible links are energized, they open, causing the reserve shutdown hoppers
to release the reserve shutdown material into the inner ring of the reactor core. The
protective action is completed when the reserve shutdown hoppers empty and the
resulting negative reactivity in the reactor core shuts down the reactor.

The reactor neutron flux to circulator speed ratio trip input is inhibited by an automatic
operating bypass when both neutron flux and circulator speed are low. This operating
bypass prevents unnecessary actuation of reserve shutdown when both the reactor and
circulator are shutdown.

3. Main Loop Shutdown

This "safety-related" subsystem initiates a main loop shutdown to isolate the steam
generator upon detection of a large steam generator leak as indicated by high primary
coolant pressure. This limits chemical attack of the fuel by limiting water ingress. The
main loop shutdown subsystem also limits the temperature of the steam generator tubes
and tubesheets and limits the temperature and speed of helium circulator to limit
investment risk by protecting the steam generator, circulator, and the primary coolant
boundary. Main loop shutdown is executed by automatically initiating the opening of the
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main helium circulator motor alip contactors and the closure of the valves necessary to
shut off the secondary side of the coolant loop.

The main loop shutdown subsystem trip inputs, each derived from four separate and
redundant sensor channels a:

a. Primary coolant pressure high. ("Safety related". To detect large water ingress
events.)

b. Circulator speed high or low compared to a nominal circulator speed setpoint
programxned by feedwater flow. (Not "safety related". To detect primary and
secondary coolant mismatches.)

C. Primary coolant pressure low and main steam temperature not low. (Not "safety
related". This is to prevent a steam generator quench on primary coolant
depressurization where the feedwater reduction does not match the decrease in
primary coolant mass flow.)

d. Steamn generator dump and isolation signal. (Not "safety related". To command
main loop shutdown before steam generator dump.)

e. Manual initiation (Not "safety related". To provide independent backup to

automatic alip systems.)

The actuated equipment includes the feedwater block valves, superheater outlet valves,
and circulator motor alip contactors.

A simplified one-channel block diagram of the main loop shutdown subsystem is shown
in Figure 7.2-4.

7.2.1.4.2 Subsystem Arrangement

The Safety Protection Subsystem is arranged into modular electronic components with four separate
"safety-related" channels. Each of the four Standard MHTGR reactor modules has a separate four-channel
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"safety-related" protection system. The "safety-related" components for each reactor module are
associated with that reactor module. The Safety Protection Subsystem operator interface equipment is
located in the PPIS equipment room in the Reactor Building, the control mom in the Operations Center,
and remote shutdown area in the Reactor Service Building. These functional components of the PPIS
and their locations are shown in Figure 7.2-5.

7.2.1.4.3 Subsystem Arrangement

The Safety Protection Subsystem is operable during all plant modes. The status of the plant is monitored
at all times and trip actions are initiated as required. Continual surveillance of the Safety Protection
Subsystem is performed automatically through self-diagnostics routines and abnormal conditions are
indicated. Portions of the system may be bypassed for
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surveillance, testing, and maintenance; however, because of the system's
redundancy this does not cause loss of the protective function. The sense and
command two-out-of- four coincidence logic automatically reverts to
two-out-of-three coincidence logic when one channel is bypassed for
maintenance. Operation of the plant with portions of the Safety Protection
Subsystem out of service is governed by the plant procedures.

Shutdown of the entire Safety Protection Subsystem is generally not required
to perform maintenance because of the redundancy within the system.
Inadvertent shutdowns of redundant portions of the Safety Protection Subsystem
result in a reactor trip using the outer control rods due to the fail-safe
characteristics of the design.

Abnormal operation of the Safety Protection Subsystem is limited to plant
operation with the subsystems operating in a degraded mode (failed or
inoperable equipment). Operation in a degraded mode is governed by plant
procedures.

The Safety Protection Subsystem is designed not to adversely affect plant
safety or plant availability in the event of a single failure. Therefore, a
single failed component or input channel will not cause an unwanted (spurious)
reactor trip nor prevent a required reactor trip.

The cause for spurious channel trips will be determined, corrected, and the
channel reset in a timely fashion. Continued plant operation with an input
channel in a tripped condition is undesirable because a second channel trip
will result in an unwanted subsystem trip. The two-out-of-four coincidence
logic allows the maintenance bypass of one spuriously tripped channel. In
this case the logic reverts to two-out-of-three coincidence logic and a degree
of redundancy of one is maintained. The Safety Protection Subsystem may be
operated in a degraded condition as long as a degree of redundancy of one is
maintained.

7.2.1.4.4 Subsystem Limitations

Trip setpoints are conservatively established to assure that component damnag
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limits are not reached. Figure 7.2-6 illustrates the relationship between

trip setpoints, damage limits, and analysis trip levels used in DBE and SRDC

analysis. The limiting protection system settings (allowable values)

conservatively bound component damage thresholds so that if the limiting

system setting is reached, automatic protective action corrects the abnormal

situation before the damage threshold is exceeded. The limiting protection

system setting takes into consideration sensor calibration errors, instrument

accuracy, and transient overshoot. The actual protection system settings

(trip setpoints), are conservatively bounded by the limiting protection system

settings with allowance for instrument and setpoint drift. The lower setpoint

limit is specified to prevent unnecessary system trips during normal operation

transients.

The analysis trip levels and setpoints (actual system settings) for the Safety

Protection Subsystem are shown in Table 7.2-2.

Dynamic transient analysis has been performed at an analysis trip level. The

actual system setting (nominal trip setpoint) is below this analysis trip

level, as shown in Figure 7.2-6, and reflects allowances for calibration

errors, instrument accuracy, transient overshoot, instrument and setpoint

drift, etc., in accordance with IEEE Standard 603 and ISA Standard S67.04.

7.2.1.5 Design Evaluation

7.2.1.5.1 Failure Modes and Effects

The Safety Protection Subsystem is redundant and single failure proof.

Therefore, failure of one component does not prevent the system from

responding correctly when required. Failures within the subsystem are either

immnediately alarmed through the Special Nuclear Area Instrumentation Subsystem

or become apparent during the routine surveillance and testing of the system.

Equipment classified not "safety-related" will not prevent the

"safety-related" portions of the Safety Protection Subsystem from performing

their safety functions. This will be ensur d by satisfying the independence

requirements of IEEE-603, Section 5.6, or the use of associated circuits as
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defined in IEEE-384, Section 5.5, and will be demonstrated by a failure modes

and effects analysis at the final design stage.

Design features are included to assist the operator in verifying that Safety

Protection Subsystem degree of redundancy of at least one is always

maintained. For example, whenever any essential safety system component is

bypassed such that a safety channel is inoperable, a continuous bypass

indication/alarm is displayed in the remote shutdown area and also indicated

in the main control room. Whenever one channel of the two-out-of-four logic

is disconnected or bypassed, the remainder of the subsystem maintains a d gree

of redundancy of one. Whenever a one-out-of-two actuation device is

disconnected or bypassed, the time of inoperability will be kept to a minimum

and will be within acceptable subsystem reliability analysis constraints.

Whenever the two-out-of-four logic is operated with one channel tripped, the

remaining channels are in a one-out-of-three operating mode. The Safety

Protection Subsystem is designed to fail into a safe state or into a state

demonstrated to be acceptable on conditions such as disconnection of the

system and loss of electric power. A reactor trip occurs using outer control

rods on loss of all electrical power. Reactor trip using the RSCE and main

loop shutdown requires electric power to trip and is powered by a

"isafety-related" uninterruptible power supply with adequate capacity to

perform the safety function. This design is adequate to meet the safety

function and also meet plant availability requirements by avoiding spurious

RSCE insertions or main loop shutdowns.

7.2.1.5.2 Steady-State Performance

The required steady-state performance of the Safety Protection Subsystem is to

remain operable during all plant operating modes and monitor various plant

process parameters to detect abnormal plant conditions and initiate reactor

trip as necessary to limit heat generation rate and initiate main loop

shutdown to limit chemical attack of the fuel and to limit investment risk to

NSSS components.
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7.2.1.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AOOs) are described in Section 11.6. In

this section only the response of the Safety Protection Subsystem to As is

described. A summary of the AOO trip functions of the Safety Protection

Subsystem is shown in Table 7.2-3.
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AOO-l(A) Loss of Main Loog Cooling. Upon loss of main loop cooling the

neutron flux to helium mass flow measurement is detected as high which

initiates a reactor trip using the outer control rods. Trouble with the main

cooling loop is detected as a circulator speed to feedwater flow mismatch

which initiates a main loop shutdown as defined in Section 7.2.1.4.1. Main

loop shutdown in turn signals for a reactor trip using the outer control rods

and for Shutdown Cooling System initiation.

AOO-1(B) Loss of Offsite Power and Turbine Trip. Loss of offsite power and

turbine trip causes the main loop helium circulator to lose electrical power

and coast down. The neutron flux to helium mass flow measurement is detected

as high which initiates a reactor trip using the outer control rods.

Coastdown of the main loop is detected as a circulator speed to feedwater flow

mismatch which initiates a main loop shutdown. Main loop shutdown in turn

signals for a reactor trip using the outer control rods and for Shutdown

Cooling System initiation.

AOO-1(C) Spurious Reactor TriR with Cooling on HTS. The Safety Protection

Subsystem has no response to AOO-1(C) other than to continue to be operable.

AOO-l(D) Main Loon Transient Without Reactor Trip. The Safety Protection

Subsystem has no response to AOO-l(D) other than to continue to be operable.

AOO-2 Loss of Main Loop Cooliny- and Shutdown Cooliny. This response is

identical to AOO-l(A).

AOO-3 Rod Withdrawal with Reactor Trip and Cooling on HTS. An inadvertent

control rod bank withdrawal causes the neutron flux to helium mass flow

measurement to exceed the high setpoint which initiates a reactor trip using

the outer control rods.

AOO-4 Small Steam Generator Leak. A small steam generator leak causes a slow

moisture ingress. The high primary coolant moisture concentration is detected

by the "nonsafety-related" moisture monitors which initiates a reactor trip

using the outer control rods. A main loop shutdown is initiated by the steam
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generator isolation and dump trip signal and signals for Shutdown Cooling

System initiation.

AOO-5 Small Primary Coolant Leak. A small primary coolant leak causes a slow

depressurization of the primary coolant. The primary coolant pressure reaches

the low pressure setpoint which initiates a reactor trip using the outer

control rods. When the primary coolant pressure reaches a lower setpoint and

the main steam temperature has not reached saturation temperature, a main loop

shutdown is commanded. Main loop shutdown also signals for reactor trip using

the outer control rods and for Shutdown Cooling System initiation.

7.2.1.5.4 Design Basis Event Performance

DBEs are described in Chapter 15. In this section only the response of the

Safety Protection Subsystem to DBEs is described.

The Safety Protection Subsystem is designed and qualified to perform its

safety function under environmental conditions or other plant service

conditions experienced during all DBEs.

A summary of the DBE trip functions of the Safety Protection Subsystem is

shown in Table 7.2-4.

DBE-1 Loss of HTS and SCS Cooling. The initiating event for DBE-1 is loss of

offsite power and turbine trip. A loss of offsite power and turbine trip

causes a loss of all normal ac power supplies. This causes the main loop

helium circulator to coast down due to loss of power. Loss of primary coolant

flow is detected as a high neutron flux to helium mass flow measurement which

initiates a reactor trip using the outer control rods. Coastdown of the main

loop is detected as a circulator speed to feedwater flow mismatch and a main

loop shutdown, as defined in Section 7.2.1.4.1, is commanded. Main loop

shutdown in turn signals a reactor trip using the outer control rods and for

Shutdown Cooling System initiation but the SCS fails to start due to

unavailability of standby ac power. The Safety Protection Subsystem takes no

further action for this DBE. If primary ac power is not restored and standby
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ac power is not available, the Safety Protection Subsystem loses battery

backup power after approximately one hour. At this time the Safety Protection

Subsystem fails "as is" with the outer control rods inserted into the reactor

core.

DBE-2 HTS Transient Without Control Rod TriD. The initiating event for DBE-2

is main loop cooling ranmpdown with a failure of reactor trip using the outer

control rods to take place. Trouble with the main coaling loop is detected as

a circulator speed to feedwater flow mismatch which causes a main loop

shutdown. Main loop shutdown signals a reactor trip using the outer control

rods. For this DBE, the outer control rods fail to trip. Main loop shutdown

also signals for Shutdown Cooling System (SCS) initiation. This event is an

anticipated transient without scram (ATWS). This ATWS event is detected as a

high neutron flux to circulator speed ratio measurement. If after a time

delay, the reactor trip using the outer control rods has not executed

protective action, reactor trip using the RSCE is automatically initiated.

DBE-3 Rod Withdrawal Without HTS Coolin . The initiating event for DBE-3 is

an inadvertent control rod bank withdrawal. An inadvertent control rod bank

withdrawal causes the neutron flux to helium mass flow measurement to exceed

the high setpoint which initiates a reactor trip using the outer control

rods. DBE-3 also includes a main loop upset. This is detected as a

circulator speed to feedwater flow mismatch which causes a main loop

shutdown. Main loop shutdown signals a reactor trip using the outer control

rods and for Shutdown Cooling System initiation.

DBE-4 Rod Withdrawal Without HTS and SCS Cooling. The initiating event for

DBE-4 is an inadvertent control rod bank withdrawal. An inadvertent control

rod bank withdrawal causes the neutron flux to helium mass flow measurement to

exceed the high setpoint which initiates a reactor trip using the outer

control rods. DBE-4 also includes a main loop upset. This is detected as a

circulator speed to feedwater flow mismatch which causes a main loop

shutdown. Main loop shutdown signals a reactor trip using the outer control

rods and for Shutdown Cooling System initiation but the SCS fails to start.

Core cooling on th Reactor Cavity Cooling System (RCCS) may cause the primary

coolant pressure to exceed the high pressure setpoint that is designed to
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detect moisture ingress events and a reactor trip using the RSCE may be

initiated.

DBE-5 Earthguake. The initiating event for DBE-5 is a 0.3 g earthquake. it

is assumed that main oop cooling is lost. Upon loss of main loop cooling the

neutron flux to helium mass flow measurement is detected as high which

initiates a reactor trip using the outer control rods. Trouble with the main

cooling loop is also detected as a circulator speed to feedwater flow mismatch

and a main loop shutdown is commanded. Main loop shutdown also signals a

reactor trip using the outer control rods and for Shutdown Cooling System

initiation.

The Safety Protection Subsystem and its "safety-related' auxiliary supporting

features are qualified to withstand an SSE and perform their safety functions.

DBE-6 Moisture Inleakage. The initiating event for DBE-6 is a steam generator

offset tube rupture and subsequent moderate moisture ingress rate. This event

is detected as high primary coolant moisture measured by the

"inonsafety-related" moisture monitors. When the "nonsafety-related" high

moisture setpoint is reached a reactor trip using the outer control rods is

initiated and steam generator isolation is performed as a main loop shutdown.

The main loop shutdown is initiated by the steam generator isolation and

dump. Main loop shutdown signals for SCS to start.

DBE-7 Moisture Inleakage Without SS Cooling. The initiating event for DBE-7

is a moderate steam generator leak and subsequent moderate moisture ingress

rate. The response of the Safety Protection Subsystem to this event is

identical to DBE-6 except as follows: The SCS fails to start on demand and

core cooling by the RCS may cause the primary coolant pressure to exceed the

high pressure setpoint that is designed to detect moisture ingress events and

a reactor trip using the RSCE may be initiated.

DBE-8 Moisture Inleakage with Moisture Monitor Failure. The initiating event

for DBE-8 is a small steam generator leak and subsequent small moisture
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ingress rate. DBE-8 also includes a failure of the "nonsafety-related"

moisture monitors. The moisture ingress causes the primary coolant pressure

to increase slowly. The primary coolant pressure reaches the high pressure

setpoint which initiates a reactor trip using both the outer control rods and

the RSGE. High primary coolant pressure also initiates main loop shutdown.

Main loop shutdown also signals for SCS to start.

DBE-9 Moisture Inleakage with Steam Generator Dump Failure. The initiating

event for DBE-9 is a small steam generator leak and subsequent small moisture

ingress rate. In this DBE the "nonsafety-related" Investment Protection

Subsystem moisture monitors detect the moisture inleakage and initiate steam

generator isolation and dump and reactor trip using the outer control rods.

Steam generator isolation is performed as a main loop shutdown. The main loop

shutdown also signals for SCS to start. The steam generator dump valves fail

to reclose but the primary coolant is contained by the dump tank.

DBE-10 Primary Coolant Leak. The initiating event for DBE-10 is a moderate

primary coolant leak. A moderate primary coolant leak causes a rapid

depressurization of the primary coolant. The primary coolant pressure reaches

the low pressure setpoint which initiates a reactor trip using the outer

control rods. When the primary coolant pressure decreases to a lower setpoint

and main steam temperature is still above saturation, a main loop shutdown is

commanded to prevent steam generator quench. Main loop shutdown also signals

for SCS to start.

DBE-11 Primary Coolant Leak Without HTS and SCS Cooling. The initiating event

for DBE-11 is a small primary coolant leak. A small primary coolant leak

causes a slow depressurization of the primary coolant. This DBE assumes that

the main cooling loop is upset 15 hours into the DBE. Trouble with the main

cooling loop is detected as a circulator speed to feedwater flow mismatch

which causes a main loop shutdown. Main loop shutdown signals a reactor trip

using the outer control rods. Main loop shutdown also signals for Shutdown

Cooling System initiation.
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7.2.1.5.5 "Safety-Related" Design Condition Performance

"Safety-related" design conditions (SRDCs) are described in Chapter 15. In

this section only the performance of the Safety Protection Subsystem under

SRDCs is described. The Safety Protection Subsystem is designed and qualified

to perform its safety function under environmental conditions or other plant

service conditions experienced during all SRDCs.

A summary of the performance of the Safety Protection Subsystem under SRDCs

is provided in Table 7.2-5.

SRDC-l Pressurized Conduction Cooldown. SRDC-l is loss of offsite power and

turbine trip. A loss of offsite power and turbine trip causes a loss of all

normal ac power supplies. This causes the main loop helium circulator to

coast down due to loss of power. Loss of primary coolant flow is detected as

a high neutron flux to helium mass flow measurement which initiates a reactor

trip using the outer control rods. The Safety Protection Subsystem takes no

further action. If primary ac power is not restored and standby ac power is

not available, the Safety Protection Subsystem loses battery backup power

after approximately one hour. At this time the Safety Protection Subsystem

fails "as is" since it has no further safety function to perform.

SRDC-2 Pressurized Conduction Cooldown Without Control Rod Trip. SRDC-2 is

main loop cooling rampdown with a failure of reactor trip using the outer

control rods to take place. This condition is an anticipated transient

without scram (ATWS). This ATWS is detected as a high neutron flux to

circulator speed ratio measurement. If after a time delay, the reactor trip

using the outer control rods has not executed protective action, reactor trip

using the RSCE is initiated.

SRDC-3 Pressurized Conduction Cooldown with Control Rod Withdrawal. SRDC-3 is

an inadvertent control rod bank withdrawal. An inadvertent control rod bank

withdrawal causes the neutron flux to helium mass flow measurement to exceed

the high setpoint which initiates a reactor trip using the outer control

rods. Core cooling by the RCCS may cause the primary coolant pressure to
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exceed the high pressure setpoint designed to detect moisture ingress and a

main loop shutdown and reactor trip using the RSCE may be initiated.

SRDC-4 Pressurized Conduction Cooldown with Control Rod Withdrawal. The

performance of the Safety Protection Subsystem under SRDC-4 is identical to

its performance under SRDC-3.

SRDC-5 Pressurized Conduction Cooldown with Earthquake. SRDC-5 is a 0.3 g

earthquake. It is assumed that main loop cooling is lost. Upon loss of main

loop cooling, the neutron flux to helium mass flow measurement is detected as

high which initiates a reactor trip using the outer control rods.

The Safety Protection Subsystem and its "safety-related" auxiliary supporting

features are qualified to withstand an SSE and perform their safety

functions.

SRDC-6 De~ressurized Conduction Cooldown with Moderate Moisture Ingress.

SRDC-6 is a steam generator leak and subsequent moisture ingress. The water

ingress rate causes a positive reactivity insertion and neutron flux to

helium mass flow measurement to exceed the high setpoint. This initiates a

reactor trip using the outer control rods. The primary coolant pressure also

increases, and the high pressure setpoint is reached which causes a reactor

trip using the RSCE and a main loop shutdown. A main loop shutdown isolates

the steam generator to limit the water ingress.

SRDC-7 Depressurized Conduction Cooldown with Moderate Moisture Ineress. The

performance of the Safety Protection Subsystem under SRDC-7 is identical to

its performance under SRDC-6.

SRDC-8 Detressurized Conduction Cooldown with Small Moisture Ingress. The

initiating event for SRDC-8 is a small steam generator leak and subsequent

small moisture ingress rate. The moisture ingress causes the primary coolant

pressure to increase slowly. The primary coolant pressure reaches the high

pressure setpoint which initiates a reactor trip using both the outer control

rods and the RSCE. High primary coolant pr ssure also initiates main loop

shutdown which isolates the steam generator to limit the water ingress.
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SRDC-9 Dep~ressurized Conduction Cooldown with Small Moisture Inaress. The

Safety Protection Subsystem has no function for SRDC-9 other than to continue

to be operable.

SRDC-10 Depressurized Conduction Cooldown with Moderate Primary Coolant

Leak. SRDC-10 is a moderate primary coolant leak. A moderate primary

coolant leak causes a rapid depressurization of the primary coolant. The

primary coolant pressure reaches the low pressure setpoint which initiates a

reactor trip using the outer control rods.

SRDC-11 Depressurized Conduction Cooldown with Small Primary Coolant Leak.

The performance of the Safety Protection Subsystem under SRDC-11 is identical

to the response to SRDC-10.

7.2.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Safety Protection Subsystem are identified in Table 7.2-6,

which also includes a description of the interface and a quantitative

expression for the interface.

7.2.2 Special Nuclear Area Instrumentation Subsystem

7.2.2.1 Summary Description

The Special Nuclear Area Instrumentation Subsystem provides interlocks and

instrumentation that monitors the protection systems' status and the plant

under normal operating and accident conditions.
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7.2.2.2 Functions and 10CFR100 Design Criteria

7.2.2.2.1 Power Generation Functions

The power generation function of the Special Nuclear Area Instrumentation

Subsystem is to protect the capability to maintain energy production,

shutdown, refueling, and startup/shutdown by monitoring PPIS status and plant

variables to verify that protection equipment is operable.
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7.2.2.2.2 Radionuclide Control Functions

The functions of the Special Nuclear Area Instrumentation Subsystem for
maintaining control of radionuclide release are to limit heat generation to
limit radiation transport from the primary coolant and to control chemical
attack on the fuel particles by providing PPIS status and plant variables data
to verify that the protection system is operable and by actuating the interlocks
on the Pressure Relief Subsystem.

7.2.2.2.3 Classification

This subsystem is not 'safety related". Since the special nuclear area
instrumentation does not perform any OCFR100-related radionuclide control
functions, no special classification is applied to it. However, the subsystem
will have appropriate reliability to meet other Top-Level Regulatory Criteria
and user requirements.

7.2.2.2.4 10CFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to this subsystem.

7.2.2.3 Radionuclide Control Design Requirements

1. The special nuclear area instrumentation shall monitor plant process
variables, "safety-related' equipment status, and investment protection
equipment status to verify that radionuclide control is maintained.

2. The special nuclear area instrumentation shall be designed, fabricated,
and erected to performance standards that will enable it to withstand
the forces that might be imposed by an earthquake with ground
acceleration levels corresponding to an operating basis earthquake and
a safe shutdown earthquake and operate as required.

3. The special nuclear area instrumentation required for accident
monitoring shall be capable of performing its functions before,
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during, and for an adequate time after being subjected to the normal, abnormal, and
design basis event environmental conditions.

7.2.2.4 Design Description

The interlock feature of the special nuclear area instrumentation is the Vessel System pressure relief block
valve closure interlock. The vessel pressure relief block valve closure interlock consists of redundant
electrical sensors, and electrical interlocks to prevent the simultaneous closure of both Vessel System
relief valve trains. This prevents the complete bypass of the vessel overpressure protection.

The safety protection information equipment consists of field mounted electronic multiplexer modules,
redundant digital data highways, redundant microprocessor equipment, and instnumentation displays in
the control room, the remote shutdown area and PPIS equipment room to provide the integration of safety
protection sensor channel readouts, safety protection status (e.g., trip, alarm, normal, etc.) indication, and
safety protection bypass indication. These displays assist the operator in verifying that the plant "safety-
related" systems are operable, that the proper degree of redundancy is maintained, and that protective
action has been completed after a design basis event. The displays also are used in performing safety
protection calibration, testing, and maintenance.

This display equipment also provides a continuous, dedicated display of a minimum set of plant
parameters or derived variables used by the operator during all plant conditions to assess the plant safety
status. These displays a also accessible in the main control room and other locations in the plant
through the Data Management Subsystem.

The post-accident monitoring (PAM) insmzumentation indicates plant variables which are required by the
operating personnel during accident situations to ) provide information required to permit the operator
to assess that the reactor is safely shut down and is being cooled; 2) determine whether reactor
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trip and other "safety-related" systems are performing their intended
functions; and 3) provide information to the operators that will enable them
to determine status of radioactivity barriers. In addition to the above, the
post accident monitoring instrumentation indicates plant variables that
provide information on the operation of plant safety systems and other systems
that are required by the operating personnel during an accident to 1) furnish
data regarding the operation of plant systems so the operator can make
appropriate decisions as to their use and to 2) provide information regarding
the release of radioactive materials.

7.2.2.4.1 Subsystem Configuration

The Special Nuclear Area Instrumentation Subsystems are as follows:

1. Vessel System Pressure Relief Block Valve Closure Interlock

This subsystem prevents the simultaneous closure of both Vessel System
relief block valves to ensure that at least one vessel relief valve is
always available to protect the reactor vessel and primary coolant
boundary.

The Vessel System pressure relief block valve closure interlock is
actuated whenever either vessel pressure relief block valve is not
fully open, and prevents the simultaneous closure of both reactor
vessel pressure relief block valves. The interlock function is
accomplished when the power necessary to drive the block valves closed
is interrupted. The interlock does not interfere with opening the
block valves individually or simultaneously. Actuation of the
interlock is alarmed in the remote shutdown area and the main control
room.

The Vessel System pressure relief block valve interlock consists of a
redundant train (two sensors and logic) for each block valve. Two
limit switches (one in each train) for each block valve sense when the

7.2 -2 3



HTGR-86-024

block valve is not fully open. Actuation of either redundant logic train interrupts the
block valve power for closing the valve. At ro time does the Vessel System pressure
relief block valve interlock prevent power from being used to open the block valve.

2. Safety Protection Infornation Displays

Safety protection information displays consist of an integrated system using digital data
highways and computer-based displays to provide:

a. Safety protection channel readouts.

b. Safety protection status indications including status indications for safety
protection actuation devices, actuated equipment, and safety protection auxiliary
support features.

C. Safety protection bypass indications including bypass indications for safety
protection actuation devices, actuated equipment, and safety protection auxiliary
supporting features.

In general, the subsystem provides those displays in the control room and remote
shutdown area which enable the reactor operator to perform the equipment surveillance
and plant condition monitoring necessary to determine that the plant "safety-related"
systems a operable during normal operation, and that they have performed their
function, that the plant is safely shut down, and that core cooling and fission product
banrier integrity a maintained during normal shutdown and following the occurrence of
a design basis event. These displays a also provided by the Plain Protection and
Instrumentation System to the Data Management Subsystem for display in the main
contrl room by the Plant Control Data, and Instrumentation System.

3. Investment Protection Information Displays

Investment protection information displays function like the safety protection information
displays. They include monitoring to facilitate plant restarts for the purpose of verifying
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that plant equipment has not been damaged in AQ0s and DBEs. An integrated system
using digital data highways and computer-based displays provides:

a. Investment protection channel readouts.

b. Investment protection status indications including status indications for investment
protection actuation devices, actuated equipment, and investment protection
auxiliary supporting features.

C. Bypass indications for Investment Protection Subsystem actuation devices,
actuated equipment, and auxiliary supporting features.

In general, the Special Nuclear Area Instrumentation Subsystem provides those displays
in the control room and the remote shutdown area which enable the reactor operator to
perform the equipment surveillance and plant condition monitoring necessary to determine
that the plant investment protection subsystems are operable during normal operation, and
that they have performed their function, that the lant investment is protected during
transient events. The investment protection information displays provide information
which may allow the reactor operator to take manual actions from the PPIS equipment
in the control room and remote shutdown area which are important to protecting plant
investment These displays are also provided by the PPIS to the Data Management
Subsystem for display in the main control room by the Plant Control, Data and
Instrumentation System.

4. Post Accident Monitoring Instrumentation

The post-accident monitoring instrumentation includes a subset of safety protection
parameters plus additional parameters such as site radiological and site meteorological
parameters. The post accident monitoring instrumentation uses field-mounted electronic
multiplexer modules to acquire plant signals and convert the signals to a digital format.
These signals and other "afety-related" signals are transmitted over redundant digital data
highways to microprocessor driven PPIS displays located in the control room and the
remote shutdown area. Post accident monitoring data is also recorded for future analysis.
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These displays are also accessible at the main control room and other locations
throughout the plant through the Data Management Subsystem.

7.2.2.4.2 Subsystem Arrangement

The Special Nuclear Area Instrumentation Subsystem is arranged into modular electronic components with
two separate channels. Each of the four Standard MHTGR reactor modules has separate special nuclear
area instrumnentation associated with that reactor module. The special nuclear area instrumentation
equipment includes its own operator interface equipment, operator interface equipment for the Safety
Protection Subsystem, and operator interface equipment for the Investment Protection Subsystem. Ths

operator interface equipment is located in the PPIS equipment room in the Reactor Building, the control
Iroom in the Operations Center. and remote shutdown area in the Reactor Service Building. These

functional components of the Plant Protection and Instrumnentation System and their locations ae shown
in Figure 7.2-5.

The Vessel System pressure relief block valve interlock utilizes interlock limit switches located on the
valve actuator. The actuator relays a located in the motor control centers associated with the block

valves.

7.2.2.4.3 Subsystem Operating Modes

The special nuclear area instrumentation is operable during all plant modes.

The status of the plant is monitored at all times and interlock actions a initiated as required. Portions

of the system may be bypassed for
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surveillance, testing, and maintenance; however, due to the subsystem's
redundancy this does not necessitate loss of the function. Operation of the
plant with portions of the special nuclear area instrumentation out of service
is governed by the plant procedures.

Shutdown of the entire special nuclear area instrumentation to perform
maintenance is generally not required because of the redundancy of the
subsystem. To the extent possible, maintenance and partial shutdown of the
special nuclear area instrumentation will be performed during scheduled plant
shutdowns.

Abnormal operation of the special nuclear area instrumentation is limited to
operation with the subsystem operating in a degraded mode (failed or

inoperable equipment).

The Special Nuclear Area Instrumentation Subsystem is designed not to
adversely affect plant availability with a single failure.

The cause of failed equipment or input channel measurements will be
determined, corrected, and the equipment repaired in a timely fashion.

7.2.2.4.4 Subsystem Limitations

The Special Nuclear Area Instrumentation Subsystem is a two channel
subsystem. Since it has a degree of redundancy of one, it is limited to being
able to perform its function with one of the redundant channels failed.

7.2.2.5 Design Evaluation

7.2.2.5.1 Failure Modes and Effects

Vessel System Relief Valve Block Valve Closure Interlock. The interlock
function is accomplished when the power necessary to drive the block valves
closed is interrupted. The interlock does not interfere with opening the
block valves individually (or simultaneously). The system is a one-out-of-two
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logic arrangement where actuation of either logic train interrupts the block valve power for closing the
other block valve. Loss of power or single circuit failures could prevent block valve closure which is
the fail safe mode.

Information Dsplays. The safety protection, investment protection, and accident monitoring information
displays located in the remote shutdown area are designed using a redundant computer based acquisition
processing and display subsystem. Therefore, failure of any single component will not result in failure
of the subsystem. Portions of the subsystem required for accident monitoring will be qualified for the
accident conditions during which it is expected to perform.

7.2.2.5.2 Steady-State Performance

The steady-state performance is with the subsystem operating and continuously monitoring inputs. Output
signals and display as required a generated for use on demand. The general use of this subsystem is
for determining the status of protection systems, performance of protection systems, status of bypasses,
and accident monitoring.

7.2.2.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AQOs) are described in Section 11.6. In this section only the
response of the Special Nuclear Area Instrumentation Subsystem is described. The response of the
Special Nuclear Area Instrumentation Subsystem to all A0s is as follows:

1. Monitors and displays in the control room and the remote shutdown area all Safety
Protection and Investment Protection Subsystem sensor channels before, during, and after
all A0s.

2. Monitors and displays in the control room and the remote shutdown area Safety
Protection and Investment Protection Subsystem actuated device states before, during, and
after all A0s.
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3. Monitor's and displays in the control room and the remote shutdown area Safety
Protection and Investment Protection Subsystem operability and status before, during, and
after all A00s.

4. Monitors and displays in the control room and the remote shutdown aa the minimum
set of parameters necessary to determine that plant radionuclide control is maintained
before, during, and after all A0s.

7.2.2.5.4 Design Basis Event Perfornance

Design basis events (DBEs) a described in Chapter 15. In this section only the response of the Special
Nuclear Aa Instrumentation Subsystem is described. The response of the Special Nuclear Area
Instrumentation Subsystem to all DBEs is identical, except where noted, and is as follows:

1. Monitors and displays in the control moom and the remote shutdown area all Safety
Protection and Investment Protection Subsystems' sensor channels before, during, and
after all DBEs.

2. Monitors and displays in the control room and the remote shutdown area all Safety
Protection and Investment Protection subsystems' actuated device states before, during,
and after all DBEs.

3. Monitors and displays in the control room and the remote shutdown area all Safety
Protection and Investment Protection Subsystems' operability and status before, during,
and after all DBEs.

4. Monitors and displays in the control room and the remote shutdown area the minimum
set of parameters necessary to determine that plant radionuclide control is maintained
before, during, and after all DBEs.

In DBE-1, loss of Heat Transport System and Shutdown Cooling System cooling, the Special Nuclear
Area Instrumentation Subsystem continues to operate fm the uninterruptible power system.
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For DBE-5, 0.3 earthquake, the Special Nuclear Area Instrumentation

Subsystem is seismically qualified to be operable following a 0.3 g seismic

event.

Except as noted above, environmental conditions or plant performance

parameters experienced during DBEs have no effect on the ability of the

Special Nuclear Area Instrumentation Subsystem to perform its function.

7.2.2.6 Interfaces

Interface requirements imposed on other systems or subsystems by the Special

Nuclear Area Instrumentation Subsystem are identified in Table 7.2-7, which

also includes a description of the interface and a quantitative expression for

the interface.

7.2.3 Investment Protection Subsystem

7.2.3.1 Summary Description

The Investment Protection Subsystem provides the sense and command features

necessary to sense plant variables, detect abnormal conditions, and initiate

protective actions required to protect the plant investment. The Investment

Pr tection Subsystem protects major plant equipment and is, therefore,

investment risk oriented. It is not required to prevent DEs from exceeding

10CFR100 limits; therefore, it is not "safety relatedn. The investment

pr tection provides an integrated response to various plant upsets and events

to ensure that major equipment damage limits are not exceeded. The subsystem

uses redundancy and other system characteristics to meet the plant investment

and availability goals. Each reactor module has a separate and independent

Investment Protection Subsystem. The Investment Protection Subsystem is part

of the PPIS and is separate and independent of all other plant instrumentation

and controls.
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7.2.3.2 Functions and 10CFRl00 Design Criteria

7.2.3.2.1 Power Generation Functions

The power generation function of the Investment Protection Subsystem is to

protect the capability to maintain energy production, shutdown, refueling, and

startup/shutdown by sensing process variables to detect abnormal plant

conditions and actuating a reactor trip to maintain plant parameters within

acceptable limits.

7.2.3.2.2 Radionuclide Control Functions

The functions of the Investment Protection Subsystem for maintaining control

of radionuclide release are to limit heat generation, within acceptable

limits, to limit radiation transport from the primary coolant, and to control

chemical attack on the fuel particles by sensing process variables to detect

plant conditions and actuating various equipment.

7.2.3.2.3 Classification

This subsystem is not "safety related". Since the Investment Protection

Subsystem does not perform any 1CFR100 related radionuclide control

functions, no special classification is applied to it. However, the

subsystems will have appropriate reliability to meet other Top-Level

Regulatory Criteria and user requirements.

7.2.3.2.4 10CFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to this subsystem.

7.2.3.3 Radionuclide Control Design Requirements

1. The Investment Protection Subsystem shall sense plant process

variables to detect abnormal plant conditions and actuate equipment to

maintain plant param ters within limits that assure that 10CFR50
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Appendix I, 1CFR20, and user requirement radionuclide release limits

are not exceeded.

2. The Investment Protection Subsystem shall be designed, fabricated, and

erected to performance standards that will enable it to withstand the

forces that might be imposed by an earthquake with ground acceleration

levels corresponding to a 0.3 g earthquake.

3. The Investment Protection Subsystem shall be capable of performing its

functions before, during, and for an adequate time after being

subjected to the environmental conditions associated with normal plant

operation, abnormal plant operation, and design basis events.

7.2.3.4 Design Description

Each reactor module has a separate and independent Investment Protection

Subsystem.

The investment protection function is implemented on a per reactor basis with

a remote multiplexed, microprocessor-based modular protection system. The

protection system architecture consists of multiple optical digital data

highways from the local multiplex units communicating with four centrally

located, separate, redundant computers to implement the four-channel

protection subsystem for each reactor module.

Each Investment Protection Subsystem consists of five supporting trip

subsystems. Each trip subsystem consists of four separate (redundant)

instrument channels and redundant two-out-of-four coincidence solid-state

logic to initiate a protective action. Each instrument channel includes the

field-mounted sensors, electronic signal conditioning equipment, and

electronic trip setpoint comparator to provide a trip signal when the process

variable value reaches the trip setpoint. The two-out-of-four coincidence

logic circuitry provides a protective action initiation signal when any two or

more separate instrument channels reach the trip setpoint. The protective

action initiation signal is sent to separate and redundant actuation devices.
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The boundaries of the Investment Protection Subsystem are generally from, and including, the sensors
to the input of the actuation devices.

The Investment Protection Subsystem operator interfaces are located in the PPIS equipment room in the
Reactor Building, the control room in the Operations Center and the remote shutdown area in the Reactor
Service Building. The operator interfaces include color video displays, function input devices, and
keyboards. In addition, data on the Investment Protection Subsystem are transmitted through a
unidirectional isolator to the Data Management Subsystem for display by the Plant Supervisory Control
Subsystem in the main control room. Manual inputs to the Investment Protection Subsystem a provided
in the main control room. The remote shutdown area operator interfaces provide the reactor operators
with the capability of initiating investment protection trip actions and taking the necessary actions to shut
down the plant from a position remote from the main control room.

7.2.3.4.1 Subsystem Configuration

The Investment Protection Subsystem is composed of the following subsystems for each reactor module:

I. Reactor Trip Using Inner Control Rods

The reactor trip using the inner control rods acts as a "nonsafety-related" reactor trip for
use during reactor startup and rise to power maneuvering. This subsystem initiates a
rapid reduction in reactor power following the receipt of a reactor trip signal from the
"safety-related" outer control rod reactor trip subsystem. The inner control rod reactor
trip is inhibited by an automatic operating bypass once all six inner control rods a ffll
out and one bank of three outer control rods are full outL This operating bypass reduces
the investment risk to the inner control rods of possible exposure to elevated conduction
cooldown temperatures. The manual reactor trip initiation is located in the circuitry
downstream of the bypass and as such it overrdes the bypass. A simplified one-channel
block diagram of the Inner Control Rod Reactor Trip Subsystem is shown in
Figure 7.2-7.
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2. Shutdown Cooling System Initiation

The Shutdown Cooling System Initiation Subsystem starts the Shutdown
Cooling System upon loss of main loop cooling.

The Shutdown Cooling System Initiation Subsystem trip inputs, each
derived from four separate and redundant channels, are:

.lain loop shutdown (to start the Shutdown Cooling System)

b. Manual initiation (to provide independent backup to automatic trip
systems)

A simplified one-channel block diagram of the Shutdown Cooling System

Initiation Subsystem is shown in Figure 7.2-8.

Steam Generator Isolation and Dump

This subsystem limits the quantity of water that can leak into the
reactor vessel because of a steam generator tube leak, limiting damage
to the reactor core and protecting the vessel . *ssure boundary.

Upon detection of high moisture concentration in the primary coolant,
the steam generator isolation and dump subsystem automatically
initiates a main loop shutdown and automatically opens the steam
generator dump valves to allow its secondary coolant inventory to be
rapidly dumped. The protection is completed when all isolation valves
are closed, and the dump valves have cycled open sufficiently to
-educe steam generator pressure to slightly above primary coolant

pressure, and then the dump valves are closed.

The trip inputs to the steam generator isolation and dump subsystem
are high primary coolant moisture concentration and manual
initiation. Four separate and redundant primary coolant loop moisture
measurement signals are provided by the investment protection moisture

monitors.
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The steam generator isolation and dump actuated equipment includes the steam generator
dump valves and the main loop shutdown actuated equipment.

A simplified one-channel block diagram of the steam generator isolation and dump
subsystem is shown in Figure 7.2-9.

4. Primary Coolant Pressure Pumpdown

The primary coolant pressure pumpdown subsystem starts a controlled pressure
pumpdown of the primary helium coolant through the Helium Purification Subsystem
following detection of a primary coolant leak and subsequent reactor trip. Ths primary
coolant pumpdown reduces investment risk by limiting the release of radioactive helium
into the Reactor Building. The trip inputs to this subsystem are primary coolant pressure
low and Reactor Building radiation high, and manual initiation.

A simplified one-channel block diagram of the primary coolant pressure pumpdown
subsystem is shown in Figure 7.2-10.

7.2.3.4.2 Subsystem Arrangement

The Investment Protection Subsystem is arranged into modular electronic components with four separate
channels. Each of the four Standard MHTGR reactor modules has a separate four channel Investment
Protection Subsystem. The components for each reactor module a associated with that reactor module.
The Investment Protection Subsystem operator interface equipment is provided by the Special Nuclear
Area Instrumentation Subsystem and is located in the PPIS equipment room, the control room, and remote
shutdown area. These functional components of the Plant Protection and Instrumentation System and their
locations are shown in Figure 7.2-5.
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7.2.3.4.3 Subsystem Operating Modes

The Investment Protection Subsystem is operable during all plant modes. The

status of the plant is monitored at all times and trip actions are initiated

as required. Continual surveillance of the Investment Protection Subsystem is

performed automatically through self-diagnostic routines and abnormal

conditions are indicated. Portions of the subsystem may be bypassed for

surveillance, testing, and maintenance; however, because of the subsystem's

redundancy this does not necessitate loss of the protective function. The

sense and command two-out-of-four coincidence logic automatically reverts to

two-out-of-three coincidence logic when one channel is bypassed for

maintenance.

Shutdown of the entire Investment Protection Subsystem is generally not

required to perform maintenance because of the redundancy of the channels.

Inadvertent shutdowns of redundant portions of the Investment Protection

Subsystem can result in unprotected plant operation due to the characteristics

of the design.

The Investment Protection Subsystem is designed not to adversely affect plant

availability in the event of a single failure. Therefore, a single failed

component of input channel will not cause an unwanted (spurious) subsystem

trip n r prevent a required one.

The cause for spurious channel trips will be determined, corrected, and the

channel reset in a timely fashion. Continued plant operation with an input

channel in a tripped condition is undesirable because a second channel trip

will result in an unwanted subsystem trip. The two-out-of-four coincidence

logic allows the maintenance bypass of one spuriously tripped channel. In

this case the logic reverts to two-out-of-three coincidence logic and a degree

f redundancy of one is maintained. The Investment Protection Subsystem may

be operated in a degraded condition as long as a degree of redundancy of one

is maintained.
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7.2.3.4.4 Subsystem Limitations

Trip setpoints are established conservatively to assure that component damage

limits are not reached. Figure 7.2-6 illustrates the relationship between

trip setpoints and damage limits, and analysis trip levels used in DBE and

SRDC analysis. The limiting system settings conservatively bound component

damage thresholds so that if the limiting system setting is reached, automatic

protective action corrects the abnormal situation before the damage threshold

is exceeded. The limiting system setting considers sensor calibration errors,

instrument accuracy, and transient overshoot. The actual system settings

(trip setpoints), are bounded conservatively by the limiting system settings

considering allowance for instrument and setpoint drift. The lower setpoint

limit is specified to prevent unneccessary system trips during normal

operating transients. The actual system setting is the trip setpoint

specified in the system operation and maintenance procedures.

The analysis trip levels and trip setpoints (actual system settings) for the

Investment Protection Subsystem are shown in Table 7.2-8.

Dynamic transient analysis has been performed at an analysis trip level. The

actual protection system setting (nominal trip setpoint) is below this

analysis trip level, as shown in Figure 7.2-6, and reflects allowances for

calibration errors, instrument accuracy, transient overshoot, instrument and

setpoint drift, etc.

7.2.3.5 Design Evaluation

7.2.3.5.1 Failure Modes and Effects

The Investment Protection Subsystem is redundant and single failure proof.

Therefore, failure of one component does not prevent the ability of the system

to respond correctly when required. Failures within the subsystem are either

alarmed immediately or become apparent during the routine surveillance and

testing of the subsystem.
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Design features are included to help the operator verify that Investment

Protection Subsystem degree of redundancy of at least one is always

maintained. For example, whenever any essential protection system component

is bypassed, such that a protection channel is inoperable, a continuous

protection system bypass indication/alarm is displayed in the remote shutdown

area and in the main control room. Whenever one protection channel of the

two-out-of-four logic is disconnected or bypassed, a degree of redundancy of

one is maintained. Whenever a one-out-of-two actuation device is disconnected

or bypassed, the time of inoperability will be kept to a minimum and will be

within acceptable protection system reliability analysis constraints.

Whenever the two-out-of-four logic protection system is operated with one

channel tripped (i. e. , the remaining channels in a one -out -of -three operating

mode) extreme care will be exercised to avoid the introduction of spurious

signals which could cause a spurious trip signal and subsequent impact on

plant availability.

The Investment Protection Subsystem is designed to fail into a safe state (or

into a state demonstrated to be acceptable) on conditions such as

disconnection of the system, loss of energy, and loss of HVAC.

Portions of the subsystem, where power is required to perform an action and it

is potentially detrimental to the plant availability to spuriously initiate

such actions (i.e., isolate main cooling loop), utilize transmission logic

(energize to initiate action). This means the subsystem requires power to

initiate protective action and no action occurs on loss of power or loss of

signal.

7.2.3.5.2 Steady-State Performance

The required steady-state performance of the Investment Protection Subsystem

is to remain operable during all plant operating modes and to monitor various

plant parameters to detect abnormal plant conditions and perform protective

action to limit investment risk.
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Anticipated operational occurrences (AOOs) are described in Section 11.6. In

this section only the response of the Investment Protection Subsystem to As

is described. A summary of the AOO trip functions of the Investment

Protection Subsystem is shown in Table 7.2-3.

AOO-1(A) Loss of Main Loop Cooling. After receiving a main loop shutdown

signal, the Investment Protection Subsystem initiates shutdown cooling.

AOO-l(B) Loss of Offsite Power and Turbine TriD. The Investment Protection

Subsystem response to AOO-l(B) is identical to AOO-1(A).

AOO-l(C) Surious Reactor Trip With Cooling on HTS. The Investment Protection

Subsystem has no response to AOO-1(C) other than to continue to be operable.

AOO-l(D) Main Loov Transient Without Reactor Trip. The Investment Protection

Subsystem has no response to AOO-1(D) other than to continue to be operable.

AOO-2 Loss of Main Loon Cooling and Shutdown Cooling., The Investment

Protection Subsystem has no response to AOO-2 other than continue to be

operable.

AOO-3 Rod Withdrawal with Reactor TriR and Cooling on HTS. The Investment

Protection Subsystem has no response to AOO-3 other than to continue to be

operable.

AOO-4 Small Steam Generator Leak. The moisture monitor detects high primary

coolant moisture concentration which causes reactor trip using the outer

control rods and steam generator isolation and dump. The reactor trip signal

is commanded by the Safety Protection Subsystem. Steam generator isolation is

performed by a main loop shutdown command. The steam generator dump valves

open, the steam generator inventory is emptied into a dump tank, and the dump

valves close. After receiving the main loop shutdown signal, the Investment

Prot ction Subsystem initiates shutdown cooling.I
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AOO-5 Small Primary Coolant Leak. When the primary coolant pressure decreases

to the low setpoint and high Reactor Building radiation is detected the Helium is

Purification System is commanded to begin a primary coolant pumpdown to perform

a controlled depressurization of the primary coolant. Upon receipt of a main

loop shutdown signal, the Investment Protection Subsystem initates shutdown

cooling.

7.2.3.5.4 Design Basis Event Performance

Design basis events (DBEs) are described in Chapter 15. In this section only

the response of the Investment Protection Subsystem to DBEs is described. A

summary of DBE trip functions of the Investment Protection Subsystem is shown

in Table 7.2-4.

DBE-1 Loss of HTS and SCS Cooling. The initiating event for DBE-1 is loss of

offsite power and turbine trip. A loss of offsite power and turbine trip

causes a loss of all primary ac power supplies. This causes the main loop

helium circulator to coast down because of loss of power. Main loop shutdown

signals for Shutdown Cooling System initiation but the SCS fails to start due

to failure of standby ac power.

DBE-2 HTS Transient Without Control Rod TriR. Trouble with the main cooling

loop is detected as a circulator speed to feedwater flow mismatch which causes

a main loop shutdown. Main loop shutdown signals for Shutdown Cooling System

(SCS) initiation.

DBE-3 Rod Withdrawal Without HTS Cooling. The initiating event for DBE-3 is an

inadvertent control rod bank withdrawal. DBE-3 also includes a main loop

upset. Main loop shutdown signals for Shutdown Cooling System initiation.

DBE-4 Rod Withdrawal Without HTS and SCS Cooling. The response of the

Investment Protection Subsystem to DBE-4 is identical to DBE-3 but DBE-4 also

includes SS failure to start.

DBE-5 Earthguake. The initiating event for DBE-5 is a 0.3 g earthquake. It is

assumed that the main cooling loop is upset. Main loop shutdown signals for

Shutdown Cooling System initiation.
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The Investment Protection Subsystem and its auxiliary supporting features are designed to withstand a
0.3 g earthquake and perform their functions.

DBE-6 Moisture Inleakage. The initiating event for DBE-6 is a steam generator offset tube rupture and
subsequent large moisture ingress rate.

The moisture monitor detects high primary coolant moisture concentration which causes reactor trip using
the outer control rods and steam generator isolation and dump. The reactor trip signal is commanded by
the Safety Protection Subsystem. Steam generator isolation is performed as a main loop shutdown. The
steam generator dump valves open, the steam generator inventory is emptied into a dump tank, and the
dump valves close. Main loop shutdown also signals for Shutdown Cooling System initiation.

DBE-7 Moisture Inleakage Without SCS Cooling. The response of the Investment Protection Subsystem
to DBE-7 is identical to DBE-6 but DBE-7 also includes SCS failure to start.

DBE-8 Moisture Inleakage With Moisture Monitor Failure. The initiating event for DBE-8 is a small
steam generator leak and subsequent small moisture ingress rate. The moisture monitor is assumed to
fail to detect the moisture ingress. The reactor operator performs a manual initiation of steam generator
isolation and dump from the PPIS operator interface located in the control room or the remote shutdown
area.

Steamn generator isolation is performed as a main loop shutdown. The steam generator dump valves open.
the steam generator inventory is emptied into a dump tank, and the dump valves close. Main loop
shutdown also signals for Shutdown Cooling System initiation.

DBE-9 Moisture Inleakage With Steam Generator Dump Failure. The initiating event for DBE-9 is a
small steam generator leak and subsequent small moisture ingress rate. The moisture monitor detects high
primary coolant moisture concentration which causes a reactor trip using the outer control rods and steam
generator isolation and dump. The reactor trip is commanded by the
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Safety Protection Subsystem. Steam generator isolation is performed as a main

loop shutdown. The steam generator dump valves open and the steam generator

inventory is emptied into a dump tank. DBE-9 assumes the steam generator dump

valves fail to reclose. Main loop shutdown also signals for Shutdown Cooling

System initiation.

DBE-10 Primary Coolant Leak. The initiating event for DE-10 is a moderate

primary coolant leak which causes a rapid depressurization of the primary

co lant. When the primary coolant pressure decreases to the low setpoint and

high Reactor Building radiation is detected the Helium Purification System is

commanded to begin a primary coolant pumpdown to perform a controlled

depressurization of the primary coolant. This pumpdown is assumed to be

ineffective because of the size of the primary coolant leak. When a main loop

shutdown is initiated, the SCS is commanded to start.

DBE-11 Primary Coolant Leak Without HTS and SCS Cooling. The initiating event

for DBE-11 is a small primary coolant leak and subsequent slow primary coolant

depressurization. This DBE assumes that the main cooling loop is upset 15

hours into the DE.

Main loop shutdown signals for SCS initiation.

When the primary coolant pressure decreases to the low setpoint and high

Reactor Building radiation is detected the Helium Purification Subsystem is

commanded to begin a primary coolant pumpdown to perform a controlled

depressurization of the primary coolant.

7.2.3.6 Interfaces

Interface requirements imposed on other systems or subsystems by the

Investment Protection Subsystem are identified in Table 7.2-9, which also

includes a description of the interface and a quantitative expression for the

interface.
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TABLE 7.2-1

SCOPE OF THE PLANT PROTECTION AND INSTRUMENTATION SYSTEM

Safety Protection Special Nudler Area Investment

Subsystem Instrumentation Protection Subsystem

Reactor trip using Vessel System pressure Reactor trip using

outer control rods relief block valve inner control rods

closure interlock

Reactor trip using Safety protection Steam generator

reserve shutdown information displays isolation and dump

control equipment

Main loop shutdown Investment protection Shutdown cooling

information displays system initiation

Post-accident monitoring Primary coolant

instrumentation and pressure pumpdown

displays
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TABLE 7.2-IA
SAFETY PROTECTION SUBSYSTEM SENSE, COMMAND AND EXECUTE FEATURES

PROTECTIVE AMTON SENSORS COMMAND LOGIC EXECUTE LOGIC ACTUATED EQUIPMENT
Reactor Trip using Outer 4 independent Neutron 2-out-of-4 coincidence Dual 2-out-of4 (one Independent control rodsControl Rods Flux Channels ("safety- logic 2-out-of-4 matrix of located in outer reflectorrelated") electrical contactors

in outer control rod4 independent Helium holding power line
Mass Flow Channels and another 2-out-
("safety-related") ofA4 matrix of

electrical contactors4 independent Primary in return line)
Coolant Pressure
Channels ("safety-
related")

4 independent Primary
Coolant Moisture
Concentration Channels
(not "safety-related")

4 independent Main Loop
Trip Signals (not "safety-
related")

4 independent Steam
Generator Inlet Helium
Temperature Channels
(not "safety-related")

4 independent Manual
Initiation Inputs
(2 locations) (not "safety-
related")
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TABLE 7.2-1IA (Cont)

PROTECTIVE ACTION SENSORS COMMAND LOGIC EXECUT7E LOGIC ACTUATED EQUIPMENT_

Reactor Trip Using 4 independent Neutron 2-out-of-4 coincidence I -out-of-2 2 independent hoppers of
Reserve Shutdown Flux Channels (these are logic coincidence logic (2 reserve shutdown material
Control Equipment the same "safety-related" fusible links for each located in each of the 6

Neutron Flux Channels RSCE mechanism, inner neutron control
used for the reactor trip each powered by a assemblies
using the outer control separate and
rods) independent Essential

DC Electrical system
4 independent Circulator channel
Speed Channels ("safety-
related")

4 independent Primary
Coolant Pressure
Channels (these a the
same "safety-related"
Primary Coolant Pressure
Channels used for the
reactor trip using the
outer control rods)

4 independent Manual
Initiation Inputs
(2 locations) (not "safety-
related")
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TABLE 7.2-IA (Cont)
PROTECTIVE ACTION SENSORS COMMAND LOGIC EXECUTE LOGIC ACTUATED EQUIPMENT
Main Loop Shutdown 4 independent Primary 2-out-of-4 l-out-of-2 2 independent circulator motor

Coolant Pressure Channels coincidence logic coincidence logic electrical contactors
(these a the same
"safety-related" Primaiy 2 independent super-heater
Coolant Pressure Channels outlet block valves
used for the reactor trip
using the outer control 2 independent feedwater block
rods) valves

4 independent Orculator
Speed Channels (these ae
the same "safety-related"
channels used for the
reactor trip using the
RSCE)

4 independent Feedwater
Flow Channels (not
"safety-related")

4 independent Main Steam
Temperature Channels (not
"safety-related")

4 independent Steam
Generator Isolation and
Dump Signals (not "safety-
related-)

4 independent Manual
Initiation Inputs
(2 locations) (not "safety-
related")
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TABLE 7.2-2

SAFETY PROTECTION SUBSYSTEM ANALYSIS TRIP LEVELS AND SETPOINTS

Nominal Setpoint
Analysis (Actual Protection
Trip Level System Setting)

Reactor Trip Using
Outer Control Rods

Neutron flux (%) 1.50 1.40
to helium mass
flow (%) ratio

Primary coolant
pressure - high 7.07 MPa (1025 psia) 7.00 MPa (1015 psia)

Primary coolant
pressure - low 5.69 MPa (825 psia) 5.76 MPa (835 psia)

and
Neutron Flux - greater than 12% 10%

Steam generator helium 7600 C (1400-F) 746-C (13750 F)
inlet temperature

Primary coolant moisture 1200 ppmv 1000 ppmv
concentration

Reactor Trip Using
Reserve Shutdown System

Neutron flux (%) to 1.90 and 50 sec 1.80 and 30 sec
circulator speed (%) ratio time delay time delay

Primary coolant 7.07 MPa (1025 psia) 7.00 MPa (1015 psia)
pressure

Main Loon (HTS) Shutdown

Primary coolant pressure - 7.07 MPa (1025 psia) 7.00 MPa (1015 psia)
high

Circulator speed (high or +1487 rpm +1144 rpm
low compared to nominal
circulator speed programmed
by feedwater flow)

Primary coolant pressure 4.31 MPa (625 psia) 4.41 MPa (640 psia)
and

Main steam temp rature 3850 C (725-F) 3930 C (7400 F)
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TABLE 7.2-3

PLANT PROTECTION AND INSTRUMENTATION SYSTEM AO PERFORMANCE

Safety Protection Subsystem Investment Protection Subsystem

Trip Parameter Protective Action TriR Parameter Protective Action

AOO-l(A) Loss Neutron flux to Reactor trip (outer Main loop shutdown Shutdown Cooling

of Main Loop helium mass flow control rods) System initiation

Cooling ratio - high

Circulator speed Main loop shutdown

to feedwater flow (which in turn signals

mismatch for outer control rod

reactor trip and

Shutdown Cooling

System initiation)

AOO-l(B) Loss Neutron flux to Reactor trip (outer Main loop shutdown Shutdown Cooling

of Offsite helium mass flow control rods) System initiation

Power and ratio - high

Turbine Trip
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TABLE 7.2-3 (ont)

Safety Protection Subsystem Investment Protection Subsystem

TriR Parameter Protective Action TriR Parameter Protective Action

AOO-l(B) Circulator speed Main loop shutdown

(Cont.) to feedwater flow (which in turn signals

mismatch for outer control rod

reactor trip and

Shutdown Cooling

System initiation)

AOQ-l(C) Spu- None None None None

rious Reactor

Trip with

Cooling on HTS

AOO-1(D) Main None None None None

Loop Transient

Without

Reactor Trip
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TABLE 7.2-3 (Cont)

Safety Protection Subsystem Investment Protection Subsystem

TriR Parameter Protective Action Trip Parameter Protective Action

AOO-2 Loss of Neutron flux to Reactor trip (outer None None

Main Loop helium mass flow control rods)

Cooling and ratio - high

Shutdown

Cooling Circulator speed Main loop shutdown

to feedwater flow (which in turn signals

mismatch for outer control rod

reactor trip and

Shutdown Cooling

System initiation)

AOO-3 Rod Neutron flux to Reactor trip (outer None None

Withdrawal helium mass flow control rods)

With Reactor ratio - high

Trip and

Cooling on HTS

AOO-4 Small Primary coolant Reactor trip (outer Primary coolant Steam generator

Steam enerator moisture - high control rods) moisture - high i s oa t i on and

dump leak
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TABLE 7.2-3 (Cont)

Safety Protection Subsystem Investment Protection Subsystem

TriR Parameter Protective Action Trip Parameter Protective Action

AOO-4 Steam generator Main loop shutdown Main loop shutdown Shutdown Cooling

(Cont.) isolation and dump (which in turn signals System initiation

for outer control rod

reactor trip and

Shutdown Cooling

System initiation)

AOO-5 Small Primary coolant Reactor trip (outer Primary coolant Primary coolant

Primary Coolant pressure-low control rods) pressure - low pumnpdown

Leak and

Reactor building

radiation - high

Primary coolant Main loop shutdown Main loop shutdown Shutdown Cooling

pressure - low (which in turn signals System initiation

and for outer control rod

Main steam tem- reactor trip and

perature - not low Shutdown Cooling

System initiation

4 of 4 Amendment 2
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TABLE 7.2-4

PLANT PROTECTION AND INSTRUMENTATION SYSTEM DBE PERFORMANCE

Safety Protection Subsystem Investment Protection Subsystem

TriR Parameter Protective Action Trip Parameter Protective Action

DBE-l Lss of Neutron flux to Reactor trip (outer Main loop shutdown Shutdown Cooling

HTS and SCS helium mass flow control rods) System initiation

Cooling ratio - high

Circulator speed Main loop shutdown (which

to feedwater flow in turn signals an outer

mismatch control rod reactor trip

and Shutdown Cooling

System initiation)

DBE-2 HTS Neutron flux to Reactor trip (Reserve Main loop shutdown Shutdown Cooling

Transient circulator speed Shutdown Control System initiation

Without ratio - high Equipment)

Control Rod

Trip Circulator speed Main loop shutdown (which

to feedwater flow in turn signals an outer

mismatch control rod reactor trip

and Shutdown Cooling

System initiation)
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TABLE 7.2-4 (Cont)

Safety Protection Subsystem Investment Protection Subsystem

TriR Parameter Protective Action TriR Parameter Protective Action

DBE-3 Rod Neutron flux to Reactor trip (outer Main loop shutdown Shutdown Cooling

Withdrawal helium mass flow control rods) System initiation

Without HTS ratio - high

Cooling

Circulator speed Main loop shutdown (which

to feedwater flow in turn signals an outer

mismatch control rod reactor trip

and Shutdown Cooling

System initiation)

DBE-4 Rod Neutron flux to Reactor trip (outer Main loop shutdown Shutdown Cooling

Withdrawal helium mass flow control rods) System initiation

Without HTS ratio - high

and SS Cooling

Circulator speed Main loop shutdown (which

to feedwater flow in turn signals an outer

mismatch control rod reactor trip

and Shutdown Cooling

System initiation)

2 of 6
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TABLE 7.2-4 (ont)

Safety Protection Subsystem Investment Protection Subsystem

Trip Parameter Protective Action Trip Parameter Protective Action

DBE-5 Neutron flux to Reactor trip (outer Main loop shutdown Shutdown Cooling

Earthquake helium mass flow control rods) System initiation

ratio - high

Circulator speed Main loop shutdown (which

to feedwater flow in turn signals an outer

mismatch control rod reactor trip

and Shutdown Cooling

System initiation)

DBE-6 Moisture Primary coolant Reactor trip (outer Primary coolant Steam generator

Inleakage moisture - high control rods) moisture - high isolation and dump

Steam generator Main loop shutdown (which Main loop shutdown Shutdown Cooling

isolation and in turn signals an outer System initiation

dump control rod reactor trip

and Shutdown Cooling

System initiation)
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TABLE 7.2-4 (Cont)

Safety Protection Subsystem Investment Protection Subsystem

Trip Parameter Protective Action TriR Parameter Protective Action

DBE-7 Moisture Primary coolant Reactor trip (outer Main loop shutdown Shutdown Cooling

inleakage With- moisture - high control rods) System initiation

out SCS Cooling

Steam generator Main loop shutdown (which Primary coolant Steam generator

isolation and in turn signals an outer moisture - high isolation and dump

dump control rod reactor trip

and Shutdown Cooling

System initiation)

DBE-8 Moisture Primary coolant Reactor trip (outer Main loop shutdown Shutdown Cooling

Inleakage with pressure - high control rods) System initiation

Moisture Moni- Reactor trip (Reserve

tor Failure Shutdown Control Manual input Steam generator

Equipment) isolation and dump

Main loop shutdown (which

in turn signals an outer

control rod reactor trip

and Shutdown Cooling

System initiation)
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TABLE 7.2-4 (ont)

Safety Protection Subsystem Investment Protection Subsystem

TriR Parameter Protective Action Trip Parameter Protective Action

DBE-9 Moisture Primary coolant Reactor trip (outer Primary coolant Steam generator

Inleakage With moisture-high control rods) moisture-high isolation and dump

Steam Generator

Dump Failure Steam generator Main loop shutdown (which Main loop shutdown Shutdown Cooling

isolation and dump in turn signals an outer System initiation

control rod reactor trip

and Shutdown Cooling

System initiation)

DBE-10 Primary Primary coolant Reactor trip (outer Primary coolant Primary coolant

Coolant Leak pressure-low control rods) pressure-low pumpdown

and

Reactor building

radiation-high

Primary coolant Main loop shutdown (which Main loop shutdown Shutdown Cooling

pressure-low in turn signals an outer System initiation

and control rod reactor trip

Main steam tem- and Shutdown Cooling System

perature - not low initiation)
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TABLE 7.2-4 (Cant)

Safety Protection Subsystem Investment Protection Subsystem

Trip Parameter Protective Action TriR Parameter Protective Action

DBE-11 Primary Primary coolant Reactor trip (outer Main loop shutdown Shutdown Cooling

Coolant Leak pressure - low control rods System initiation

Without HTS

and SS Cooling Circulator speed Main loop shutdown (which Primary coolant Primary coolant

to feedwater flow in turn signals an outer pressure - low pumnpdown

mismatch control rod reactor trip and

and Shutdown Cooling Reactor building

System initiation) radiation - high

6 of 6



HTGR- 86-024

TABLE 7.2-5
SAFETY PROTECTION SUBSYSTEM SRDC PERFORMANCE

Trip Parameter Protective Action

SRDC-l Pressurized Neutron flux to helium Reactor trip
conduction cooldown mass flow ratio - high (outer control rods)

SRDC-2 Pressurized Neutron flux to circulator Reactor trip
conduction cooldown speed ratio - high (Reserve Shutdown
without control rod trip Control Equipment)

SRDC-3 Pressurized Neutron flux to helium Reactor trip
conduction cooldown mass flow ratio - high (outer control rods)
with control rod
withdrawal

SRDC-4 Pressurized Neutron flux to helium Reactor trip
conduction cooldown. mass flow ratio - high (outer control rods)
with control rod
withdrawal

SRDC-5 Pressurized Neutron flux to helium Reactor trip
conduction cooldown mass flow ratio - high (outer control rods)
with earthquake

SRDC-6 Depressurized Neutron flux to helium Reactor trip
conduction cooldown with mass flow ratio - high (outer control rods)
moderate moisture
ingress Primary coolant pressure Reactor trip

-high (outer control rods)
Reactor trip
(Reserve Shutdown
Control Equipment)

Main loop shutdown

SRDC-7 Depressurized Neutron flux to helium Reactor trip
conduction cooldown. with mass flow ratio - high (outer control rods)
moderate moisture
ingress Primary coolant pressure Reactor trip

- high (outer control rods)
Reactor trip
(Reserve Shutdown
Control Equipment)
Main loop shutdown

1 of 2
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TABLE 7.2-5 (Cant)

Trio Parameter Protective Action

SRDC-8 Depressurized Primary coolant pressure Reactor trip
conduction cooldown with - high (outer control rods)
small moisture ingress Reactor trip

(Reserve Shutdown
Control Equipment)
Main loop shutdown

SRDC-9 Depressurized No "safety-related' trip
conduction cooldown with required
small moisture ingress

SRDC-10 Depressurized Primary coolant pressure Reactor trip
conduction cooldown - low (outer control rods)
with moderate primary
coolant leak

SRDC-11 Depressurized Primary coolant pressure Reactor trip
conduction cooldown with -low (outer control rods)
small primary coolant
leak

2 of 2
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TABLE 7.2-6

IDENTIFICATION OF INTERFACES FOR SAFETY PROTECTION SUBSYSTEM

Interfacing Systems Nature of Interface Interface Requirements

Reactor System Provide control rod drive Quantity: One control rod mechanism for each

(Neutron Control Subsystem) mechanism to act as the outer control rod. One redundant actuated

safety system actuated reserve shutdown mechanism in each inner rod

equipment for the reactor drive mechanism assembly.

trip subsystem.

Physical Interface: Function only.

Provide for installation of Quantity: Two two-out-of-four logic

control rod holding coil matrices.

current relay/contactors in

both sides of the current Physical Interface: Electrical signals.

loop to act as the

actuation devices for the

reactor trip subsystem.

Provide neutron detector Quantity: Twelve neutron flux detectors

safety system sensor channel required, arranged in four independent

input to the reactor trip channels to measure reactor power.

subsystem.

Physical Interface: Electrical signals.

1 of 6



HTGR-86-024/Q

TABLE 7.2-6 (Continued)

Interfacing Systems N~ature of Interface Interface Reqiuirements

Reactor System Location: Twelve sensors required (three

(Cont.) sensors/channel), located in six equally

spaced wells in the reactor vessel cavity.

The two sensors in each well will be

located in the top half and the bottom

half of the well.

Provide for automatic Quantity: Two fuse link release signals.

control of reactor trip

using reserve shutdown Physical Interface: Electrical signals.

control equipment

Heat Transport System Provide for installation of Quantity: Four circulator speed sensors.

(Main Circulator Subsystem) separate safety system

circulator speed sensors Physical Interface: Electrical signals.

in the circulator.

Provide for PPIS circulator Quantity: Two (redundant) per main

trip contactors as output circulator.

actuation for main loop

shutdown. Physical Interface: Electrical signals.
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TABLE 7.2-6 (Continued)

Interfacing Systems Nature of Interface Interface Reguirements

(Steam Generator Subsystem) Provide for installation of Quantity: Four pressure transmitters to

protection system sensors measure primary coolant pressure.

to measure primary coolant

parameters. Four core differential pressure transmitters.

(The measurement is used in calculating main

loop helium mass flow.)

Physical Interface: Pipe connection.

Provide steam generator Quantity: Four thermowell access

penetrations to accommodate penetrations in the circulator outlet duct.

Safety Protection Subsystem

sensors. Physical Interface: Steam generator

penetrations.

Plant Control. Data, and Adjust control system QuantityE: Two (reactor trip outer rods and

Instrumentation System settings following trips, reactor trip reserve shutdown).

(NSSS Control Subsystem)

Physical Interface: Electrical signals.
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TABLE 7.2-6 (Continued)

Interfacing Systems Nature of Interface Interface Reguirements

Plant Control, Data, and Transmit Safety Protection Quantity: Four independent digital data

Instrumentation System Subsystem status data to channels per reactor module.

(Data Management Plant Supervisory Control

Subsystem) Subsystem. Physical Interface: Electrical signals

(Plant Supervisory Control Display Safety Protection Quantity: Redundant displays in main control

Subsystem) Subsystem status data in room. One display continuously displays

main control room. Safety Protection Subsystem status data.

Physical Interface: Data signals received

from Data Management Subsystem.

Power Conversion GrouR Provide for installation of Quantitjy: Four feedwater flow transmitters

(Feedwater and Condensate feedwater flow transmitters monitoring the steam generator feedwater

Subsystem) monitoring the steam inlet pipe.

generator feedwater inlet

line to act as an input Physical Interface: Electrical signals.

sensor channel to the

Safety Protection Subsystem.
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TABLE 7.2-6 (Continued)

Interfacing Systems Nature of Interface Interface Reguirements

(Main and Bypass Steam Provide for installation of Quantit: Four resistance thermometers in

Subsystem) thermowell assemblies in the the superheater outlet pipe.

superheater outlet lines to

act as an input sensor Physical Interface: In pipe thermowell.

channel to the Safety

Protection Subsystem.

Vessel System Provide two feedwater block Quantit: The two feedwater block valves per

valves in the steam generator steam generator.

inlet pipe to act as actuated

equipment for the main loop Physical Interface: Electrical signals.

shutdown subsystem.

Provide superheater outlet Quantity: Two superheater outlet valves for

valves in the steam the steam generator.

generator outlet pipe to

act as actuated equipment Physical Interface: Electrical signals.

for the main loop shutdown

subsystem.
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TABLE 7.2-6 (Continued)

Interfacing Systems Nature of Interface Interface Reqiuirements

Buildings, Structures, and Provide building space and Quantity: Eight cabinets.

Building Service Group structural support to

(Reactor Building) accommodate Safety Physical Interface: Floor mounting.

Protection Subsystem

equipment.

Mechanical Service rouR Provide HVAC to support the Quantity: Two.

(HVAC) normal operation of the

Safety Protection Subsystem. Physical Interface: None.

Electrical Group Provide separate Class E Quantity: Four separate lass E sources.

(Glass E Uninterruptible uninterruptible power

Power Supply) distribution channels to Physical Interface: Electric feeders.

power the Safety Protection

Subsystem.

6 of 6



HTGR-86-024,/~

TABLE 7.2-7

IDENTIFICATION OF INTERFACES FOR THE SPECIAL NUCLEAR AREA INSTRUMENTATION SUBSYSTEM

(Given on a per reactor module basis)

Interfacing Systems Nature of Interface Interface Reguirements

Reactor System Provide signals to indicate Quantity: One per control rod drive.

(Neutron Control Subsystem) when the control rod is

fully inserted into the Physical Interface: Electrical signals.

reactor core to act as a

sensor input to the Special

Nuclear Area Instrumentation.

Provide signals to indicate Quantity: One per reserve shutdown

when the reserve shutdown mechanism.

hopper gate is opened to

act as a sensor input to Physical Interface: Electrical signals.

the Special Nuclear Area

Instrumentation.

Vessel System Provide signals from Quantity: Two (redundant) and electrically

(Pressure Relief Subsystem) pressure relief block valves separate limit switches from each pressure

to indicate when either relief valve.

valve is not in the full
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TABLE 7.2-7 (ont)

Interfacing Systems Nature of Interface Interface Requirements

Vessel System open position. This Physical Interface: Electrical signals.

(Gont.) signal acts as an input

to the pressure relief

block valve closure

interlock.

Provide the capability of Quantit: Redundant relay contacts for each

accepting a signal from the relief block valve control circuit.

pressure relief block valve

closure interlock to the Physical Interface: Electrical signals.

block valve motor current

relay/contactor to prevent

the closure of one block

valve if the other block

valve is not fully open.

Provide signals from each Quantit: Two (redundant) per valve.

pressure relief valve to

the Special Nuclear Area Physical Interface: Electrical signals.

Instrumentation to indicate

if the relief valve is not

fully closed.

2 of 6



HTGR-86-024/a

TABLE 7.2-7 (Cant)

Interfacing Systems Nature of Interface Interface Requirements

(Vessel and Duct Provide status and bypass Quantity: Eight

Subsystem) signals to the Special

Nuclear Area Instrumenta- Physical Interface: Electrical signals.

tion Subsystem Information

displays.

Reactor Service System Provide for status signals Quantity: Six.

(Essential Cooling Water, of those essential systems

Gaseous Radioactive Waste, which support the moisture Physical Interface: Electrical signals.

and Helium Purification) monitors to act as input to

the Special Nuclear Area

Instrumentation Subsystem

information displayed.

Heat Transport System Provide sensor signals to Quantity: Two (redundant) main loop shutoff

(Main Circulator Subsystem) indicate the status of the valves.

main loop shutoff valve to

act as an input to the Physical Interface: Electrical signals.

Special Nuclear Area

Instrumentation Subsystem

information displays.
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TABLE 7.2-7 (Cont)

Interfacing Systems Nature of Interface Interface Reguirements

Shutdown Cooling System Provide information, trip Quantity: Four.

(Shutdown Heat Removal status, and bypass status

Control Subsystem) to the Special Nuclear Area Physical Interface: Electrical signals.

Instrumentation Subsystem

information displays.

Miscellaneous Control and Provide information, trip Quantit : Twelve.

Instrumentation Group status, and bypass status

(Radiation Monitoring and to the Special Nuclear Area Physical Interface: Electrical signals.

and Meteorological Instrumentation Subsystem

Monitoring Subsystems) information displays.

Power Conversion GrouR Provide status and bypass Quantity: Eight

(Steam and Water Dump signals to the Special

Subsystem) Nuclear Area Instrumentation Physical Interface: Electrical signals.

Subsystem information

displays.
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TABLE 7.2-7 (Cant)

Interfacing Systems Nature of Interface Interface Reguirements

Buildings. Structures, and Provide building space and Quantity: Eight cabinets.

Building Service GuR (70) structural support to

(Reactor Building) accommodate Special Nuclear Physical Interface: Floor mounting.

Area Instrumentation

Subsystem equipment.

Mechanical Service Provide HVAC to support the Quantity: Two.

Grop normal operation of the

(HVAC) Special Nuclear Area Physical Interface: None.

Instrumentation Subsystem

Electrical GrouR Provide separate Class E Quantity: Two separate Class E sources.

(Class E Uninterruptible uninterruptible power

Power Supply) distribution channels to Physical Interface: Electric Feeders.

power the Special Nuclear

Area Instrumentation

Subsystem as a E

associated circuit.

Provide status and bypass Quantity: Sixteen.

sensors for all Class lE
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TABLE 7.2-7 (Cont)

Interfacing Systems Nature of Interface Interface Reguirements

Electrical Group power buses to act as an Physical Interface: Electrical signals.

(Cont.) input signals to the

Special Nuclear Area

Instrumentation Subsys tern

information displays.
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TABLE 7.2-8

INVESTMENT PROTECTION SUBSYSTEM ANALYSIS TRIP LEVELS AND SETPOINTS

Nominal Setpoint

Analysis (Actual Protection

TriR Level System Setting

Steam Generator Isolation
And Dump

Primary coolant moisture 1200 ppmv 1000 ppmv

concentration

Superheater steam pressure 344 kPa (50 psid) 517 kPa (75 psid)

to primary coolant pressure
(for steam generator dump
termination)

Primary Coolant Pressure
Pumpdown (with He-lium
Purification System)

Primary coolant pressure 5.5 MPa (800 psia) 5.5 MPa (810 psia)

Reactor Building radiation [TBD] mr/hr [TBD] mr/hr
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TABLE 7.2-9

IDENTIFICATION OF INTERFACES FOR THE INVESTMENT PROTECTION SUBSYSTEM

(Given on a per reactor module basis)

Interfacing Systems Nature of Interface Interface Requirements

Plant Control, Data, and Transmit Safety System Quantity: Two independent digital data

Instrumentation System Information display data, channels per reactor module.

(Data Management Investment Protection

Sub sytem) Information display data, Physical Interface: Electrical signals

and post-accident monitor-

ing display data to Plant

Supervisory Control

Subsystem.

(Plant Supervisory Control Display Safety System Quantit: Redundant displays in main control

Subsystem) Information, Investment room. At least one continuously displayed.

Protection Information,

and post-accident monitoring Physical Interface: Data signals received

data in main control room. from Data Management Subsystem.

Reactor System Provide control rod drive Quantity: One control rod mechanism for each

(Neutron Control Subsystem) mechanisms to act as the inner control rod.

actuated equipment for the

reactor trip subsystem. Physical Interface: Function only.
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TABLE 7.2-9 (Cont)

Interfacing Systems Nature of Interface Interface Reguirements

Reactor Service System Provide reprocessing of Quantity: One sample line per module.

(Helium Purification primary helium coolant

Subsystem) extracted by the moisture Physical Interface: Piping.

monitors.

Provide primary coolant Quantity: Redundant initiation signals.

system pumpdown upon

receipt of initiation Physical Interface: Electrical signals.

signal.

(Reactor Plant Cooling Provide cooling water to the Quantity: Two coolers per module.

Water Subsystem) moisture monitors.

Physical Interface: Piping.

(Gaseous Radioactive Waste Provide gaseous radioactive Quantity: One waste line per module.

Subsystem) waste management for the

moisture monitors. Physical Interface: Piping.

Heat Transport System Provide for installation of Quantity: Four independent sample rakes.

(Main Circulator Subsystem) moisture sample rake at the

outlet of main circulator. Physical Interface: Piping.
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TABLE 7.2-9 (ont)

Interfacing Systems Nature of Interface Interface Requirements

(Steam Generator Subsystem) Provide for installation of Quantity: Four low range pressure

protection system sensors transmitters to measure primary coolant

to measure primary coolant pressure for use in steam generator

parameters. dump termination.

Physical Interface: Piping.

Provide steam generator Quantity: Four steam generator inlet duct

penetrations to accommodate thermowell access penetrations.

Investment Protection

Subsystem sensors. Physical Interface: Steam generator

penetrations.

Plant Control. Data, and Adjust control system Quantity: Five (reactor trip-inner rods,

Instrumentation System settings following main loop shutdown, S isolation and dump,

(NSSS Control Subsystem) investment protection trips. SCS initiation, and primary pressure

pumpdown).

Physical Interface: Electrical signals.
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TABLE 7.2-9 (Cont)

Interfacing Systems Nature of Interface Interface Reguirements

(Data Management Transmit Investment Quantity: Four independent digital data

Subsystem) Protection Subsystem channels per reactor module.

data to Plant Supervisory

Control Subsystem. Physical Interface: Electrical signals

(Plant Supervisory Control Display Investment Quantity: Redundant displays in main control

Subsystem) Protection Subsystem status room. At least one continuously displayed.

data in main control room.

Physical Interface: Data signals received

from Data Management Subsystem.

Miscellaneous Control and Provide signals for Quantity: Four separate signals.

Instrumentation GrouR monitoring reactor building

(Radiation Monitoring radiation to act as an input Physical Interface: Electrical signals.

Subsystem) to the primary coolant

pumpdown system.

(Main and Bypass Steam Provide for installation of Quantity: Four pressure transmitters in

Subsystem) pressure transmitters in the superheater outlet pipe.

superheater outlet pipe to

measure superheat steam Physical Interface: Valved pressure tap in

pressure for use in steam piping.

generator dump termination.
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TABLE 7.2-9 (ont)

Interfacing Systems Nature of Interface Interface Requirements

(Steam and Water Dump) Provide feedwater dump Quantity: Four valve matrix.

system valving in the steam

generator inlet line for use Physical Interface: Electrical signals.

in the steam generator

isolation and dump subsystem.

Shutdown ooling System Provide capability to accept Quanti-ty: Two separate signals.

(Shutdown Heat Removal signals to initiate the SCS

Control Subsystem) on automatic command from the Physical Interface: Electrical signals.

Investment Protection

Subsystem.

Building, Structures, and Provide building space and Quantity: Nine cabinets, one hygrometer

Building Service Groupn structural support to module, one compressor assembly, and one

(Reactor Building) accommodate Investment accumulator tank assembly.

Protection Subsystem.

Physical Interface: Floor mounting, piping,

and electrical.

Mechanical Service Group Provide HVAC to support the Quantity: Two.

(HVAC) proper operation of the

Investment Protection Physical Interface: None.

Subsystem.
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TABLE 7.2-9 (ont)

Interfacing Systems Nature of Interface Interface Reguirements

Electrical GrouD Provide low-voltage AG Quantity: Two.

(Non-Glass E A distribution for the

Distribution) moisture monitor compressors. Physical Interface: Electric feeders.

(Glass E Uninterruptible Provide separate Class E Quantity: Four separate lass E sources.

Power Supply) uninterruptible power

distribution channels to Physical Interface: Electric feeders.

power the Investment

Protection Subsystem as a

lE associated circuit.
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7.3 PLANT CONTROL, DATA, AND INSTRUMENTATION SYSTEM

7.3.1 Plant Supervisory Control Subsystem

The Plant Control, Data and Instrumentation System (PCDIS) provides the

subsystems to control the Standard MHTGR operation. The subsystems of the

PCDIS include the:

1. Plant Supervisory Control Subsystem (PSCS)

2. NSSS Control Subsystem

3. Energy Conversion Area (ECA) Control Subsystem

4. Data Management Subsystem (DMS)

* Figure 7.3-1 shows the relationship between the PCDIS subsystems. The PSCS

provides supervisory control (load allocations) to the NSSS Control Subsystem

and the ECA Control Subsystem. PSCS also provides work stations for operator

monitoring and interaction. The NSSS Control Subsystem provides individual

control for each Nuclear Steam Supply System. The ECA Control Subsystem

provides for control of equipment associated with each of two individual

turbine plants. The Data Management Subsystem provides the communication

link to transmit control systems and data between systems and to the main

control room. These subsystems provide an integrated control of the four

reactor modules and two turbine plants.

7.3.1.1 Summary Description

Plant-level control functions are performed by the Plant Supervisory Control

Subsystem (PSC S). The PSCS automatically supervises and coordinates

balancing of load (power) levels among the energy production Nuclear Steam

Supply System (NSSS) and energy conversion (ECA) areas. The PSCS

automatically d t rmines what contribution each NSSS (or energy production
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area) will make to the ultimate delivery of steam for the energy conversion
process. Likewise, the PSCS automatically determines what contribution each
turbine-generator in the Energy Conversion Area (or Turbine Plant) will make
to the overall plant electrical output. The PSCS also monitors the
performance, response, and limitations of each NSSS and the ECA.

The PSCS consists of three major elements, the supervisory control hardware,
supervisory control software, and control room operator workstations.
Plant-level control strategies and algorithms are implemented in software

embedded in the computer hardware.

Included in the main control room (MCR) of the plant is a seated-operator
arrangement of plant control initiators and monitors required by the operator
to operate the plant. The control initiators and monitors collectively form
the operator workstation; the workstation is referred to as the control room
operator workstation (CROW). The CROW generates displays, interprets and
executes operator instructions, and communicates with the PSCS computers and
the Data Management System.

7.3.1.2 Functions and lOCFR1OO Design Criteria

7.3.1.2.1 Power Generation Functions

The power generation function of the PSCS is to coordinate plant control
during energy production, shutdown, refueling, and startup/shutdown. The
PSCS accomplishes this function by accepting direction, observing status,
making decisions, effecting control, and reporting information. The PSCS
computers accept and process power generation directions from the MCR
operator, plant load requests from the grid dispatcher, and communications
from the operator workstation to provide data for display. The PSCS
computers observe key plant variables such as reactor module feedwater and
steam conditions, turbine-generator performance, and reactivity levels and
primary coolant temperatures. These data are used to determine load
allocations and present information required by the operator. The PSCS
determines how to partition and allocate the overall plant load demand to

7.3-2

Amendment 2



HTGR- 86-024 2

individual reactor modules and turbine-generators. The PSCS determines the

rate of main steam production and feedwater flow changes necessary to achieve

optimum plant response to simultaneous or unbalanced load maneuvers. The

PSCS effects control at the plant level by communicating operator

instructions received from the CROW and communicating its own automatic

control instructions for changing load. The PSCS computers report plant and

self-status information required by the operators and maintenance personnel.

7.3.1.2.2 Radionuclide Control Functions

The PSCS does not perform any radionuclide control functions.

7.3.1.2.3 Classification

This system is not "safety related". Since the subsystem does not perform

any OCFR100-related radionuclide control functions, no special

classification is applied to it. However, the subsystem will have the. appropriate reliability to meet user requirements.

7.3.1.2.4 1CFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to this subsystem.

7.3.1.3 Radionuclide Control Design Requirements

The PSCS does not have any radionuclide control requirements.

7.3.1.4 Design Description

7.3.1.4.1 Subsystem Configuration

The PSCS is configured with multiple, computer-based control and display

equipment interconnected for high reliability and availability.

The configuration of th PSCS comput r 1 m nts is diagrammed in

Figure 7.3-2. The PSCS computers coordinate overall operational control of
7.3-3
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the plant during normal and off-normal power generation, startup, refueling,

and shutdown.

PSCS Comtuters

The PSCS computers accept plant control and operating directions through the

following:

1. An automatic plant load limiter which provides physical interface

with grid dispatcher communications in order to accept, with

concurrence by the operator, baseload and load following net

electrical output load demands

2. A communication link with the operator workstations

3. An operator instruction interpreter

The PSCS computers observe plant status through a communication link with the

DMS and plant status analyzer.

The PSCS computers make plant-level control decisions through the following:

1. A plant control strategy selector selects the necessary mode of plant

operation and the control strategy that best facilitate operation of

reactor modules and turbine-generators independently and at different

power levels.

2. Control and operator instruction validator automatically analyzes,

diagnoses, verifies, and validates control actions, analytic results

and observations

The PSCS computers effect control at the plant level through the automatic

control instruction generator, which is for load allocation, startup, data

requests, etc.

The PSCS computers report plant information through the following:

7.3-4
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1. A communication link with the DMS, which is for communicating control

commands, directions, and instructions to other systems

2. A communication link with the operator workstation which is for

display or printing

Control Room Oerator Workstation

The CROW contains the control initiators and monitors required in the MCR for

a single operator to control four reactor modules and two turbine-generators

in the plant. The operator manages (supervises and monitors) automatic

process control within the energy production (NSSS) and energy conversion

(ECA) areas in conjunction with the PSCS computers.

The CROW accepts plant operating directions through touch-activated control

devices (e.g., push-button switches).

The CROW observes plant operating status through a communication link with

the PSCS computers and a communication link with the DM5.

The CROW makes operator workstation decisions through an operator instruction

decoder and a PSCS computer instruction interpreter.

The CROW effects (generates) plant operating instructions through the

operator instruction digitizer.

The CROW reports real-time plant status information through video-display

generators.

The configuration of these workstation elements is indicated in Figure 7.3-3.

Control Room Assistant Workstation

The control room assistant workstation (CRAW) is a workstation for a licensed

assistant operator. The CRAW contains display generation and printing

equipment that can generate any display or print any information normally

7.3-5
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available to the operator at the CROW. It provides the capability to access

plant data bases maintained by the Data Management Subsystem. Plant systems,

equipment, and components cannot be controlled or operated from the CRAW.

During normal plant operations, the role of the assistant operator at the

CRAW is to monitor startup, shutdown, and refueling activities and auxiliary

systems whose operations are not a direct function of the main energy

production and energy conversion process. During abnormal plant conditions,

the assistant operator monitors the remainder of the plant while the operator

at the CROW tends to the controls for the affected portion of the plant. The

assistant operator monitors the affected portion of the plant once it is

restored to normal operating conditions or removed from service while the

operator at the CROW resumes normal operating tasks.

Communication and Dis~lay Generation Euiipment

Cabinets located behind the CROW contain commun ication and display generation

equipment associated with the touch control devices and video monitors,

respectively, in the CROW. This equipment is a part of the PSCS. The

cabinets also house data communication interface equipment. This equipment

is part of the DMS and it provides the capability to communicate operator

instructions and plant data in and out of the MCR, respectively.

Communication, test and maintenance instrumentation is also housed within

these cabinets. Peripheral equipment is located in the control room to meet

operator and shift supervisor information requirements (e.g., low-noise

printers, display copiers, etc.). A workstation is provided for the shift

supervisor as part of the DMS.

7.3.1.4.2 Subsystem Arrangement

The PSCS is functionally independent from Safety Protection Subsystems,

structures, and components. The PSCS does not have any direct, physical

interfaces with safety-related" systems. The P5 is physically separated

from "safety-related" systems with data transmission between the systems

provided by the DMS. Safety systems provide the electrical isolation devices
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at the interface with the DMS. Thus, as shown in Figure 7.3-1, the DMS has

physical interfaces with safety systems but these interfaces are not used to

perform safety functions.

The PSCS computers are located in a secured area of the computer facility

near the MR in the operations center.

The ROW and the CRAW are located in the MCR within the operations center.

Figure 7.3-4 depicts the workstation arrangements within the MCR.

7.3.1.4.3 Subsystem Operating Modes

Startup/Shutdow

Table 7.3-1 summarizes the control strategy implemented by the PSCS during

startup and shutdown. Reactor module startups from depressurized shutdown

conditions are accomplished by sequentially bringing each module up to

minimum stable operating conditions under a series of operational check

points requiring operator acknowledgment. Operator acknowledgment (i.e.,

removal of the operational check points) is required before the PSCS requests

proceeding to the next stage of the startup process. The operator

acknowledgments are required at the following stages of reactor module

startup:

1. Subcriticality testing and initial rod withdrawal

2. Reactor criticality (including criticality tests when required)

3. Approximately 205'C (400'F) steam generator secondary outlet

temperature (for feedwater chemistry/cleanup as necessary)

4. Module steam pressurization to 12.41 x 106 Pa (1800 psia) and

feedwater temperature heatup to 190'C (3740F)

5. Steam generator bilout approximately 16 percent reactor power and

4250 C (7970F) main steam temperature]
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6. Achievement of rated steam conditions and connection of reactor

module to main steam header (approximately 25 percent reactor module

load)

7. Turbine-generator turning gear operation, rolling and loading (at

least one reactor module at or above 25 percent load, grid dispatcher

notified)

Module load levels are adjusted in parallel to a common average load level at

normal load ramp rates of +0. 5 percent per minute. From a control

standpoint, the logistics of bringing reactor modules to shutdown conditions

are essentially the reverse of those used for startup control. The reactor

modules are maneuvered sequentially in order to keep the turbines on-line as

long as possible; otherwise the reactor modules are shut down in parallel

manner at incremental stages.

Reactor modules are disconnected from the main steam header one at a time.

For example, with one feedwater train operating at full capacity (i.e. , two

modules and one turbine operating at 100 percent load) a reactor module to be

disconnected is maneuvered down to a 25 percent load level. At 25 percent

load, closure of the reactor module steam isolation valve is initiated.

Reactor module steam is bypassed by opening the reactor module startup bypass

valve. The other reactor module in operation remains at 100 percent load and

the turbine load is reduced from 62.5 percent capacity. The main steam

header pressure is stabilized to its setpoint established by the NSSS Control

Subsystem. Main steam flow to the turbine is gradually reduced from the

initial 62.5 percent level to a final level of 50 percent as the reactor

module at 25 percent power (corresponding to 12.5 percent turbine load) is

disconnected from the main steam header.

Modules are normally connected to the main steam line one at a time. The

procedure is described in Section 7.3.2.4.3.
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Normal Oeration

Table 7.3-2 summarizes the control strategy implemented by the PSCS computers
during normal power generation. Within the normal power generation range of
25 percent to 100 percent load, the primary plant-level control function of
the PSCS is to determine and allocate turbine-generator load indices (main
steam flow demands) and reactor module load indices (feedwater flow demands)
to the ECA and NSSS Control Subsystems, respectively. The principle
plant-level control function in this operating mode is referred to as load
apportioning.

The PSCS derives a plant electrical power demand from the electrical load
demand of the grid dispatcher, the current plant total electrical power
output, and prior turbine-generator load allocations. The plant electrical
power demand is compared against the electrical power generating capacity
available from the generators to limit generator electrical power demands.
The generator electrical power demands are derived using comparisons with the
maximum steam supplies available from the reactor modules.

The PS computers calculate the main steam demand equivalent of the
generator electrical power demand. An algorithm operating on this
calculation and the current generator electrical load results in a total
plant feedwater demand. The main steam and feedwater demands are apportioned
into the respective load indices (turbine-generator main steam demands and
reactor module feedwater flow demands).

Prior to communicating the load indices over the DMS data highways, the load
indices are compared against the maximum steam supply and feedwater flow
available to each turbine-generator and reactor module, respectively. This
comparison is made in order to limit the demands should any reactor modules
or turbine-generators be operationally constrained. The NSSS load index is
used by the NSSS Control Subsystem to determine the reactor thermal power
levels, helium flow rates and module feedwater flow setpoint. The ECA main
steam load index is used to determine the turbine throttle valve positions,
feedwater pump speeds, and the condensate return conditions.
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Provided investment protection is not challenged or compromised, the PSCS

coordinates continuous plant operation in response to step changes of +15

percent in plant load caused, for example, by utility electrical transmission

grid upsets. To meet 15 percent step load changes, the PSCS normally

allocates load demands equally among the available reactor modules and

turbines. It also sets the rate of step change in reactor module and turbine

loads based upon component performance histories and component limits.

The rate of step load change is normally set at 500 percent per second.

Using the turbine load index and rate specification, the ECA Control

Subsystem opens the turbine throttle valve to meet the step load increase

demand. At a rate of 500 percent per second, the main steam header pressure

remains virtually constant without experiencing unacceptable perturbations.

However, reactor module steam temperatures decrease significantly during the

rapid changes in reactor power.

Refueling

The control room operators and the PSCS do not perform any refueling control

functions. With respect to the reactor module being refueled, control room

operator-initiated functions which could add positive reactivity during

operation or startup/shutdown (e.g. , control rod movement), are deactivated.

Refueling control is performed by the refueling operations crew using the

Core Refueling Subsystem of the Fuel Handling and Storage System (refer to

Section 9.1.1). Status information on refueling operations is presented in

the MCR. The DMS provides the data communication interconnection between the

fuel handling control stations and the CROW for monitoring. The control room

and refueling operators are provided with voice communication equipment at

their respective workstations.

Shutdown

The PSCS and the operators primarily perform monitoring functions with

respect to that portion of the plant in a shutdown mode. The status of
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reactor and vessel systems, components, and equipment are monitored to ensure

the reactor is being properly maintained in a shutdown condition [for cold

shutdown, neutron multiplication factor k less than 0.99 at fuel temperatures

of 230C (730F)], the necessary core geometry is established, neutron source

range measurements are within specification, and normal decay heat and

r sidual heat transfer is provided. Also, various checks are made to

ascertain that startup and shutdown instrumentation is operating, reactivity

shutdown margins are verified, and that the necessary auxiliary and bypass

systems and process loops are operating (e.g., for shutdown with condenser or

deaerator unavailable).

The PSCS computers and workstations normally remain in an operational mode

irrespective of the mode of operation of the plant or portions thereof. With

respect to system shutown, only redundant portions of the PSCS computers are

placed in a shutdown mode. Only one computer may be placed in a shutdown

mode at any time.

Abnormal Oerating Modes

Table 7.3-3 summarizes the control strategy implemented by the PSCS computers

during abnormal power generation. Provided investment protection is not

challenged or compromised, the PS coordinates continuous plant operation

through and following transients associated with the unavailability of major

components or systems including reactor modules and turbine-generators. The

PSCS computers contain control strategies for reloading the plant at a

maximum rate of 5 percent per minute once the abnormal operating conditions

have been diagnosed and corrected. The reloading is performed in response to

load rejection from full generator output to house electrical load without

reactor trips occurring. A similar strategy is used in response to turbine

trips (except on low condenser vacuum) from any load level without reactor

trips occurring.

Under abnormal conditions (e.g., reactor power greater than heat sink

capability) a set of actions referred to as automatic load runback are

p rformed. Runback commands are given automatically to the NSSS Control
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Subsystem and th ECA Control Subsystem which minimize temperature transients

to the steam generator, reactor, and turbine components. The control

objective is to mitigate transient conditions which would otherwise lead to a

turbine trip and loss of power generation. If certain modules become

constrained during these transients, then the maximum load change rate limits

are lowered for constrained modules to avoid challenges to equipment and

component protection.

When plant load demand is sufficiently less than plant power generating

capability, load levels of constrained modules are maintained (approximately

10 percent). below their respective load limits provided stable module

operation can be maintained (e.g. , above 25 percent rated load). This

control strategy permits a higher rate of plant load increase than the rate

allowable (i.e., 1.25 percent per minute times the number of nonlimited

modules in operation) if limited modules were at their upper load limits.

Controls and instrumentation of other plant systems located outside the MCR

can be used, if necessary, to complete reactor shutdown, initiate and

maintain cooling, and maintain the plant in a stable shutdown condition.

Their use is required under any combination of the following when conditions

require a plant shutdown:

1. The MCR becomes uninhabitable

2. The PSCS computers become unavailable

3. The CROW becomes unavailable

For Item 1 above, the MCR operator initiates orderly reactor shutdowns prior

to evacuation of the MCR. Completion and verification of an orderly plant

shutdown is performed at the Remote Shutdown Area. For Item 2 above, a

controlled plant shutdown is performed at the Remote Shutdown Area upon a

loss, or long-term anomalous status indication, of PSCS computers. For Item

3 above, the PSCS computers are designed to coordinate an orderly plant

shutdown upon unavailability of the CROW. Reliable operator response is
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ensured by the response time requirements (on the order of hours) , and

environmental, access, and security control measures.

7.3.1.5 Design Evaluation

7.3.1.5.1 Failure Modes and Effects

The PSCS is functionally and physically independent from Safety Protection

Subsystems, structures, and components. The PSCS does not have any direct,

physical interfaces with safety equipment and the PSCS equipment is

physically separated from safety protection equipment. The PSCS indirectly

interfaces with safety systems via the DMS to monitor safety system status.

The DM5 has physical interfaces with safety systems but these interfaces are

not required for performing safety protection functions. All failure modes

of the PSCS leave the safety protection features of the plant intact without

compromising their reliability or their capability to meet safety

requirements.

PSCS Computers

The PSCS computers do not perform any functions that the failure or

unavailability of could lead to an unacceptable release of radioactivity to

the public or environment. In addition, the computers cannot prevent or

inhibit any safety protection function from being performed.

All MCR operator instructions are processed by the PSCS computers. The

computers acknowledge, verify, and validate the operator instructions.

However, the control logic does not prohibit execution of an operator

instruction if it appears invalid to the PSCS computers and the operator

requests an override. Deliberate operator interaction is normally not

required for operational control unless the automatic control portion of the

computer software fails and the computer system is still available. This

scheme allows overriding the automatic PS controls if necessary for

operator response to abnormal operations.
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Operator instruction validation is complemented by automated operator aids
such as symptom-oriented diagnostics, visual feedback and procedural
directives. The operator aids are designed to reduce the probability of
operator error ensuring reliable operator performance.

Control Room Operator Workstation

The ROW contains no devices nor performs any functions that the failure or
unavailability of could lead to an unacceptable release of radioactivity to
the pubic or environment. The plant is normally operated from the ROW in
the MCR except under conditions that render the MCR uninhabitable and/or the
PSCS unavailable. Should these conditions occur, control and monitoring of
safety and selected nonsafety systems can be performed at the Remote Shutdown

Area in the Reactor Service Building.

Failure or unavailability of the CROW does not cause loss of the PSCS
computers. However, the PSCS computers initiate an automatic plant shutdown
upon long-term anomalous indication or loss of a CROW status monitoring
signal. There are sufficient time, environmental control, and security

measures for the plant operating staff to access the PSCS computers in the
computer equipment room near the control room if the CROW becomes unavailable

and/or the MCR becomes uninhabitable.

7.3.1.5.2 Steady-State Performance

The steady-state control objective of the PSCS is to coordinate the operation
of the reactor modules and the turbine plant to achieve the expected overall

plant steady-state performance. The principal, active PS control function
during steady-state operation is to allocate loads on the basis of observed
performance and refueling and maintenance schedules. The PSCS apportions

loads and schedules operational transitions (startup, shutdown) in a manner
that optimizes overall plant time operating efficiency and limits component

operational duty cycling.
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The majority of plant steady-state operating time is characterized by loads

apportioned such that the overall plant load demand is equally shared among

available reactor modules and turbine-generators. However, if some of the

available reactor modules or turbine-generator sets are operationally load

constrained or scheduled for maintenance, the loads are proportionately

allocated for efficient transitioning between startup, shutdown, and

refueling modes. Once the loads have been allocated, the PSCS primarily

monitors NSSS and ECA (turbine plant) performance. The types of performance

monitored include heat balancing, thermodynamic efficiency, stability and

regulation, approaches and margins to setpoints, and core fuel management.

7.3.1.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AOOs) are described in Section 11.6. In

this section only the response of the Plant Supervisory Control Subsystem is

described. The PSCS is supplied with uninterruptible electrical power that

allows continued operation with loss of offsite power. The response of the

PSCS to all As is as follows:

1. The PSCS monitors the affected portion of the plant. The PSCS acquires

and makes available for presentation to the MCR operators, status

information on safety protection response, investment protection

response, automatic control responses and plant conditions.

2. The PSCS reallocates loads to the unaffected reactor modules and turbines

in the power generation mode. Load reallocation is discussed under

normal operation in Section 7.3.1.4.3.

7.3.1.5.4 Design Basis Event Performance

Design basis events (DBEs) are described in Chapter 15. In this section only

the response of the Plant Supervisory Control Subsystem is described. The

response of the PSCS to all DBEs is as follows:
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1. The PS monitors the affected portion of the plant. The PS acquires

and makes available for presentation to the MR operators, status

information on safety protection response, investment protection

response, automatic control responses and plant conditions.

2. The PSCS reallocates loads to the unaffected reactor modules and turbines

in the power generation mode. Load reallocation is discussed under

normal operation in Section 7.3.1.4.3.

3. For DBEs with associated environments that exceed the PSCS qualification,

the PSCS is assumed to be unavailable. The "safety-related" PPIS will

take necessary protective actions as discussed in Section 7.2.1.5.4.

DBE-5, Earthquake, is an identified event for which the PS is not

environmentally qualified.

7.3.1.6 Interfaces

The PS has numerous functional interfaces with nearly every plant system.

The nature of these functional interfaces is the capability to exchange

control and monitoring signals for the plant to be automatically controlled

and operated from a single control room. Table 7.3-4 provides a descriptive

list of these key functional interfaces.

7.3.2 Nuclear Steam Supply System Control Subsystem

7.3.2.1 Summary Description

There are individual NSSS Control Subsystems, one for each reactor module,

that control reactor conditions and the supply of steam to the main steam

header. The systems utilize a distributed computer control architecture.

For power generation, the individual NSSS Control Subystems respond to

individual load demands allocated to them by the Plant Supervisory Control

Subsystem. Each NSSS Control System controls its feedwater flow demand to

meet its allocated load and the delivery of steam at the rated conditions of

16.7 MPa (2400 psig) and 5380C (1000'F).9
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7.3.2.2 Functions and 1CFR100 Design Criteria

7.3.2.2.1 Power Generation Functions

The power generation function of the NSSS Control Subsystem is to coordinate

NSSS control during energy production, shutdown, refueling, and

startup/shutdown.

During power generation the NSSS Control Subsystem performs its function by

accomplishing five operations.

1. To follow the mission prescribed by the PSCS, the NSSS Control

Subsystem automatically accepts, with operating staff concurrence,

load apportionment and sequence hold signals. This includes startup

and shutdown sequences such as shown in Table 7.3-1.

2. The system also senses, processes, and analyzes those variables,

states, modes, limits, and conditions required for the NSSS processes4 ~~and subsystems to be observable.

3. Subsequently, the NSSS Control Subsystem decides what strategy, based

on the sensed data, shall be used within the NSSS module to produce

ste am.

4. On the basis of the decision made, NSSS Control Subsystem effects

final control element action to bring steam conditions to desired

levels.

5. Finally, NSSS Control Subsystem generates display information

regarding NSSS status and conditions, and provides it to the PSCS and

the operator stations.

7.3.2.2.2 Radionuclide Control Functions

The NSSS Control Subsystem has no radionuclide control functions.
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7.3.2.2.3 Classification

The NSSS Control Subsystem is not "safety-related". Since this system does

not perform any 10CFRIOO-related radionuclide control functions, no special

classification is applied to it. However, this system will have the

appropriate reliability to meet user requirements.

7.3.2.2.4 OCFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria for radionuclide control apply to the NSSS

Control Subsystem.

7.3.2.3 Radionuclide Control Design Requirements

The NSSS Control Subsystem does not have any radionuclide control

requirements.

7.3.2.4 Design Description

The NSSS Control Subsystem accepts energy production direction through a

communications link between module data highways and the DMS data highway,

and local operator interfaces.

The NSSS Control Subsystem observes energy production status through the NSSS

process sensors connected to module data highways and ECA sensors connected

to DMS and module data highways.

The NSSS Control Subsystem makes energy production control decisions through

the decision logic resident in NSSS control software and hardware, and

interaction with ECA and PSCS decision logic.

The NSSS Control Subsystem effects energy production control through the

programmable control algorithms and final control elements interfaced with

NSSS data highways. Table 7.3-4A shows measurements which are used to

control the NSSS module. None of the sensors used for thses measurements are

shared with the PPIS.
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The NSSS Control Subsystem reports energy production information through the

module data highways that pass on information to the DMS data highway, and

display, annunciator, and alarm drivers resident in the NSSS Control

Subsystem.

7.3.2.4.1 Subsystem Configuration

Figure 7.3-5 shows the relative location of the NSSS Control Subsystem in the

modular hierarchy of the PCDIS architecture (see also Figure 7.3-1). Figure

7.3-6 shows the main loops of the N~SSS controls. As shown in the figure, the

major functions of the NSSS controls are:

1. Module feedwater flow control demand.

2. Reactor module circulator speed characterization.

3. Reactor module power characterization.

4. Module main steam temperature control.

5. Module main steam pressure control during startup. Pressure in the

main steam header is controlled by the turbine throttle valve and the

indexed feedwater flow in the individual NSSS modules.

NSSS controls are designed to automatically follow the load apportioned to

each module by the PSCS over the range between 25 and 100 percent of full

module output. En addition, the NSSS automatic control loops are configured

to accommodate feedwater, reactor module, and turbine trips. Special

compensation and limiting are used after these events to minimize transient

extremes, thereby protecting major equipment and increasing NSSS

availability.

NSSS feedback control algorithms are proportional plus integral plus

derivative expressions (commonly known as P+I+D). The result of this

feedback algorithm normally is summed with a feedforward signal (if used for
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the specific control algorithm). The sum of the compensation output and the

feedforward signal are then passed through limiter logic which may provide

high, low, and/or rate limits. The control algorithm output from the limiter

is then sent to the manipulated variable (dependent variable). When and if

the limiter is on one of the limits, a signal is sent to the P+I+D function

to force it to track" such that the sum of the compensation output and the

feedforward indeed satisfy the limit condition.

Distributed digital control electronics are used for data acquisition

display, control logic, status assessment, and calculations. The NSSS

Control Subsystem is part of a hierarchical data highway system which

provides the communication paths between active NSSS components. The

Subsystem is both redundant and functionally partitioned so that a single

failure in any attached electronics module can at most eliminate only the

functions associated with that module.

Each reactor module has its own dedicated data highway system. These data

highways communicate with the DMS highway system.

The conceptual architecture of the NSSS Control Subsystem is shown in Figure

7.3-7.

The multiplexers and controllers are connected to the redundant module data

highways. The highways receive supervisory control commands via the DMS data

highway system, and transmit NSSS data through it. The basic functions of

each multiplexer are controlled by instructions contained in firmware.

The NSSS Control Subsystem is designed to supply information and control

capabilities to personnel with responsibilities for operations, test and

calibration, engineering, maintenance (hardware and software), and

management. Typical locations where the NSSS control systems have man

machine interfaces are the control room, the computer room, the test and

calibration stations, local control stations, and engineering offices.
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Information handling equipment consists of a variety of computers which are

distributed on the various data highways to satisfy NSSS Control Subsystem

functional and reliability needs. Processing and storage functions are

provided for alarm handling, core performance monitoring, status assessment,

operator guides, historical data base and logs, and other information needs.

Redundant capacity for both NSSS data processing and storage is utilized so

that no single failure can eliminate information handling functions. All

detectable failures are alarmed.

Since the NSSS Control Subsystem has a data highway network for each reactor

module which is linked to the DMS highway network, all NSSS data users are

supported by a common and consistent set of information which includes

current values as well as historical data.

7.3.2.4.2 Subsystem Arrangement

Controls and displays required to monitor and operate the NSSS equipment are

located in the main control room and at local control stations installed near

major components. Sensors and sampling systems are located near the point of

measurement. Additional display terminals, keyboards, printers, and

removable storage devices are located in the primary work areas of others who

need access to the NSSS data base.

Other devices such as NSSS data processing computers (heat balances, etc.),

computer peripherals, maintenance stations, data highway, and communication

controllers, etc., are installed in computer and relay rooms.

7.3.2.4.3 Subsystem Operating Modes

The NSSS Control Subsystem provides the means to perform the following

general groups of operations:

1. Startup and shutdown

2. Normal operation
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3. Refueling

4. Shutdown

5. Abnormal operation

Startup and Shutdown

Startup and shutdown covers the range of operating conditions encountered in

the 0 to 25 percent module feedwater flow and reactor power range.

Special equipment and provisions are utilized to start up and shut down a

module. Specifically, special reactor core instrumentation is utilized for

reactor startup in order to monitor core power from the source range up to

the design power range. The total range spans several orders of magnitude.

One of the most important systems required to start up and shut down a

reactor module is the module Steam Bypass System. This system allows hot

water and steam produced during the startup and shutdown sequences to bypass

the main turbines. To route the hot water and steam into this bypass, there

is a module isolation valve and a module main steam bypass valve. In order

to allow independent operation of reactor modules, each module is equipped

with its own bypass.

During startup or shutdown, the module main steam isolation and check valve

is closed. This allows other reactor modules that may be on line to continue

supplying steam to the turbine for power generation. Steam from the isolated

module is passed via the module main steam bypass valve to a flash tank. The

bypass valve is modulated to control steam pressure at the steam generator

outlet through a wide range of steam generator outlet pressure setpoints,

48.3 to 179.3 bars abs (700 to 2600 psia). This pressure varies during the

startup sequence from depressurized conditions as shown in Table 7.3-5. The

pressure setpoint is generated by the NSSS Control Subsystem to control steam

generator boiling.
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The hot water and steam temperatures during startup (and shutdown) range from

27CC (80'F) subcooled liquid to rated 541'C (1010'F) superheated steam. This

temperature is controlled by the NSSS Control Subsystem by varying reactor

power and circulator speed.

When a module reaches rated steam conditions in the startup sequence and it

is requested by the PSCS to transfer its flow of steam into the main steam

header for use by the turbines, the NSSS Control Subsystem slowly raises the

module steam pressure above the main steam header pressure. This results in

a slow closure of the module main steam bypass valve and a slow opening of

the isolation check valve.

During startup and shutdown, an individual reactor module requires feedwater

at a temperature within the range of 270C (800F) to 193 0C (380'F) while other

modules continue in operation with feedwater at the design temperature of

1930 C (380'F). A startup feedwater system (part of the EA) generates the

appropriate feedwater temperature as demanded by the NSSS Control Subsystem.

Some special handling of NSSS control loop gains is made during startup and

shutdown. Special control gains, selected to allow automatic control with

outlet steam conditions below rated values and feedwater flow less than

25 percent, are used. This allows automatic NSSS control during the final

stages of steam generator and turbine warmup (startup) and during the initial

stage of steam generator cooldown (shutdown).

Reactor module startup and shutdown are highly automated. The reactor module

startup sequence is fully automated, except for required safety checks.

Operator control is exercised through the use of holds at various points in

the startup sequence. Operator input is required to allow continuation of

the automatic sequence. The shutdown procedure is similarly automated. Of

course, manual startup and shutdown capabilities are also available to handle

unusual situations.
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Normal Operation

During normal operation, main steam header pressure response is fast relative

to module thermal response and, for most events, little pressure excursion

occurs. Even at low loads where the main steam header pressure control

frequency is less than at full load, 1.0 percent pressure setpoint increases

are achieved within 2.0 seconds. Because of the main steam header pressure

control loop speed, pressure response is largely decoupled from steam

temperature response during load ramps, load steps, reactor trips, and

turbine trips.

Control of module main steam temperature is accomplished by the NSSS Control

Subsystem by manipulating reactor power and circulator speed. Steam

temperature is kept between 5320G (990'F) and 5430C (1010'F) during a 100

percent to 25 percent load ramping maneuver. One hour after initiation of

this maneuver, main steam temperature deviations are negligible, and reactor

power deviations are within control algorithm deadband. During a 15 percent

step load change from full load, module main steam temperature control

maintains temperature between 5360C (9970F) and 5520C (1030'F) . Special

steam temperature controls, used following a module reactor trip,

significantly limit thermal transients in the steam generator by ramping down

main steam temperature setpoint at 0.20C/sec (0.350F/sec) from 541.60 C

(1010'F) to saturation, then returning circulator speed to feedforward demand

through a 30-second time constant. The NSSS Control Subsystem tightly

controls the time over which stored heat is removed from the core and placed

into the secondary fluid. Runback and steam bypass functions allow

individual operation of the remaining, untripped Standard MTGR reactor

modules by the NSSS Control Subsystems. The turbine bypass and startup

bypass setpoints for load range operation are set for 172.4 bars abs (2500

psia) and 175.9 bars abs (2550 psia), respectively. The turbine bypass acts

for turbine side upsets such as turbine trip, while the startup bypass is

used for events where the modules are (or may be) separated from the main

steam header in their operation, such as starting up, shutting down, reactor

trip, etc. An isolation check valve is closed to separate the module(s) on

startup bypass from the main steam header.
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In load range operation, if one or more reactor trips occur, the feedwater

flow to each tripped module is ramped back by its N~SSS Control Subsystem at

0.50 percent/sec to 15 percent. Simultaneously, the PS is notified, and it

causes the ECA Control System to ramp back turbine load at the rate of 0.09

percent/sec per tripped module. This makes the turbine load compatible with

the loss of flow from the tripped modules.

Figures 7.3-8 through 7.3-11 show Reactor and Steam System parameters for a

load ramp, a load step, module reactor trip, and turbine trip.

Refueling

During refueling the NSSS Control Subsystem is configured to allow core decay

heat removal at subatmospheric reactor pressure. Helium is circulated

through the module main loop in a balance with feedwater flow so that no

boiling occurs in the steam generator and core outlet helium temperature

remains less than 11600 (2400F). This is accomplished automatically by the

NSSS Control Subsystem after reactor depressurization and upon receipt of a

refueling mode enable.

Shutdown

At module shutdown, the NSSS Control Subsystem can enter one of two operating

modes - pressurized decay heat removal or depressurized decay heat removal.

In the pressurized shutdown mode, the NSSS Control Subsystem automatically

holds circulator speed at 20 percent of design and feedwater flow at 15

percent of design. These conditions are sufficient to avoid core

recirculation and to maintain subcooled conditions at the steam generator

outlet.

In the depressurized shutdown mode, the NSSS Control Subsystem automatically

holds circulator speed at 100 percent of design and supplies enough feedwater

flow so boiling does not occur in the steam generator.
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Abnormal Operation

Abnormal operation of an NSSS module occurs when a component that directly

affects module operation fails and the module continues to operate. Section

7.3.2.5.1 examines several possibilities for module operation on failure of

an NSSS Control Subsystem major loop. In general, if the PPIS action does

not shut down the affected module, the NSSS Control Subsystem continues to

operate the module at reduced output automatically. Some of the features

built into the NSSS Control Subsystem, i.e. , fault tolerance, feedforward,

etc. , promote operation during abnormal conditions. One of the key

feedforward circuits, for example, is the characterization of circulator

speed setpoint with feedwater flow. This feature keeps module primary and

secondary coolant flow balanced even during feedwater flow excursions due to

module feedwater valve failure. A similar action programmed into the

algorithm for module reactor power setpoint causes power to follow module

feedwater flow excursions. If module protective limits are challenged, the

NSSS Control Subsystem automatically assists in bringing the module to a

shutdown condition. The latter action, though not required during protective

system action, reduces the severity of transients that module components must

endure during abnormal operation.

7.3.2.5 Design Evaluation

The NSSS Control Subsystem is designed to operate in the modes described in

Section 7.3.2.4.3.

7.3.2.5.1 Failure Modes and Effects

Parts of the NSSS Control Subsystem are redundant and single-failure proof.

Therefore, a failure in one of these subsystem parts allows the system to

respond correctly. A failure within the system is alarmed or identified

during the routine surveillance testing of the system.

The NSSS Control Subsystem is designed to fail into a state demonstrated to

be acceptable on disconnection of any failed parts or loss of power.
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Failure of any electronic component has a high probability of being detected

by the subsystem itself via frequent periodic self-test diagnostic routines.

Table 7.3-6 presents the failure modes and effects analysis for the major

NSSS Control Subsystem loops.

7.3.2.5.2 Steady-State Performance

NSSS information monitors in the NSSS Control Subsystem provide information

on NSSS module steady-state performance to the DMS. The reactor operators

have access to this information, as well as other plant steady-state

conditions in the control room. Module steady-state information is also

available from the module data highway at local operator interfaces. The

acquisition, processing, and presentation of NSSS steady-state data is

accomplished efficiently and simply by the use of state-of-the-art,

computer-based monitoring equipment. NSSS control loops provide essentially

zero deviation steady-state operation by using the algorithms described in

Section 7.3.2.4.1.

7.3.2.5.3 Anticipated Operational Occurrence Performance

Anticipated operational occurrences (AOOs) are described in Section 11.6.

The NSSS Control Subsystem performance during these events is given below.

AOO-l is a family of events involving main loop transients but with forced

core cooling.

AOO-l Main LooD Transient with Forced oolinz. The loss of forced core

cooling is enveloped by the responses discussed for reactor trip and turbine

trip in Section 7.3.2.4.3.

AOO-2 Loss of Main Loop Cooling and Shutdown Cooling. The NSSS Control

Subsystem performance during AOO-2 is enveloped by the responses discussed

for reactor trip and turbine trip in Section 7.3.2.4.3.
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AOO-3 Rod Withdrawal with Reactor TriR and HTS Cooling. The NSSS Control

Subsystem performance during AOO-3 is reflected in Figure 11.6-4. All

operating parameters automatically modulated by the NSSS Control Subsystem

move in a direction to mitigate the consequences of the accidental rod

withdrawal. Before the reactor module trips at 106 seconds after accident

initiation, the main steam temperature control algorithm reacts to increasing

negative main steam temperature error by decreasing helium flow. The

algorithm also signals the flux setpoint to decrease, but because the flux

control algorithm output has failed high, the control rods move out. When

the reactor module trips on high power to flow ratio, the transient is

enveloped by the reactor trip described in Section 7.3.2.4.3.

AOO-4 Small Steam Generator Leak. The NSSS Control Subsystem performance

during AOO-4 is shown in Figure 11.6-5. Until the reactor module trips on

high primary coolant moisture 390 seconds after steam generator leakage

starts, the NSSS Control Subsystem automatically holds all controlled

variables at setpoint. After module trip, NSSS Control Subsystem performance

is enveloped by the reactor trip response discussed in Section 7.3.2.4.3.

AOO-5 Small Primary Coolant Leak. The NSSS Control Subsystem performance

during AOO-5 is shown in Figure 11.6-6. The main steam temperature control

algorithm responds to increasing positive error by increasing reactor power

and circulator speed. Main steam temperature decreases in spite of this

action because of decreased primary coolant mass flow. In fact, the effect

of the primary coolant leak shows clearly when key system and main control

parameters are compared. Reactor power rises to the 110 percent control

limit, helium flow decreases to 93 percent of design, primary coolant

pressure drops to 56.9 bars abs (825 psia), and the module trips 112 seconds

after leak initiation. During the same time interval, modified main steam

temperature control algorithm outputs to reactor power and circulator speed

setpoints have risen to 110 and 103 percent. Concurrently, because of

decreased heat transport to the steam generator, module main steam

temperature drops from 5380C (1000'F) to 531'C (9870F). After module trip,

NSSS Control Subsystem performance is enveloped by the reactor trip response

discussed in Section 7.3.2.4.3.
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7.3.2.5.4 Design Basis Event Performance

NSSS Control Subsystem performance during design basis events (DBEs) is

assessed by considering each of the events described in Chapter 15 and

determining what control actions are accomplished.

DBE-1 Loss of HTS and SCS Cooling. Transient conditions for DBE-1 and NSSS

Control Subsystem functions during this event are enveloped by the responses

discussed for reactor and turbine trip in Section 7.3.2.4.3.

DBE-2 HTS Transient Without Control Rod Trip. Transient conditions for DBE-2

and NSSS Control Subsystem functions during this event are enveloped by

responses discussed for reactor trip in Section 7.3.2.4.3.

DBE-3 Accidental Rod Withdrawal Without HTS Cooling. Transient conditions

for DBE-3 and NSSS Control Subsystem functions during this event are

enveloped by the responses discussed for AOO-3 in Section 7.3.2.5.3.

DBE-4 Accidental Rod Withdrawal Without HTS and SCS Cooling. Transient

conditions for DBE-4 and NSSS Control Subsystem functions during this event

are enveloped by the responses discussed for AOO-3 in Section 7.3.2.5.3.

DBE-5 Earthquake. Transient conditions for DBE-5, a large earthquake, and

NSSS Control Subsystem functions during this event are enveloped by the

responses discussed for a reactor trip in Section 7.3.2.4.3.

DBE-6 Moisture Inleakag-e. Transient conditions for DBE-6, a 12.51 lbm/sec

water ingress, and NSSS Control Subsystem functions during this event are

enveloped by responses discussed for AOO-4 in Section 7.3.2.5.3.

DBE-7. DBE-8. DBE-9 Moisture Inleakage. Transient conditions for DBE-7,

DBE-8, and DBE-9, water ingresses at lower rates than DBE-6, and NSSS Control

Subsystem functions during the events are enveloped by responses discussed

for AOO-4 in Section 7.3.2.5.3.
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DBE-10 Primary Coolant Leak. Transient conditions for DBE-10 and NSSS

Control Subsystem functions during this event are enveloped by responses

discussed for AOO-5 in Section 7.3.2.5.3.

DBE-11 Primary Coolant Leak Without HTS and SCS Coolin. Transient

conditions for DBE-11, a slow primary coolant leak, and NSSS Control

Subsystem functions during this event are enveloped by responses discussed

for AOO-5 in Section 7.3.2.5.3.

7.3.2.6 Interfaces

Interface requirements imposed on other systems or subsystems by the Nuclear

Steam Supply Control Subsystem are identified in Table 7.3-7, which also

includes a description of the interface and a quantitative expression for the

interface.

7.3.3 Energy Conversion Area Control Subsystem

7.3.3.1 Functional Description

The Energy Conversion Area portion of the Plant Control and Data

Instrumentation System provides monitoring and control from the main control

room for those systems which directly impact continuity of power generation.

For auxiliary and support systems which do not have an immediate impact on

power generation, primary control will be from local control panels with

selected controls and displays provided in the MCR.

For the following ECA systems, primary monitoring and control will normally

be from the MCR with provision for secondary monitoring and control from

local panels to facilitate maintenance activities.

1. Power Conversion Group

Turbine-Generator and Auxiliaries

Feedwater and Condensate
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Demineralized Water Makeup

Main and Bypass Steam

Extraction and Auxiliary Steam

Heater Drains and Condensate Returns

Condensate Polishing

Steam Vents and Drains

Turbine Plant Sampling

Chemical Feed

Turbine Building Closed Cooling Water

Startup and Shutdown

Steam and Water Dump

2. Heat Rejection roup

Circulating Water

Circulating Water Makeup and Blowdown

Plant Service Water

Shutdown Service Water

Shutdown Cooling Water

3. Electrical Group - all Systems and Subsystems

4. Reactor Services Group

Helium Storage and Transfer

Liquid Nitrogen

Reactor Plant Cooling Water

The following ECA systems and facilities will normally be monitored and

controlled from the local control panels or console. Key parameters and

alarms will be displayed in the MCR to indicate proper operation/readiness or

malfunctions.
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1. Reactor Services Group

Reactor Equipment Service Facility

Decontamination Service Facility

Radwaste Systems

2. Fuel Handling Storage and Shipping System

Site Fuel Handling

Spent Fuel Storage Cooling

3. Mechanical Service Group

Potable Water

Plant Fire Protection

Waste Water Treatment

Auxiliary Boiler

Raw Water Treatment

Instrument and Service Air

Central Hot Water Heating

Plant Drains

Backup Power Generator Fuel Oil

HVAC Systems, including Chilled Water Subsystem

7.3.3.2 Interface with Nuclear Island

The ECA Control Subsystem has no direct interface with the Nuclear Island.

It does interface with the Nuclear Island indirectly, however, by means of

the PCDIS, to which it is responsive.

7.3.3.3 Safety Evaluation of the Interface

The interface with the PCDIS has no adverse effect on safety because none of

the controls for the above systems and subsystems are "safety related".
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7.3.4 Data Management Subsystem

7.3.4.1 Functional Description

The Data Management Subsystem (DMS) serves two plant-level PCDIS functions;

plant-wide data communication and centralized data processing. The DMS

acquires, transmits, processes, records, stores, diagnoses, and distributes

data/information for both onsite and offsite, and immediate and future use.

Distributed data communication controllers and high-speed digital computers

perform the two plant-level DMS functions, respectively. A distributed

communication network (illustrated in Figure 7.3-1) interconnects the data

communication controllers. The network consists of multiple sets of optical

communication cables referred to as data highways. The DMS interfaces

directly with the systems listed in The PSCS interface Table 7.3-4. The DMS

is required to be available and operable during every operating mode of the

plant.

The DM5 does not initiate any plant control or protection functions. The DM5

is not a "safety-related" subsystem; it does not perform any 10CFR100-related

radionuclide control functions. The DMS does not directly perform any power

generation functions. However, it indirectly supports the power generation

control functions of the other PCDIS subsystems by transmitting the control

and monitoring communications between them.

The DMS communication network accepts directions from the PSCS on where to

send and receive communications and the purpose of the communications (e.g. ,

control command, request, monitor, print, display, file, annunciate, etc.).

The DM5 network observes communications by detecting acknowledgment of

readiness status for communication and monitoring digital signal transmission

integrity. The network controllers schedule transmissions, select available

communication routes, and determine and report if any communication errors

occur.

The DMS data processors accept system user instructions to execute software
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programs (routines) and retrieve or store data. The data processors acquire

data from the DM5 communication network, store plant process variable and

status data, and record sequence of events. The data processors schedule

execution of processing tasks and identify unauthorized interactions or data

security violations. The data processors communicate data to peripheral

devices (e.g. , printers, video display generators, etc.) and report

processing errors and corrective measures.

7.3.4.2 Interface with the Nuclear Island

The DMS has electronic signal communication interfaces with the

instrumentation and control portions of those Nuclear Island Systems listed

in the PS interface Table 7.3-4. The interfaces consist of digital,

analog, and discrete electrical signal wiring/cabling connections. For those

interfaces with "safety-related' systems (e.g., the Safety Protection

Subsystem of the PPIS), the interface consists of DMS optical signal

conditioning electronics mounted within a DMS cabinet and an optical signal

cable/coupler. The cable/coupler carries unidirectional signals transmitted

from an optoisolator device that is a part of the "safety-related"

equipment. The cable/coupler is supplied as part of the "safety-related"

system. These interfaces, like all other interfaces with the DMS, are used

for "nonsafety-related" functions.

7.3.4.3 Safety Evaluation of Interfaces

Since the DMS does not perform any "safety-related" functions, unavailability

of those portions of the DMS that interface with "safety-related" systems

does not challenge plant safety protection. The DMS equipment is physically

separated and electrically isolated from "safety-related" equipment.
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TABLE 7.3-1

PLANT SUPERVISORY CONTROL SUBSYSTEM

NORMAL STARTUP/SHUTDOWN STRATEGY

OBJECTIVE: SEQUENTIALLY MANEUVER REACTOR MODULES (incrementally if in

parallel) TO STABLE OPERATING CONDITIONS.

(underlined items below are operator permissives required to

continue automatically.)

o CONFIRM AUXILIARY SYSTEMS IN SERVICE AND INITIAL CONDITIONS MET

(pressurization, etc.)

o REQUEST MODULE STARTUP

o MONITOR SUBCRITICALITY TESTS AND CONDITIONS

o INDICATE ACHIEVEMENT OF CRITICALITY TO OPERATOR

o ASCERTAIN PROPER FEEDWATER CHEMISTRY

o REQUEST MODULE STEAM PRODUCTION

o CONFIRM ESTABLISHMENT OF REOUIRED MODULE STEAM AND MAIN STEAM HEADER

CONDITIONS (e.g., pressure, temperature, etc.) FOR MODULE HEADERING

o REQUEST CONNECTION TO MAIN STEAM HEADER AND INCREASE MAIN STEAM LOAD

INDEX

o REQUEST ESTABLISHMENT OF TURBINE SEALS, CONDENSER VACUUM AND TURNING

GEAR OPERATION
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TABLE 7.3-2

PLANT SUPERVISORY CONTROL SUBSYSTEM

NORMAL POWER GENERATION STRATEGY

OBJECTIVE: MANEUVER ALL MODULES IN PARALLEL FROM 25 PERCENT TO 100

PERCENT RATED LOAD AFTER OPERATOR PERMISSIVES ARE

ACKNOWLEDGED.

STRATEGY:

o CONVERT PLANT OUTPUT DEMAND (MWe or percent capacity) INTO TOTAL

FEEDWATER AND MAIN STEAM DEMANDS

o DETERMINE LOAD DEMANDS AND RATES OF LOAD CHANGE RELATIVE TO

design rated plant capacity if all modules are unconstrained

available plant capacity if any modules are constrained

o EQUALLY ALLOCATE INDIVIDUAL REACTOR MODULE FEEDWATER AND MAIN STEAM

ADMISSION DEMANDS (FOR AVAILABLE REACTOR MODULES AND T-G's)

o IF - ANY MODULES ARE CONSTRAINED and

IF - THE PLANT LOAD CHANGE RATE REQUIRES MODULE LOAD CHANGES AT

RATES EXCEEDING THOSE USED TO MEET 15 PERCENT STEP LOAD

INCREASES

THEN - DECREASE THE PLANT LOAD CHANGE RATE TO THAT RATE ACHIEVABLE

BY THE UNCONSTRAINED MODULES
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TABLE 7.3-3

PLANT SUPERVISORY CONTROL SUBSYSTEM

ABNORMAL POWER GENERATION STRATEGY

OBJECTIVE: MAINTAIN POWER GENERATION UNLESS INVESTMENT PROTECTION IS

CHALLENGED OR COMPROMISED.

STRATEGY:

o IF - REACTOR POWER IS GREATER THAN HEAT SINK CAPABILITY

(e.g., turbine trip, feedwater reduction, etc.)

THEN - INITIALLY DECREASE REACTOR MODULE LOAD INDEX TO ACHIEVE

AN AUTOMATIC LOAD RUNBACK

AND - FOR A TURBINE TRIP, EVENTUALLY INCREASE ALL LOAD INDICES

IF AT LEAST ONE TURBINE IS AVAILABLE

o IF - REACTOR POWER IS LESS THAN HEAT SINK CAPABILITY (e.g.,

module trip, etc.)

THEN - ASCERTAIN PLANT ABILITY TO MAINTAIN THE ORIGINAL PLANT

OUTPUT

AND - EVENTUALLY INCREASE REACTOR MODULE LOAD INDICES TO

COMPENSATE FOR REDUCED PLANT OUTPUT

OTHERWISE - REDUCE TURBINE LOAD INDEX TO ACHIEVE AN AUTOMATIC LOAD

RUNBACK
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TABLE 7.3-4

IDENTIFICATION OF INTERFACES FOR THE PLANT SUPERVISORY CONTROL SYSTEM

Interfacing Systems Nature of the Interface Interface Reguirements

Reactor System Provide the capability for data, Ascertain shutdown margins and reactor power

information, or signal inputs to levels

be acquired for the following:

Ascertain control rod position and rate of

vertical movement

Monitor neutron flux levels

Ascertain block valve operational status

Ascertain pressure relief valve operational

status

Ascertain rupture disc operational status

Monitor He gas storage, transfer, and delivery
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TABLE 7.3-4 (Cont.)

Interfacing Systems Nature of the Interface Interface Reguirements

Reactor System Provide the capability to Request for movement of inner control rods

(Cont) accept "nonsafety-related"

signal inputs representing Request for movement of outer control rods

the following:

Trip (release) of inner rods

Trip (release) of outer rods

Vessel System Provide the capability for data, Conditions and operational status of pressure

information or signal inputs to relief processes

be acquired for the following:

Reactor Services Group Provide the capability for data, Conditions and operational status of reactor

information or signal inputs to service equipment and storage wells

be acquired for the following:

Conditions and operational status of helium

purification processes

Operational status of helium storage and

transfer

Conditions and status of liquid nitrogen

systems
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TABLE 7.3-4 (Cont.)

Interfacing Systems Nature of the Interface Interface Requirements

Reactor Services Group Conditions and operational status of reactor

(Cont.) plant cooling water

Status of liquid, gaseous and solid radioactive

waste handling

Heat Transport System Provide the capability for data, Conditions and operational status of main

information or signal inputs to circulators and steam generators

be acquired for the following:

Miscellaneous Control Provide the capability for data, Monitor radiation, seismic, meteorological, fire

Instrumentation Group information or signal inputs to and security conditions

be acquired for the following:

Plant Protection and Provide the capability for data, Ascertain whether or not plant parameters are

Instrumentation System information or signal inputs to within the limits used to avoid exceeding

be acquired for the following: 10CFR100 radionuclide release limits.

Being informed of the occurrence of reactor

trips
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TABLE 7.3-4 (Cont.)

Interfacing Systems Nature of the Interface Interface Requirements

Plant Protection and Being informed of PPIS equipment operating

Instrumentation System status

(Cont.)

Accident conditions

Completion of protective actions

Assess whether or not a reactor is shut down and

maintained as such when required

Assess the type and extent of release of

radioactive materials

Assess site meteorological conditions

Power Conversion Group Provide the capability for data, Conditions and operational status of feedwater

information or signal inputs to and condensate processes

be acquired for the following:

Turbine-generators and their auxiliaries

Main and bypass steam processes

Extraction auxiliary steam processes

Drains and condensate returns

Condensate polishing processes
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TABLE 7.3-4 (Cont.)

Interfacing Systems Nature of the Interface Interface Reguirements

Power Conversion Group Steam venting and draining processes

(Cont.) Turbine plant sampling processes

Chemical feed processes

Turbine Building closed cooling water

processes

Startup and shutdown system and processes

Steam and water dump processes

Heat Rejection Group Provide the capability for data, Conditions and operational status of

information or signal inputs to circulating water processes

be acquired for the following:

Circulating water makeup and blowdown processes

Service water processes

Fuel Handling, Provide the capability for data, Conditions and operational status of core

Storage and Shipping information or signal inputs to refueling

be acquired for the following:

Site fuel handling

Spent fuel storage cooling
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TABLE 7.3-4 (Cont.)

Interfacing Systems Nature of the Interface Interface Requirements

Fuel Handling, Ensure that provisions are made in the FHSSS for

Storage and Shipping communication between refueling operators and

(Cont) control room operators.

Shutdown Cooling Provide the capability for data, Conditions and operational status of shutdown

System information or signal inputs to circulators and heat exchangers

be acquired for the following:

Monitor shutdown cooling circulator speed and

helium flows and temperatures
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TABLE 7.3-4A

NSSS MODULE CONTROL MEASUREMENTS

Primary Measurements

Module feedwater flow

Helium flow

Circulator speed

Reactor power

Control rod positions

Module main steam temperatures

Module steam pressure

Helium pressure

Circulator motor cooling water temperature

Other measurements:

Isolation and shutoff valve positions

Isolation and startup control breaker positions

Analog valve positions

Status of SCS and HPS systems
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TABLE 7.3-5

NSSS MODULE STARTUP SEQUENCE FROM DEPRESSURIZED CONDITIONS

Time Action

STARTING
POINT

0-0.5 Increase secondary pressure (startup bypass setpoint) to 82.8
bars abs (1200 psia) at 1.17 bars/mmn (17 psi/mmn).

0-5 Pressurize primary coolant vessels to full helium inventory,
perform precritical checks, and bring reactor to critical
(0.5% power).

5-5.8 Increase feedwater flow to 15% (0.21%/mmn).
Increase reactor power to 3% (0.053%/mmn).
Increase circulator speed from 5% (minimum value) to 12.5%
(0. 16%/mn).

6-11 [Hold at about 204'C (400'F) steam generator secondary outlet
temperature for feedwater cleanup as necessary].

HOLD

10-10.5 Increase secondary pressure to 124.14 bars abs (1800 psia) at
1.38 bars/mmn (20 psi/mmn).

11.1-13.8 Increase feedwater temperature from 104'C (220'F) to 1940C
(380'F) at .560C/min (.0 0F/min).

11.1-12.8 Increase power to 7% (0.039%/mmn).

HOLD

12.8-13.3 Increase power to 16% (0.30%/mmn). Increase circulator speed

to 30% (0.58%/mmn).

13.0-13.6 (Transition to boiling.)

14.3-16.3 Decrease reactor power to 14.7% (0.011%/mmn).

14.5-18.6 [Hold at about 4270C (800'F) main steam temperature for
secondary component warmup as necessary.]

HOLD

18.1 Place reactor power and circulator speed in automatic main

steam temperature control setpoint at 4420 C (8260 F)].
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TABLE 7.3-5 (Cont)

Time Action

18.6-20.1 Ramp main steam temperature setpoint to 5420 C (1010'F) at
1.110G/min (2.00F/min).

19.1-20.1 Increase secondary pressure setp-oint to 268.96 bars abs (2450
psia) at 0.76 bars/min (11 psi/mmn).

HOLD

20.1-20.8 Stabilize module parameters and transfer steam flow from
startup bypass to main steam header. Place feedwater flow in
automatic control.
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TABLE 7.3-6

FAILURE MODES AND EFFECTS ANALYSIS FOR THE NSSS CONTROL SUBSYSTEM

No of Affected Failure Failure Detection

Modules Function Mode Effect Method Remarks

Module Main Control
Steam Algorithm
Temperature Output

fails:

High: Reactor power or circu- Measured neutron flux, Possible loss of one reactor
lator speed increases, circulator speed and module output. Remaining
Possible PPIS reactor primary coolant flow, modules can operate at full
module trip on high High main steam tem- output. Control hardware
power to flow ratio. perature alarm in and software fault tolerance

NSSS Control Subsystem. may allow minimum decrease

in affected module output.

Low: Reactor power or circu- Measured neutron flux, Possible loss of one reactor
lator speed decreases. circulator speed and module output. Remaining
Possible circulator main steam temperature. modules can operate at full
speed to feedwater Low main steam temper- output. Control hardware
flow mismatch trip ature alarm in NSSS and software fault tolerance
or main turbine trip Control Subsystem. may allow minimum decrease

on low steam tempera- in affected module output.
ture.

1 of 5



HTGR-86-024/Q

TABLE 7.3-6 (Cont.)

No of Affected Failure Failure Detection
Modules Function Mode Effect Method Remarks

Module Feed- Control
water Flow Algorithm

Output
Fails:

High Reactor module output High module load alarm Possible loss of one reactor
increases beyond load in the Supervisory Con- module output. Remaining
allocated by the Super- trol System. High feed- modules can operate at full
visory Control System. water flow alarm in NSSS output. Control hardware
Possible PPIS action Control Subsystem. and software fault tolerance
on exceeding module may allow minimum decrease
load output limits. in affected module output.

Low Reactor module output Low module load alarm Possible loss of one reactor
decreases to less than in the Supervisory Con- module output. Remaining
load allocated by the trol System. Feedwater modules can operate at full
Supervisory Control flow error high alarm output. Control hardware
System. Possible PPIS in the NSSS Control and software fault tolerance
action on-module para- Subsystem. may allow minimum decrease
meters decreasing to in affected module output.
less than investment
or safety limits.
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TABLE 7.3-6 (ont.)

No of Affected Failure Failure Detection

Modules Function Mode Effect Method Remarks

All Main Steam Control
Pressure in Algorithm
the main Output
steam header fails:
in the 25%
to 100% power High Main turbine admission High plant load alarm Possible loss of plant load.

range. This valves begin to open. in the supervisory Control hardware and soft-

pressure is Main steam pressure de- control system. Low ware fault tolerance may

controlled in creases in all modules. main steam pressure allow minimum decrease in

part by the Turbine speedload con- alarm in the NSSS plant output.

BOP throttle trols stabilize load Control Subsystem.
valve. How- at lower pressure or
ever, a fail- initial pressure
ure of this limiter acts to protect
function is turbines.
discussed in Possible turbine trip
this NSSS and load runback.
section to
cover its Low Main turbine admission Low plant load alarm Possible loss of plant load.

effects on valves begin to close, in the supervisory Control hardware and soft-

the NSSS Main steam pressure in- control system. Main ware fault tolerance may

module and creases in all modules. steam pressure error allow minimum decrease in

its control Turbine speedload con- low alarm in the NSSS plant output.

system. trols stabilize load NSSS Control Subsystem.

at higher pressure or
main steam bypass
and/or relief valves
open. Possible PPIS
action on module
parameters increasing
to investment or safety
limits.
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TABLE 7.3-6 (Cont.)

No of Affected Failure Failure Detection
-Modules Function Mode Effect Method Remarks

1 ~Circulator Control
Speed Algorithm

Output
Fails:

High Module circulator Measured circulator Possible loss of one reactor
speed increases, speed high alarm module output. Remaining
PPIS speed-to- in the NSSS Control modules can operate at full
primary coolant Subsystem. output. Control hardware
flow mismatch trip, and software fault tolerance

may allow minimum decrease
in affected module output.

Low Module circulator Measured circulator Possible loss of one reactor
speed decreases. speed low alarm in module output. Remaining
PPIS speed-to the NSSS Control modules can operate at full
primary coolant flow Subsystem. output. Control hardware
mismatch trip. and software fault tolerance

may allow minimum decrease
in affected module output.
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TABLE 7.3-6 (Cont.)

No of Affected Failure Failure Detection

Modules Function Mode Effect Method Remarks

1 ~Reactor Control
Power Algorithm

Output
fails:

High Module reactor power High measured neutron Possible loss of one reactor

increases. Group rod flux and main steam module output. Remaining

insertion occurs on temperature alarm in modules can operate at full

high neutron flux, the NSSS Control output. Control hardware and

Possible PPIS action Subsystem. software fault tolerance may

to trip module when allow minimum decrease in

parameters increase affected module output.

to investment or

safety limits.

Low Module reactor power Low measured neutron Possible loss of one reactor

decreases. Module flux and main steam module output. Remaining

primary and secondary temperature alarm in modules can operate at full

coolant temperatures the NSSS Control output. Control hardware and

decrease. Possible Subsystem. software fault tolerance may

PPIS action to trip allow minimum decrease in

module when para- affected module output.

meters decrease to
investment or safety
limits.
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TABLE 7.3-7

IDENTIFICATION OF INTERFACES FOR THE NSSS CONTROL SUBSYSTEM

Interfacing Systems Nature of Interface Interface Reauirements

PSC Subsystem Transmission of module load Compatible data highway
index signals and sequence protocol HDLC-based.

hold points from PSCS to NSSS
Control Subsystem. Transmis-
sion of acknowledgement signals
from NSSS Control Subsystem to
PSCS. Transmission of module
load limitations to PSC Sub-
system.

Feedwater and Condensate Transmission of module feedwater 4-20 mA transmitter out-

System flow signals to NSSS Control put or compatible data
Subsystem. highway protocol.

Feedpump, trip signal. 1-5 V dc or suitable
relay contact closure.

Transmission of module flow 4-20 mA transmitter out-
control algorithm output to put or compatible data

plant feedwater flow controls. highway protocol.

Transmission of NSSS component 4-20 mA transmitter out-
trip signals to T/G controls put or compatible data

highway protocol.

Transmission of T/G runback 4-20 mA transmitter out-

signals to NSSS Control put or compatible data
Subsystem. highway protocol.

Main and Bypass Steam Transmission of main steam 4-20 mA transmitter out-

System pressure measurement to NSSS put or compatible data
main steam pressure control, highway protocol.
algorithm.

1 of 3



HTGR-86-024/0'

TABLE 7.3-7 (Cont.)

Interfacing Systems Nature of Interface Interface Reguirements

Main and Bypass Thermocouple wells for main Compatibility of temper-
Steam System (Cont.) steam temperature sensors, ature sensor with thermo-

couple well (location,
size, time, response,
etc.)

Transmission of main steam 4-20 mA transmitter out-
pressure control algorithm put or compatible data
output signal to main steam highway protocol.
bypass valve servo amplifiers.

Neutron Control Transmission of reactor module 4-20 mA transmitter
Subsystem power characterization output put or compatible data

signal to the neutron flux highway protocol.
control algorithm setpoint
receiver.

Transmission of NSSS startup, 1-5 V dc or suitable
shutdown, etc. sequence hold relay contact closure.
points to neutron flux control
sequencing logic.

Heat Transport System Transmission of reactor module 4-20 mA transmitter out-
circulator speed characteriza- put or compatible data
tion output signal to the cir- highway protocol.
culator speed control algorithm
setpoint receiver.

Transmission of HTS parameters 4-20 mA transmitter out-
to module data highway. put or compatible data

highway protocol.

PPIS5 Transmission of PPIS actions Compatible data highway
to NSSS Control Subsystem protocol.
logic.
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TABLE 7.3-7 (Cont.)

Interfacing Systems Nature of Interface Interface Requirements

Reactor System Transmission of reactor para- 4-20 mA transmitter out-
meters to NSSS Control Subsystem put or compatible data
data highways. highway protocol.

Data Management Sub- Data link between PSCS and NSSS Compatible data highway
system (DMS) module data highways. protocol.

Control Building and Space to house NSSS Cntrol TBD sq m (sq ft). 750F
HVAC System Subsystem equipment. HVAC 55% max relative

capacity. humidity MIL- STD- 1472C.

Uninterruptible Power Power supply to critical NSSS 120 V ac 2 divisions.
Supply System Control Subsystem components. TBD kW per division.

AG Distribution Power supply to NSSS Control 120 V ac 2 divisions.
System Subsystem components. 26 kW per division.

Reactor Building and Space to house NSSS Control TBD s m (sq ft). [TBD0 C].
HVAC System Subsystem equipment. HVAC ([TBD F]) [TBD% r.h.].

capacity.
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* 7.4 MISCELLANEOUS CONTROL AND INSTRUMENTATION GROUP

The Miscellaneous Control and Instrumentation Group includes the following

systems:

1. NSSS Analytical Instrumentation

2. Radiation Monitoring

3. Seismic Monitoring

4. Meteorological Monitoring

5. Fire Detection and Alarm

7.4.1 NSSS Analytical Instrumentation System

7.4.1.1 Summary Description

The Analytical Instrumentation System (AIS) provides analytical

instrumentation piping and controls needed for gas sampling and sample

conditioning, as well as primary coolant impurity detection, identification,

and measurement.

The monitored primary coolant impurities include noncondensible gases (gases

which do not condense under reactor conditions) and condensible vapors. The

noncondensible gases consist of the chemical impurities carbon monoxide (CO),

carbon dioxide (C02 ), methane (CH4), nitrogen (N2 ), hydrogen (H)

oxygen (02), water (H20); the noble gas radionuclides argon (Ar), krypton

(Kr) and xenon (Xe); and the radionuclide tritium. Also water may be present

in the primary coolant as a vapor or liquid. The important condensible

vapors are the radionuclides iodine (I), cesium (Cs), strontium (Sr), and

silver (Ag).
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7.4.1.2 Functions and 1CFR100 Design Criteria

7.4.1.2.1 Power Generation Functions

The power generation function of the AIS is to maintain energy production,

shutdown, refueling, and startup/shutdown by monitoring the primary coolant

for impurities.

7.4.1.2.2 Radionuclide Control Functions

The functions of the AIS for maintaining control of radionuclide release are

to limit radiation transport from the primary coolant by monitoring

circulating primary coolant and plateout activities, and to control radiation

exposure by monitoring radionuclides within the system.

7.4.1.2.3 Classification

The AIS is not "safety related". Since this system does not perform any

IOCFR100-related radionuclide control functions, no special classification is

applied to it. However, this system will have the appropriate reliability to

m et user requirements.

7.4.1.2.4 OCFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to this system.

7.4.1.3 Radionuclide Control Design Requirements

1. The AIS shall provide the means to monitor circulating primary coolant

activity.

2. The AIS shall provide the means to monitor primary coolant plateout

activity.

3. The AIS shall provide the means to protect the operator from

radionuclide activity within the subsystem.

7.4-2
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7.4.1.4 Design Description

7.4.1.4.1 System Configuration

The AIS automatically extracts samples of circulating primary coolant from

the Vessel System, Helium Purification Subsystem, and Gaseous Radioactive

Waste Subsystem as illustrated in Figure 7.4-1. It detects, identifies, and

measures the presence and quantity of primary coolant noncondensible gases as

well as iodine and provides this data to plant personnel to confirm primary

coolant quality and satisfactory operation of the Helium Purification

Subsystem.

The capability for gas sampling and radiological monitoring is provided while

the source systems and subsystems are either pressurized or depressurized.

Each primary coolant impurity is detected automatically by on-line analytical

instruments such as chromatographs. The sequence in which this is done is

established by programmable controllers.

The presence and quantity of noncondensible gases and iodine can also be

determined by extracting grab samples in a sample container of primary

coolant from the Vessel System, Helium Purification Subsystem, or the Gaseous

Radioactive Waste Subsystems for further diagnostic analysis in a

radiological laboratory.

The AIS consists of two major components. The first is the depressurization

rack. Its purpose is to reduce the pressure of the incoming gas samples to

the required operating pressure of the analytical instruments. The second

component is the analytical instrument module. It contains the analytical

instruments, signal conditioning, and interfacing electronics. Both modules

contain activity monitors to ensure personnel protection from radiological

exposure while servicing the components.

A "block and bleed" piping arrangement is provided for multiple sample

streams which are routed to a common manifold. This approach prevents

measurement error caused by contamination of an incoming sample stream by

leakage past a shutoff valve.
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The sample piping and valves are sized to minimize flow rates without

excessively long sample transport delays. Means are included for measuring

sample pressures, flow rates, and for detecting low flows.

Eleven types of measurements are needed for process radiation and primary

coolant impurity monitoring. Each type monitors a process activity or

primary coolant impurity and includes all of the needed instrumentation and

sampling equipment. The first six types employ sampling detectors wherein a

gas sample is drawn into a shielded container for activity analysis. The

seventh uses airborne activity and gamma monitors which provide for operator

protection from radiological exposure. Types 8 through 10 perform primary

coolant impurity monitoring which is accomplished with a process

chromatograph or dedicated analysis instrument. The eleventh type provides

the capability of measuring condensible vapors by the use of a plateout

probe.

The following tabulation lists each measurement type and its description.

Note that primary coolant is assumed to be present in the Vessel System,9

Helium Purification Subsystem, and Gaseous Radioactive Waste Subsystem.

Measurement

Type Number Description

1 Continuous monitoring of gross gaseous activity to detect

changes in primary coolant noble gas concentration to provide

process control checks.

2 Provision for sampling of primary coolant for tritium

analysis.

3 Detection of noble gas breakthrough from the first low

temperature adsorber in the Helium Purification Subsystem.

Types 3 and 4 use the same radiation monitor.
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4 Measurement of noble gas activity in outlet of filter

downstream of Helium Purification Subsystem second low

temperature adsorber to provide process control. Types 3 and

4 use the same radiation monitor.

5 Measurement of noble gas activities in the Radioactive Gaseous

Waste Subsystem surge tanks.

6 Provision for manual grab sampling of primary coolant for

tritium analysis or other radionuclides.

7 Measurement of gamma and airborne activity changes in the

enclosed area of analytical instrument module. Two monitors

are used.

8 Primary coolant impurity monitoring.

9 On-line monitoring for carbon monoxide in the Vessel System.

10 On-line monitoring of primary coolant for water in the Vessel

System and Helium Purification Subsystem.

11 Manually removable probe to detect primary coolant condensible

vapor plateout.

7.4.1.4.2 System Arrangement

The depressurization rack is located as close as practical to the Vessel

System to minimize the length of the high-pressure sample lines. The

analytical instrument module is located adjacent to the depressurization rack

to minimize sample line length but in a location where manned access is

easily attainable.
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7.4.1.4.3 System Operating Modes

The system is normally operated in an automatic mode wherein a data base of

information is maintained and alarms are actuated when primary coolant

impurities are excessive. An operator programs a controller to take samples

of primary coolant automatically and insert them into either a process

chromatograph for impurity analysis or radiation monitors for analysis of

tritium and noble gases. A separate monitor continuously monitors carbon

monoxide in the Vessel System.

Parts of the system also can be operated manually. Special grab samples of

primary coolant can be taken from the Vessel, Helium Purification, or Gaseous

Radioactive Waste Systems and analyzed manually. The plateout probe must be

handled manually.

Sampling operations can be performed at all levels of reactor power and

vessel pressure. When the reactor is fully depressurized, gas samples are

pumped to provide a positive pressure at the inlet of the analytical

instruments.

7.4.1.5 Design Evaluation

7.4.1.5.1 Failure Modes and Effects

The AIS has two failure modes. The first is if the analytical instruments

fail or provide an incorrect analysis of impurities. If this happens, the

failure would not affect short-term reactor operation and the system will

provide diagnostic data in the control room to help determine the cause of

the failure and perform corrective maintenance. The second failure is a

radioactive gas leak in the sample piping and valves from the Vessel System,

Gaseous Radioactive Waste System, Helium Purification System, or internal to

the AIS. If this happens, airborne activity monitors in the AIS or Radiation

Monitoring Subsystem would alarm this condition and automatically isolate the

system.
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7.4.1.5.2 Steady-State Performance

The AIS continuously monitors primary coolant impurities and activity levels

during all phases of plant operation. If preset alarm levels are exceeded,

the control room operator is alerted. If a sample line leaks, it is

automatically isolated, the control room operator is alerted, and the Plant

Control Data and Instrumentation System (PCDIS) is alerted.

7.4.1.5.3 Anticipated Operational Occurrence Performance

Except for the loss of electrical power in AOO-1, the AIS operates the same

as described in Section 7.4.1.5.2. A loss of electrical power will not

result in any failures or release of radioactive gases. When power is

restored, the AIS will return to normal operation.

7.4.1.5.4 Design Basis Event Performance

The AIS is not required to function during any design basis event (DBE), but

it will be available unless electric power is lost.

7.4.1.6 Interfaces

Interface requirements imposed on other systems by the Analytical

Instrumentation System are identified in Table 7.4-1, which also includes a

description of the interface and a quantitative expression for the interface.

7.4.2 Radiation Monitoring System

7.4.2.1 Summary Description

The Radiation Monitoring System (RMS) consists of area monitors, airborne

monitors, and process monitors located throughout the plant and at the site

boundary. Certain monitors located at specific areas in the plant, in plant

effluents, and at the site boundary are capable of monitoring post-accident

conditions. A central radiation processor (CRP) includes RS control and
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monitoring consoles and instrumentation cabinets located in the Reactor

Service Building. All RMS displays and alarms are provided to the PCDIS for

presentation (see Section 7.3) in the main control room (MCR) and in the

health physics/access control area in the Personnel Service Building.

7.4.2.2 Functions and OCFR100 Design Criteria

7.4.2.2.1 Power Generation Functions

The RMS has no power generation functions.

7.4.2.2.2 Radionuclide Control Functions

The functions of the RMS for maintaining control of radionuclide release are

to control radiation from various sources and to control onsite and public

radiation exposure by monitoring and displaying the dose levels and effluent

radionuclide concentrations at various locations in the plant and at the site

boundary.

7.4.2.2.3 Classification

The RS is not "safety related". Since the RMS does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, the system will have the appropriate reliability to

meet other Top-Level Regulatory Criteria and user requirements.

7.4.2.2.4 10CFRIOO Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to the RMS.

7.4.2.3 Radionuclide Control Design Requirements

The limiting dose levels and effluent radionuclide concentrations are given

in the discussion of the Top-Level Regulatory Criteria in Section 3.1. The

RMS shall b capable of detecting, indicating, and reporting radionuclide
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concentrations and radiation levels that are 1/10 of the top level criteria

to permit timely action to be taken for problems which may cause these

Top-Level Regulatory Criteria to be exceeded.

7.4.2.4 Design Description

7.4.2.4.1 System Configuration

The RMS is intended to detect, indicate, and report radionuclide

concentrations and radiation levels at various locations in the plant

buildings, structures and systems and at the site boundary. The monitors are

controlled by local radiation processors (RP) which transmit data on a data

bus (or loop) to a central radiation processor (CRP). The CRP provides

display and alarm functions and, optionally, can prepare release reports for

normal and abnormal conditions. The RS also provides input to the PPIS,

with post-accident monitors providing input to the Special Nuclear Area

Instrumentation Subsystem (see Section 7.2.2), and the airborne radioactivity

monitors in the blowdown vent path for each Reactor Building provide input to

- the primary coolant pressure pumpdown portion of the Investment Protection

Subsystem (see Section 7.2.3).

To minimize failures, the RMS is a microprocessor-based system employing the

following features:

1. Local processor with fault diagnostics and automatic testing to

detect failures.

2. Modular design for ease of replacement of components to minimize the

mean time to repair.

3. Dual redundant central processors for high data processing

reliability.

4. Regular periodic detector and instrument calibration and operational

checks.
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Also, the sampling system and portable monitors are independent of the

continuous 'on-line' monitors and provide a backup means of monitoring

radioactivity should a failure occur.

The Radiation Monitoring System is composed of the following equipment:

Area radiation monitors

Airborne radioactivity monitors

Portable monitors

Process radioactivity monitors

Site boundary monitors

Area Radiation Monitoring

The area radiation monitors complement the personnel and area radiation

survey provisions of the plant radiation protection program (see Section

12.1) by serving to:

1. Immediately alert plant personnel entering or working in normally

nonradiation or low-radiation areas (1.0 mR/hr, see Section 12.3) of

abnormally high radiation levels which could result in inadvertent

overexposures.

2. Inform the main control room (MCR) operators of the occurrence and

approximate location of an abnormal radiation level in nonradiation

or low-radiation areas.

The Area Radiation Monitors perform no function related to the quantitative

monitoring of releases of radioactive material to the environment.
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Airborne Radioactivity Monitoring

Airborne radioactivity monitors are used to monitor the air within an
enclosure by either direct measurement of the enclosure atmosphere or of the
exhaust air from the enclosure. Also, potential release paths to the
environment are monitored for radionuclides. The system indicates and
records the concentrations of airborne radioactivity, and, if abnormal levels
occur, actuates alarms. Local alarms are provided to alert personnel in the
area where airborne radioactivity concentration is at or above the setpoint
value selected to ensure that top-level criteria are met. The system
provides a continuous record of airborne radioactivity concentrations which
will aid operating personnel in maintaining airborne radioactivity at the
lowest practicable concentrations.

The type of airborne radioactivity monitors are based upon the nature and
type of radioactivity expected and the location being monitored. In the case
of airborne radioactivity monitors which are used to detect leakage from the
reactor coolant pressure boundary, the monitors shall be seismically
qualified per the guidance of Regulatory Guide 1.45 to meet specific Standard
MH-TGR requirements. (Ref. 1)

Where inhalation of radioactive airborne materials by plant personnel is a
possibility, combination particulate halogen gaseous monitors are used to
analyze, record, and alarm should the radioactivity approach the limits
established by 10CFR20. The sampling system for the particulate halogen
gaseous monitors is designed and installed in accordance with the
ANSI-N13.1-1969 guide to sampling of airborne radioactive materials. (Ref. 2)

Portable Monitoring

Portable air activity samplers are provided to allow periodic localized
monitoring of specific air volumes of interest independent of the fixed
monitor systems. The samplers are used to verify that airborne activity
concentrations within the plant operating spaces are within allowable limits
and also to verify the proper operation of fixed monitor systems.
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Process Radioactivity Monitoring

Process radioactivity monitoring is designed to keep the operators informed

about the condition of routine or potential sources of radiation or

radionuclide releases. For example, heat exchangers that are used between

processes that may contain radioactive materials and those that do not may

develop leaks from primary to the secondary side. The secondary

(nonradioactive) side of the heat exchanger is monitored for radionuclides

and alarms actuated in the main control room so that corrective maintenance

or other appropriate action can be taken. The RMS provides a continuous

record of such conditions.

Site Boundary Monitoring

Site boundary monitoring is designed to keep operators informed concerning

the concentration of airborne radionuclide releases at the site boundary.

In conjunction with meteorological data, radionuclide levels at the site

boundary will be assessed routinely to verify that the dose due to airborne

effluents does not exceed that permitted by the Top-Level Regulatory Criteria

(see Section 3.1).

7.4.2.4.2 System Arrangement

Potential locations for radiation monitors are shown in Table 7.4-2.

Specific locations and numbers of monitors will be determined based on plant

system layouts and the results of the shielding assessments. The location of

the principal radiation monitors will be shown on the radiation zoning

drawings.

The subsystem control and monitoring console is located in the Reactor

Service Building in a location with convenient and continuous personnel

access. Monitoring and interpretation of the radiation monitoring displays

and reports will be performed by personnel other than main control room

operating personnel. Selected output data are transmitted to the MCR and

health physics/access control area.
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Area radiation monitoring is provided in areas where personnel have routine

access and for which there is a potential for personnel unknowingly to

receive radiation doses in excess of defined limits in a short period of time

because of system failure or improper personnel action. Any plant area which

meets one or more of the following criteria is monitored:

1. Zone I areas which, during normal plant operation, including

refueling, could exceed the radiation limit of 0.25 mR/hr upon system

failure or personnel error or which will be continuously occupied

following an accident requiring plant shutdown.

2. Zone II areas where personnel could otherwise unknowingly receive

high levels of radiation exposure due to system failure or personnel

error.

3. Areas in which the new and spent fuel is received and stored.

The location of fixed airborne radioactivity monitors are dependent upon the

point of leakage, the ability to identify the source of radioactivity so that

corrective action may be performed, and whether personnel may be exposed to

the airborne radioactivity.

1. Airborne radioactivity monitors sample normally accessible personnel

operating areas in which there is a potential for airborne

radioactivity.

2. Exhaust ducts will be monitored which serve an area containing

processes which, in the event of major leakage, could result in

concentrations within the plant approaching the limits established by

10CFR20 for plant workers.

3. Dilution from other exhaust ducts is considered when locating

monitors in exhaust systems to ensure maximum coverage and still be

able to detect IOCFR20 airborne radioactivity limits in the area with

the lowest ventilation flow.
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4. Outside air intake ducts for the Operations Center will be monitored

to measure possible introduction of radioactive materials into the

Operations Center.

5. Exhaust to the environment will be monitored to determine that

concentrations exceeding those of the Top-Level Regulatory Criteria

are not released.

The location of process radioactivity monitors is dependent on the types of

processes, the process fluids, the location of the potential leaks, the

capability of available radioactivity detectors, the type of corrective

action possible, and potential hazards to personnel.

The site boundary monitors are located on the meteorological tower and other

selected locations depending upon an assessment of prevailing meteorological

conditions (TBD).

Areas not normally accessible are monitored prior to personnel entry with

portable monitors or samplers (see Section 7.4.2.4.1.3) depending upon the

potential for airborne radioactivity and work to be performed in the area.

7.4.2.4.3 System Operating Mode

During normal RMS operation, "on-line" monitors provide continuous

information about the condition of routine or potential sources of

radionuclide release.

Portable continuous air monitors will be used to monitor local areas where

there is a possibility of airborne radioactivity during maintenance on

radioactive systems. Abnormal operation involving the spread of airborne

radioactivity will also be monitored locally using portable monitors.

Periodic grab samples for particulates, iodine, and noble gases will be taken

throughout the plant and analyzed in the radioactive chemistry laboratory in

the Personnel Service Building to ensure that the fixed monitors are

operating properly. In addition, all monitors will be calibrated on a
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* quarterly schedule using radioactive transfer sources. The periodic

recalibration will be based on primary calibration traceable to National

Bureau of Standards standard sources.

7.4.2.5 Design Evaluation

7.4.2.5.1 Failure Modes and Effects

The RMS has built-in diagnostics to detect malfunction of a monitor or

processor.

The main control room operator is alerted of any RMS malfunction to aid in

initiating corrective actions. If the RMS monitors fail, portable monitors

and/or sampling systems (TBD) provide a backup means of monitoring.

7.4.2.5.2 Steady-State Performance

The RMS is designed to provide continuous monitoring through all modes of

plant operation.

7.4.2.5.3 Anticipated Operational Occurrence Performance

The RMS is not required to mitigate the effect of any of these occurrences.

However, the RMS is expected to function normally during As, providing

information and alarms as appropriate.

7.4.2.5.4 Design Basis Event Performance

The RMS is not required to respond to mitigate the effect of any of these

events. These transients have no effect on operation of the Radiation

Monitoring System. However, the RMS is expected to function normally during

DBEs providing information and alarms as appropriate with the possible

exception of a DBE-5 Earthquake.

7.4-15



HTGR-86024/L7

7.4.2.6 Interfaces

Interface requirements imposed on other systems or subsystems by the

Radiation Monitoring System are identified in Table 7.4-3, which also

includes a description of the interface and a quantitive expression for the

interface.

7.4.3 Seismic Monitoring System

7.4.3.1 Summary Description

The Seismic Monitoring System (SMS) consists of an array of sensors and a

system control and monitoring console housing data handling and recording

equipment.

7.4.3.2 Functions and 1CFR100 Design Criteria

7.4.3.2.1 Power Generation Functions

The power generation function of the SMS is to maintain energy production,

shutdown, refueling, and startup/shutdown by permitting offline assessment of

the continued functionality of systems, subsystems, and components to allow

plant restart following a seismic event.

7.4.3.2.2 Radionuclide Control Functions

The SMS has no radionuclide control function.

7.4.3.2.3 Classification

The SMS is not safety related". Since the SMS does not perform any OCFR100

related radionuclide control functions, no special classification is applied

to it. However, the system will have the appropriate reliability to meet the

user requirements. The SMS will be seismically qualified.
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7.4.3.2.4 10CFR100 Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria apply to this system.

7.4.3.3 Radionuclide Control Design Requirements

The SMS has no radionuclide control design requirements.

7.4.3.4 Design Description

7.4.3.4.1 System Configuration

The SMS is intended to detect, indicate, and record the seismic accelerations

experienced by structures and equipment required to fulfill, with a high

degree of confidence, 10CFR100-related radionuclide control functions during

an earthquake. The basic set of SMS sensors is provided for two of the four

identical Reactor Buildings (one of the sets is a backup). Because the

Reactor Buildings are identical, the data from the instrumented ones will be

applicable to all. The seismic instruments are designed to respond to the

Reactor Building design acceleration levels. The redundant set of Reactor

Building seismic sensors permits major maintenance on any reactor module,

including removing a set of sensors from service, without jeopardizing

seismic surveillance of the plant.

The SMS is designed using the following sensing and monitoring

instrumentation:

1. Peak accelerographs (PA)

Each sensor contains three accelerographs mounted in a mutually

orthogonal array. PAs, which are mounted directly on equipment, have

one axis coincident with the principal equipment axis. All other PAs

have their principal axes oriented identically, with one horizontal

axis parallel to the major horizontal axis assumed in the seismic

analysis. Specific sensor locations are chosen which exhibit

7.4-17
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significant responses to seismic motion. These sensors do not

require a power source but have the capability of permanently

recording peak acceleration. Data from PAs must be retrieved

manually following an earthquake and are used in the detailed

investigations for particular systems, structures, and equipment.

2. Peak strain gauges

Peak strain gauges (PSG) are used as necessary to verify the

continued availability of systems and equipment required to fulfill,

with a high degree of confidence, 10CFR100-related radionuclide

control functions. They are mounted directly on the equipment,

equipment supports, or piping at a point chosen to display the

maximum earthquake-induced strain. Data from PS~s must be retrieved

manually following an earthquake and are used in the detailed

investigation of particular systems and equipment.

3. Seismic switches (SS)

These devices actuate alarms in the SMS when seismic accelerations

exceed selected setpoints. Information on the exceeded setpoints is

presented in the main control room. The seismic switches have

independently adjustable setpoints for the vertical and horizontal

axes. These switches are installed adjacent to each of the time

history accelerometers (THA).

4. Response spectrum analyzer

The response spectrum analyzer (RSA) determines the response spectra

attained in three mutually orthogonal directions at any THA location,

and displays this information at the monitoring console. The display

unit is either an X-Y or stripchart recorder that plots response

acceleration versus frequency or a hard-copy printer that prints the

response acceleration values and their respective frequencies.
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5. Time history accelerometers

Time history accelerometers produce a record of the time varying

acceleration at the sensor location. These data are used directly

for analysis and comparison with reference information, and may be

converted to response-spectra form for spectral comparisons with

design parameters.

Each sensor unit contains three accelerometers mounted in a mutually

orthogonal array. All accelerometers have their principal axes

oriented identically, with one horizontal axis parallel to the major

horizontal axis assumed in the seismic analysis.

A magnetic tape recording and playback unit is provided for multiple

channel recording and playback of the signals from time history

accelerometers. The data' recordings include an additional recording

channel which contains a timing signal. The recording and playback

system has a special cabinet furnished for these instruments and

devices necessary for system testing, annunciating, calibration, and

control. This cabinet is located adjacent to the monitoring console.

6. System control and monitoring console

A console located in the Reactor Service Building houses the

recording, playback, and calibration units which are used in

conjunction with the THA sensors to produce a time/history record of

the earthquake. It also contains signal conditioning and display

equipment associated with the remote indicating response spectrum

recorder, audible and visual annunciators associated with the seismic

switches, audible and visual annunciators wired to display initiation

of the THA recorder, and the power supply components for all

equipment contained within the console.
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7.4.3.4.2 System Arrangement

The seismic sensors are located in the Reactor Building, Reactor Service

Building and on selected equipment. The system control and monitoring

console is located in the Reactor Service Building in a location with

convenient personnel access. Monitoring and interpretation of the seismic

monitoring displays and recordings will be performed by personnel other than

main control room operating personnel.

7.4.3.4.3 System Operating Mode

During normal SMS operation, monitors provide continuous information about

seismic accelerations experienced by structures and equipment during an

earthquake.

During normal SMS operation, equipment-mounted peak recording accelerographs

and peak strain gauges are used to determine if the design limitation of the

specific equipment to which they are fastened has been exceeded. If the _

measured responses are less than the values used in the design and

qualification of structures, systems, and equipment required to fulfill, with

a high degree of confidence, 10CFR100-related radionuclide control function,

the structure, system, or equipment is considered adequate for future

operations. Otherwise, further analysis is made to check the adequacy of

these items for future use. Initial determination of the earthquake severity

is performed immediately after the earthquake by comparing the measured

response spectra with the OBE and SSE response spectra for the corresponding

location. If the measured spectra exceed the OBE response spectra by a

significant amount, the plant will be shut down and a detailed analysis of

the earthquake motion will be undertaken. The system performance

characteristics are as specified in ANSI/ANS 2.2 Section 5 which defines the

requirements for the acceleration sensors, recorders, seismic switches, time

history accelerographs, peak accelerographs and the response spectrum

recorder. (Ref. 3)
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7.4.3.5 Design Evaluation

7.4.3.5.1 Failure Modes and Effects

During normal operation, the SMS provides continuous monitoring to determine

if the design limitations of certain structures, systems, or equipment have

been exceeded. If the SMS sensors fail to provide continuous information

about seismic accelerations, the operator is alerted and will initiate proper

actions. Continued outage of the SMS fails to provide the operator with the

necessary data to carry out a detailed analysis should an earthquake occur.

7.4.3.5.2 Steady-State Performance

Prior to startup, the SMS is completely operational and provides continuous

monitoring through all modes of plant operation and post-earthquake

conditions.

7.4.3.5.3 Anticipated Operational Occurence Performance

These transients have no effect on operation of the SMS. The SMS is designed

to function normally during As providing information and alarms as

appropriate.

7.4.3.5.4 Design Basis Event Performance

The SMS is designed to ensure operation following a DBE-5 as defined in

licensing basis events for the Standard MHTGR.

7.4.3.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Seismic Monitoring System are identified in Table 7.4-4, which

also includes a description of the interface and a quantitive expression of

the interface.

7.4-21



HTGR-86-024 0

7.4.4 Meteorological Monitoring System

7.4.4.1 Summary Description

The Meteorological Monitoring System consists of a single meteorological

tower with an array of meteorological sensors and an instrument building

which houses data-handling, recording, and communication equipment as shown

on Figure 7.4-2.

The Meteorological Monitoring System acquires and provides data to the

Radiation Monitoring System (see Section 7.4.2) as required for making the

following assessments:

1. A conservative assessment of the radiological consequences of

airborne releases from design basis accidents, to aid in the

evaluation of the acceptability of the site.

2. A realistic assessment of the potential radiation dose to the public

resulting from the routine releases of radioactive materials in

airborne effluents, to assist in demonstrating that the operation of

the plant is being conducted safely and that the effluent control

equipment meets its design objectives and is being operated properly.

3. A realistic assessment of the potential radioactive consequences of

an actual or projective accidental release of radioactive material to

the atmosphere.

4. A realistic assessment of the potential dispersion of radioactive

materials from and the radiological consequences of a spectrum of

accidents to aid in evaluating the environmental risk posed by a

nuclear power plant.

5. A realistic assessment of potential nonradioactive environmental

effects such as fogging, icing, and salt drift from cooling towers,

to aid in evaluating the environmental impact of the plant.
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7.4.4.2 Functions and 10CFR100 Design Criteria

7.4.4.2.1 Power Generation Functions

The power generation function of the Meteorological Monitoring System is to

maintain energy production, shutdown, refueling, and startup/shutdown by

acquiring and processing meteorological data for use in assessing potential

environmental effects.

7.4.4.2.2 Radionuclide Control Functions

The Meteorological Monitoring System has no radionuclide control functions.

7.4.4.2.3 Classification

This system is not safety related". Since this system does not perform any

IOCFR100-related radionuclide control functions, no special classification is

applied to it. However, this system will have the appropriate reliability to

meet user requirements.

7.4.4.2.4 1CFRIOO Design Criteria for Radionuclide Control Functions

No 1CFR100 Design Criteria apply to the Meteorological Monitoring System.

7.4.4.3 Radionuclide Control Design Requirements

The Meteorological Monitoring System does not have any radionuclide control

requirements.
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7.4.4.4 Design Description

7.4.4.4.1 System Configuration

Meteorological Tower

The tower is a guyed-triangular 60-rn (197-ft) tower, with an instrument

elevator. A grounding system ties together the tower, the lightning rod, the

guy anchors, the fence, the Instrument Building, the electronic equipment,

the Power Distribution System, and the Communication System.

Meteorological Instruments

The meteorological instrument arrays are mounted on the tower or located near

the base of the tower, as shown in Table 7.4-5.

Redundant sets of temperature sensors measure both reference air temperature

at 10 m (33 ft) and the difference in temperature A T) between the 60-rn

(197-ft) and 10-rn (33-ft) tower elevations.

Instrument Building

The Instrument Building is climate controlled, located no less than ten

Instrument Building heights from the tower. It is provided with a security

system and a fire protection system.

Data Handling and Processing Eui~ment

The data handling and processing equipment provides for monitoring and

recording the meteorological data. It provides the following functions:

1. Recording instantaneous data on analog recorders.

2. Computing and recording 15-minute and hourly averages of

meteorological data, and standard deviations, on digital recorders.

7.4-24



HTGR-86-024

3. Providing daily, weekly, monthly, quarterly, and yearly inputs.

4. Providing for calibration of system electronics, and reporting

results.

5. Providing data to the Data Management Subsystem for display in the

main control room.

6. Providing data to the Data Management Subsystem (see Section 7.3.4)

as requested during a design basis event.

7. Providing data to the PPIS for post-accident monitoring.

8. Monitoring the local instrumentation and annunciating status and

system operation to the control room via the Data Management

Subsystem.

7.4.4.4.2 System Arrangement

The Meteorological Monitoring System is located at approximately the same

elevation as finished plant grade, in an area where natural or man-made

obstructions to windflow or the plant's Heat Dissipation System have little

or no effect on the meteorological measurements. Natural or man-made

obstructions to air movement are no higher than the measuring level, and with

a horizontal separation of ten times the obstruction heights.

Instrumentation is located on booms oriented into the prevailing wind

direction, a minimum distance of two tower widths from the tower. The

aspirating temperature shields are pointed downward or laterally toward the

north. The precipitation collector is located so that obstructions do not

interfere with the collection of precipitation. The solar intensity

instrument is located so that shadows from obstructions do not fall upon it.
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7.4.4.4.3 System Operating Modes

The Meteorological Monitoring System is operational during all plant

operating conditions, with a capability of measurements with a joint recovery

of no less than 90 percent for an annual cycle of wind speed, wind direction,

and indication of atmospheric stability for each sensor elevation, and for

individual observations of the remaining parameters.

7.4.4.5 Design Evaluation

The Meteorological Monitoring System remains functional during all plant

operating conditions. If ac power is lost, the uninterruptible power supply

will provide the required electrical power.

7.4.4.6 Interfaces

Interface requirements imposed on other systems or subsystems by the

Meteorological Monitoring System are identified in Table 7.4-6, which also

includes a description of the interface and a quantitative expression for the

interface.

7.4.5 Fire Detection and Alarm System

7.4.5.1 Summary Description

The Fire Detection and Alarm System (FDAS) is designed for reliable error-

free operation achieved through a redundant design. The system will provide

an alarm response when activated by a fire detector, a failure in the

detector's power circuit, or any malfunction which affects the detector's

ability to perform properly. 

Redundancy will be provided by using independent transmission cables between

remote zone panels and a central processing unit (CPU) located in the

operations center.
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7.4.5.2 Functions and 10CFR100 Design Criteria

7.4.5.2.1 Power Generation Functions

The power generation function of the Fire Dectection and Alarm System is to

prot ct the capability to maintain energy production, shutdown, refueling,

and startup/shutdown by protecting plant elements from fire, by detecting and

annunciating the presence and location of combustion byproducts or presence

of fire within the plant.

7.4.5.2.2 Radionuclide Control Functions

The FDAS has the function to protect the capability to control personn 1

radiation exposure by serving to control the release of radionuclides that

may be caused by fire in components handling radioactive materials. The

system also serves to protect the systems, structures, and components (SSCs)

that do not contain radioactive materials but which otherwise perform

functions necessary to control personnel radiation exposure. I
7.4.5.2.3 Classification

The Fire Detection and Alarm System is not "safety related". Since this

system does not perform any OCFR100-related radionuclide control functions,

no special classification is applied to it. However, this system will have

the appropriate reliability to meet other top-level regulatory criteria and

user requirements.

7.4.5.2.4 10CFRIOO Design Criteria for Radionuclide Control Functions

No OCFR100 Design Criteria apply to the Fire Detection and Alarm System.

7.4.5.3 Radionuclide Control Design Requirements

To acceptably limit the radiological risk from fire, the system shall provide

the capability to detect and annunciate all types of fire in the areas around

those NI SSCs that perform functions necessary to control the release of
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radionuclides t meet top-level regulatory criteria drawn from 1CFR,20 and

10CFR50, Appendix I.

7.4.5.4 Design Description

7.4.5.4.1 System Configuration

The Fire Detection and Alarm System consists of a central processing unit and

remote interface zone panels. A multiplex system is used for communication

between the CPU and the remote zone panels, as indicated on Figure 7.4-3.

The remote zone panels receive inputs from various detectors and fire pull

stations located in specific fire zone areas throughout the plant.

Various detectors, such as ionization, photoelectric, thermal, and

ultraviolet type, sense the presence of combustion byproducts or the presence

of fire and relay a change-of-state condition to the remote zone panel. Upon-

receipt of a fire signal from a detector, the zone panel sends a signal to

the CPU via the multiplex system. The CPU annuciates the affected fire zone

and relates it to the physical location within the plant.

Alarms are provided to alert personnel within the plant to the presence of

fire. These alarms are both audible and visible.

Fire pull stations are also located within each fire zone for manual

reporting of a fire.

7.4.5.4.2 System Arrangement

The Fire Detection and Alarm System is distributed throughout the plant and

arranged so as not to interfere or be interfered with by other systems.

Figure 7.4-3 shows the system arrangement. Detectors shall be located

according to NFPA 72E. (Ref. 4) The cabling minimizes the effect of single

failures to the balance of the system by providing Class A wiring as defined

in NFPA 72D. (Ref. 5)
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7.4.5.4.3 System Operating Modes

The Fire Detection and Alarm System is operational under all plant operating

modes.

7.4.5.5 Design Evaluation

The Fire Detection and Alarm System is operational during all plant operating

conditions. If ac power is lost, the uninterruptible power supply will

provide the required electrical power.

7.4.5.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Fire Detection and Alarm System are identified in Table 7.4-7,

which also includes description of the interface and a quantitative

expression for the interface.
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TABLE 7.4-1

IDENTIFICATION OF INTERFACES FOR THE ANALYTICAL INSTRUMENTATION SYSTEM

Interfacing Systems Nature of Interface Interface Reguirements

Vessel System

(Vessel and Ducts Subsystem) Provides primary coolant sample. Quantity: Flow of primary coolant.

Provides access to primary coolant. Expose plateout probe to primary coolant.

Reactor Services GrouR

(Helium Purification Subsystem) Provide helium samples. Quantity: Flow of sample helium from
[TBD] penetrations.

(Liquid Nitrogen Subsystem) Provide liquid nitrogen for sample Quantity: Flow of liquid nitrogen.
treatment.

(Gaseous Radioactive Waste Provides helium sample. Quantity: Flow of sample helium.

Subsystem)

Receives gaseous waste from AIS. Quantity: Receives flow of gaseous waste.

Misc. Control and Instrumentation GrouR

(Radiation Monitoring Subsystem) Receives AIS output signals. Quantity: Digital signals.

Plant Protection and Instrumentation System

(Special Nuclear Area Receives AIS status signals. Quantity: Digital signals.

Instrumentation Subsystem)
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TABLE 7.4-1 (Cant)

Interfacing Systems Nature of Interface Interface Requirements

Plant Control Data and Instrumentation System

(NSSS Control Subsystem) Receives AIS status signals. Quantity: Digital signals.

Building Structures and Building Service rouR

(Reactor Building Subsystem) Structural support. Quantity: Floor space.

Mechanical Services rouR

(HVAC Subsystem) Provide room cooling for equipment. Quantity: Flow of cool air.

Electrical CrouR

(AC Distribution Subsystem) Power to equipment. Quantity: Electrical power.
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TABLE 7.4-2

RADIATION MONITORING SYSTEM

POTENTIAL LOCATIONS OF RADIATION MONITORS

Area Monitors

Main control room

PPIS cabinet rooms

Radwaste building corridors and processing areas

Reactor building rooms and corridors

Fuel storage and handling area

Local control panels in each reactor building and in the reactor service

building

Radwaste pipeway

Helium Purification System (HPS) area

Reactor equipment 3rvice faciliL;1

Radwaste shipment area

Radwaste solidification area

Sampling rooms and radioactive chemistry laboratory

Airborne Radioactivity Monitors

(For further information see response to NRC comment 10-1.)

Normal ventilation exhaust duct from each reactor building

Blowdown vent path from each reactor building

Reactor Cavity Cooling System (RCCS) exhaust ducts from each reactor silo

Ventilation exhaust duct from the fuel-handling area

Ventilation exhaust duct(s) from the radwaste building

Control room air supply intake (if necessary to protect operators)

Exhaust from each turbine plant air ejector

Two monitors located at grad betwe n reactor modules 1 and 2 and 3 and 4.
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TABLE 7.4-2 (Cont.)

Process Radioactive Monitors

(For further information see response to NRC Comment 10-1.)

Effluent from each Helium Purification System (HPS)

Sample flow from the primary coolant in each reactor module (to determine

level of circulating activity)

Reactor Plant Cooling Water System (RPCWS) exit flow from each HPS, main

helium circulators and moisture monitor instrumentation

Exit water stream from each spent fuel pool

Shutdown Cooling Water Subsystem (SCWS) exit flow from each Shutdown Cooling

System (SCS) heat exchanger

Service Water System (SWS) exit flow from each SCWS heat exchanger

Condensate from each condenser

Site Boundary Monitors

Meteorological tower and other selected locations to be determined in the

Meteorological Monitoring System
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TABLE 7.4-3

IDENTIFICATION OF INTERFACES FOR THE RADIATION MONITORING SYSTEM

Interfacing System Nature of Interface Interface Requirements

Reactor Service Building Provide space for, Quantity: 1
access to, support for
the control and Space for console,
monitoring console, approximately 4 ft x 2 ft

and 19-in, instrument
racks (TBD) in an area
with unlimited personnel
access.

Data Management System Transmits, processes and Accept signals from RMS
stores radioactive data, for transmission to MCR

Post-accident monitoring
data is transmitted to
the Special Nuclear Area
Instrumentation System.

UPS System Provides power to RMS. Quantity: 120 V ac,
60 Hz, 1 Ph, 8000 W

Physical Interface: In
the Reactor Service
Building and at each
monitor location.

Heating, Ventilating, Provide environmental Control temperature
and Air Conditioning control. 50 to 1040F. Relative

humidity maximum of
95 percent noncondensing.

Meteorological Monitoring Provide space for access Space and support for
to, support for radia- monitors on tower, etc.
tion monitors.

1 of 1
Amendment 2



HTGR- 86-024 Z

TABLE 7.4-4

IDENTIFICATION OF INTERFACE FOR THE SEISMIC MONITORING SYSTEM

Interfacing System Nature of Interface Interface Requirements

Reactor Service Building Provide space for, Space for console
access to, support for approximately 3 ft x 6 ft
the control and and one 19 in. instrument
monitoring console. rack in an area with

unlimited personnel
access. Space to
remain functional and,
habitable during all
seismic events
including SSE.

Data Management System Transmits, processes and Accept signals from
stores seismic data. SMS for transmission

to MCR

UPS System Provides power to SMS. 120 V ac, 60 Hz, 1 Ph,
1200 W. UPS to remain
operable through SSE.

Heating, Ventilating, Provide environmental Control temperature
and Air Conditioning control. 500F to 800F. Relative

humidity maximum of
95 percent noncondensing
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TABLE 7.4-5

METEOROLOGICAL MONITORING SENSORS

Parameter Quantity Location

Wind speed 4 2 each at 10 and 60 meters

(33 and 197 ft)

Wind direction 4 2 each at 10 and 60 meters

(33 and 197 ft)

Temperature 4 2 each at 10 and 60 meters

(33 and 197 ft)

Dew point 2 1 each at 10 and 60 meters

(33 and 197 ft)

Solar radiation 1 10 meters (33 ft)

Precipitation 1 Ground level

1 of 1
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TABLE 7.4-6

IDENTIFICATION OF INTERFACES FOR THE METEOROLOGICAL MONITORING SYSTEM

Interface
Interfacing Systems Nature of Interface Rqieet

Plant Protection and Processes meteorological (TBD)
Instrumentation System data for post accident

monitoring

Plant Control Data and
Instrumentation System

Data Management System Processes and stores (TBD)
meteorological data

Building Structures and Provides nonseismic Category III (TBD)
Building Services structure

Plant Fire Protection System Provides fire protection (TBD)

AC Distribution System Provides ac power (TBD)

UPS System Provides back-up power (TBD)

Plant Security Provides security (TBD)

Grounding, Lightning, Heat Provides grounding and lightning (TBD)
Tracing, and Cathodic protection
Protection

1 of 1
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TABLE 7.4-7

IDENTIFICATION OF INTERFACES FOR THE FIRE DETECTION AND ALARM SYSTEM

Interface
Interfacing System Nature of Interface Requirements

Building Structures and Provide nonseismic
Building Services Category III structure

AC Distribution System Provides ac power (TBD)

UPS System Provides power to the 120 V, 60 Hz
Fire Detection and Alarm 1 phase UPS
System

Grounding, Lightning, Heat Provides grounding for (TBD)
Tracing, and Cathodic equipment
Protection

1 of 1
Amendment 2
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CHAPTER 8

ELECTRICAL SYSTEM

8.1 SMMARY DESCRIPTION

The Electrical Systems consist of the Essential Uninterruptible Power Supply (UPS) System, Essential
DC Power System, Offsite Power and Main Generator Transmission System, AC Distribution System,
UPS System, DC Power System, Grounding, Lightning Protection, Heat Tracing and Cathodic Protection,
Communication Systems, and Lighting and Service Power Systems.

8.1.1 Essential Unintemntible Power Supply System

The Essential UPS System provides reliable and regulated 120 V ac, single-phase, 60 Hz
electrical power to the Essential control and instrumentation loads connected to the four redundant and
independent vital buses provided at each reactor module. These four vital buses comprise a module's four
Essential UPS control and instrumentation channels A, B, C, and D.

8.1.2 Essential DC Power System

The Essential DC Power System provides reliable 125 V dc electrical power to the Essential dc loads
connected to the four redundant and independent 125 V Essential dc buses provided at each reactor
module. These four dc buses comprise a module's four Essential dc control and instrumentation power
channels A, B, C, and D.

8.1.3 Offsite power and Main Generator Transmission System

The Offsite Power Transmission System consists of two physically separate and independent circuits from
the transmission network which, through a common switchyard, supply power to the onsite distribution

system.

The Main Gener-ator Transmission System consists of two unit generators transmitting power to the grid
through two unit transformers from the common switchyard.
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8.1.4 AC Distribution System

The AC Distribution System provides electric power at 4160 V, three-phase,
and 480 V or less, three-phase and single-phase, 60 Hz to electrical
switchgear associated with each unit generator to feed the plant's
auxiliaries. The AC Distribution System is normally fed from the unit
gen rators through unit auxiliary transformers. For plant startup, each unit
generator's buses are fed from the grid through startup auxiliary
transformers. Two backup generators supply selected loads in case of loss of
ac power.

8.1.5 Uninterruptible Power SRRIv System

The UPS System provides 120 V ac, single-phase, 60 Hz electric power to the
plant's control and instrumentation loads connected to the two 120 V UPS
bus s, each of which is associated with a unit generator.

8.1.6 DC Power System

The DC Power System provides 125 V dc electric power to the plant's control
and instrumentation loads connected to the two 125 V dc buses, each of which
is associated with a unit generator.

8.1.7 Grounding. Lightning Protection. Heat Tracing. and Cathodic Protection

Equipment grounding ensures personnel safety by connecting the plant's
noncurrent-carrying metallic parts to the grounding grid. System grounding
provides fast, selective clearing of the plant's ground faults to limit
equipment damage.

Lightning Protection provides a metallic, low-impedance path to earth to
dir ct lightning strokes, preventing lightning current from passing through
th nonconductive parts of a building or structure in the plant.

8.1-2
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* Heat Tracing provides electric heat, as required, to the plant's piping or
vessels in order to maintain a desirable temperature in the liquids inside

the piping or vessels.

Cathodic Protection arrests corrosion on the plant's underground and

underwater structures by passing direct current from anodes in the

electrolyte to the structures to be protected.

8.1.8 Communication Systems

The Communication Systems provide separate, independent, and diverse types of

intraplant communications between essential plant areas and the control room
and plant-to-offsite communications to locations remote from the plant during

normal operation or under emergency conditions.

8.1.9 Lighting and Service Power System

The Lighting System provides normal ac and emergency ac and dc lighting to
support plant activities. The Service Power System provides ac power to

service outlets located throughout the plant for use with portable equipment,

tools, and lighting.

8.1-3
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8.2 ESSENTIAL UJNINTERRUPTlBLE POWER SUPPLY SYSTEM

8.2.1 Summary Description

The Essential Uninterniptible Power Supply (UPS) System is a reliable electric system consisting
of four redundant and independent channels per reactor module, each with adequate capacity, capability,
and reliability to supply power to the module's Essential UPS loads by maintaining electrical
independence between redundant channels. The Essential UPS System supplies regulated, uninterruptible
power to four redundant and independent Essential 120 V ac vital buses in each reactor module that feed
the Essential ac control, instrumentation and plant protection circuits of only the associated module.

Each of the Essential UPS System channels is designed to provide uninterruptible 120 V ac, two-wire,
ungrounded power and is normally energized from the Essential DC Power System through an inverter
assembly. The Essential DC Power System is, in turn, normally powered from the AC Distribution
System through battery chargers. Alternate ac power is provided to Essential UPS System from the AC
Distribution System through a regulating transformer. Figure 8.2-1 shows one typical channel of the
Essential UPS System.

8.2.2 Functions and 10CFRI00 Desien Criteria

8.2.2.1 Power Generation Functions

The Essential UPS System provides no direct support to power generation function.

8.2.2.2 Radionuclide Control Functions

A function of the Essential UPS for radionuclide control is to control reactor heat generation by
facilitating reactor shutdown by diverse means, as shown in Figure 1.2-3. This function is accomplished
by providing power to the Safety Protection Subsystem (SPS) of the Plant Protection and Instrumentation
System (PPIS).
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Another function is to control chemical aack on the fuel particles by assisting the functions

to shut down the main loop. This system provides power to "safety-related" control and

instrumentation components to accomplish this function.

8.2.2.3 Classification

The Essential UPS System is "safety related".

8.2.2.4 10CFR 100 Design Criteria for Radionuclide Control

The following IOCFRIOO Design Criteria apply:

IOCFRI100 Design Criterion UI: The vessels and other components that limit or prevent the ingress

of air or water shall be designed, fabricated, and operated such that the amount of air or water

reacting with the core will not exceed acceptable values.

10CFRIOO Desijgn Criterion I: The reactor shall be designed, fabricated, and operated such that

the inherent nuclear feedback characteristics ensure that the reactor thermal power will not exceed

acceptable values. Additionally, the reactivity control system(s) shall be designed, fabricated, and

operated such that during insertion of reactivity, the reactor thermal power will not exceed

acceptable values.

8.2.3 Radionudlide Control Design Reqiuirements

The Essential UPS System configuration shall consist of four independent and redundant channels per

reactor module.

The Essential UPS System shall continuously supply uninterruptible power to four Essential 120 V ac

vital buses per module that feed all Essential loads listed in Table 8.2-1.
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The Essential UPS System equipment shall be located in a structure designed to withstand SSE and OBE
conditions and be seismically supported.

The Essential UPS System electrical equipment shall be capable of operating within the normal, abnormal,
and accident environmental conditions of temperature, pressure, humidity, and radiation for the design
life of the equipment, as described in Table 8.2-2.

8.2.4 Design Description

8.2.4.1 System Configuration

The Essential UPS System consists of four completely independent and redundant channels per reactor
module, each serving redundant Essential UPS loads as required by the Safety Protection Subsystem
(SPS). To assure that the continuous rating of the Essential power supplies is not exceeded during an
event, they a sized to provide power for all Essential loads simultaneously. Additionally, the four UPS
channels in each reactor module are fully independent of those in all other modules, serving only that
module. This arrangement provides for separation of the safety loads into redundant load groups, such
tha loss of one group will not prevent the minimum safety functions from being performed, and a fault
in one reactor module will not adversely impact another module. It is a highly reliable design, which is
part of a very reliable total electrical system with its redundant onsite and offsite power supplies. Figure
8.2-1 shows a typical channel. Each channel consists of one inverter assembly, static transfer switch,
manual bypass switch, regulating tnisformer, and a vital bus distribution panel. Each channel meets the
requirements of IEEE Standard 308.

Each inverter assembly is normally provided with dc: power supplied from the corresponding Essential
DC bus. The inverter, in turn, converts dc to ac. A regulating transformer is provided as the alternate
ac power supply in the event of outages, power transients, and voltage dips such as inverter failure and
faults on the vital bus circuits.

A static transfer switch is used to transfer the vital bus load automatically from the inverter output to the
alternate ac power supply, with the transfer accomplished in a few microseconds. An alarm is sounded
in the control room on static switch transfer. The alternate ac power supply of regulated 120 V ac power
is provided to the vital bus from a 480 V motor control center other than that which normally feeds the
battery charger serving the corresponding essential 125 V dc bus.
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A manual bypass switch is provided to connect the alternate ac power source and electrically isolate the

static transfer switch and/or the inverter from the load. The manual bypass switch is "make-before-break"

type and is mounted in a separate enclosure to enable maintenance personnel to repair the static switch

and/or inverter in safety.

The 120 V ac vital bus distribution panel consists of a main bus, main breaker, and branch circuit

breakers. During a fault condition in any of the branch circuits, the voltage of the current-limited static

inverter drops. The static switch transfers to the alternate ac power supply, which provides heavy current

to clear the fault in the branch circuit and then transfers the load back to the inverter within milliseconds.

The fault clearing feature provides added reliability for the Essential bus, but it is not required because

of the redundancy afforded by the four channels of the Essential UPS System and the Safety Protection

Subsystem loads which it supports.

The Essential UPS System power sources and distribution system have sufficient independence,

redundancy, and testability to perform their intended functions. They system is designed to permit

periodic inspection and testing to assess the continuity of the system and condition of the components.

The redundant load groups have no automatic connection to any other load group and no provisions for

automatically transferring loads between these redundant load groups.

Physical independence of redundant Essential UPS System components is maintained by locating the

inverters, static switches, manual bypass switches, regulating transformers, and vital bus panels of each

channel in separate rooms and maintaining minimum separation distance between redundant Essential

circuits and between Essential and other circuits, in accordance with the requirements of IEEStandard

384. In addition, there is separation by channel, as well as by voltage level and service.

Physical identification of the redundant Essential UPS System components is provided by permanently

attached nameplates, color coded for their associated division or channel and engraved with the equipment

number and system designation. Cables and raceways are identified with permanent identification markers

at each end and at regular intervals which are color-coded with the color of their associated channel.

All Essential cables and associated circuits are testing in accordance with IEEStandard 383 to ensure

their ability to perform their intended function under expected conditions of ambient and accident

temperatures during plant life. Cables are distributed by raceways such as conduits and trays.
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All major Essential electrical equipment is solidly grounded by copper cable to the plant grounding grid
for personnel protection and to facilitate operation of ground detection. Instrumentation devices use
conduit connections as grounding ties to the grounding grid or building steel. Raceways a grounded
by copper cable to the plant ground grid or building steel.

Fire detection and protection, either manually or automatically initiated, is provided to preserve the
integrity of Essential circuitry. It consists of all Essential cable meeting the requirements of IE
Standard 383, and all Essential Switchboard type wiring being flame retardanL Redundant Essential cable
systems meet the separation requirements of IEEE Standard 384. A electrical penetrations through fire
barrier walls and floors are sealed with fire stops rated at least equivalent to that required for the barrier.
Early warning fire detectors, including heat, smoke and flame detectors that a provided for alarm and
annunciation, meet the requirements of NFPA Code 72E. The wiring is class A as defined in NFPA
Code 721). A indoor transformers are dry type. Emergency lighting including access and egress routes
is provided. Equipment and structures are grounded and lightning protection is provided.

8.2.4.2 System Arrangement

Essential UPS System redundant electrical equipment is located in separate rooms in a tornado-missile
protected structure which is designed and qualified to perform its intended function through an OBE or
SSE. Each room has ventilation and air-conditioning units which prevent single events from disabling
redundant features of the system. Doors separating redundant portions of the Essential UPS System
ensure that a fire in one room is not propagated to other redundant equipment rooms.

8.2.4.3 System Operating Modes

Essential UPS System operating modes during various plant conditions are summarized as follows:

During plant startup, the Essential UPS System is energized by being fed from the inverter
assemblies' dc power supply circuits normally energized via the Essential DC Power System
battery chargers from 480 V ac motor control centers. Power to the motor control centers is
provided from the startup auxiliary transformers which are connected to the ulity grid.

During plant shutdown, the Essential UPS System is energized by being fed the same way as
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during startup, except that power to the motor control centers feeding the inverter assemblies viaI ~the Essential DC Power System battery chargers is provided through unit auxiliary transformers,
startup auxiliary transformers, or backup generators.

During plant base-load normal operation, the Essential UPS System remains energized by being

fed the same way as during startup, except that power to the motor control centers feeding the

inverter assemblies via the Essential DC Power System battery chargers is provided from the unit
auxiliary transformers.

During plant abnormal operation, the Essential UPS System remains energized by being fed from

either the conresponding Essential DC Power System bus energized by its battery chargers or, if
ac power is not available, by its batteries or, if an Essential DC Power System supply is

unavailable, from the corresponding alternate ac power supply regulating transformer. Power to

the motor control centers feeding the regulating transformers and battery chargers is provided
from the startup auxiliary transformers or the backup generators.

The relationship between the Essential UPS System operating modes and plant conditions is shown in

Table 8.2-3.

8.2.4.4 Instrumentation and Control

The operation of the Essential UPS System, consisting of four separate channels, is automatic.
Instrumentation and control equipment provided for each channel component consists of local ameters,
voltmeters, frequency meters, and elapsed time meters, as well as alarms which sense various abnormal

conditions. The PPIS is also provided data to determine the status of the Essential UPS System.

Certain outputs of the sensing circuits are interconnected to yield alarm outputs for the system remote

alarms.

The alarm output relays a fail-safe since these relays a energized during normal, nonalarmed

conditions. In the event of an alarm output relay failure, a system channel equipment malfunction is

indicated by the Plant Alarm System.
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Voltage on each 120 V vital bus is monitored and displayed in the control room via the Plant Control,
Data, and Instrumentation System (PCDIS).

8.2.4.5 System Limitations

Essential UPS System components can be loaded only within their nameplate ratings. Excess loads cause
reduced life expectancy and may cause automatic disconnection of the loaded circuit. Electiical
equipment is sized and load groupings are assigned so that the maximum coincidental load falls within
the rating of each of these power system components.

8.2.5 Design Evaluation

8.2.5.1 Failure Modes and Effects

The system failure mode is its inability to meet the normal operation requirements. The effect of a failure
would be the inability of the system to supply the loads connected to the Essential UPS buses (channels).
Since all loads a redundant and are fed from separate channels, loss of one load group will not
adversely affect plant safety.

8.2.5.2 Steady-State Performance

The Essential UPS System is normally connected to the unit generators via the unit auxiliary transformers
supplying ac power to the motor control centers providing normal and alternate power input to the
Essential UPS System. The Essential UPS System remains energized at all times during plant operation.

8.2.5.3 Anticipated Operational Occurrence Performance

For any AO resulting in system normal and alternate power input parameters being outside the range
for normal system operation, power to the Essential UPS loads will be provided directly from the
Essential DC Power System batteries.
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8.2.5.4 Design Basis Event Performance

For any DBE resulting in system normal and alternate power input parameters being outside the range

for normal system operation, power to the Essential UPS loads will be provided directly from the

Essential DC Power System batteries.

8.2.5.5. Safety-Related" Design Condition Performance

For any SRDC resulting in system normal and alternate power input parameters being outside the range

for nornal system operation, power to the Essential UPS loads will be provided directly from the

Essential DC Power System batteries.

8.2.6 Interfaces

Interface requirements imposed on other systems or subsystems within other systems by the Essential

Uninterruptible Power Supply are identified in Table 8.2-4, which also includes a description of the

interface and a quantitative expression for the interface.
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TABLE 8.2-1

LOAD REQUIREMENTS

(120 V ac, 60 Hz Essential UPS)

No. per ~ Channel Load (MW

Descrivtion Reactor A B C D

Safety Protection 1 1.2 1.2 1.2 1.2

Instrument Modules

Safety Protection Logic 1 1.0 1.0 1.0 1.0

Modules

Total (W/ch) 2.2 2.2 2.2 2.2
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TABLE 8.2-2

ENVIRONMENTAL CONDITIONS

FOR ESSENTIAL UPS SYSTEM

A. Normal Environment

Temperature, 9C (F) 16-40 (60-104)

Pressure, psia Atmospheric

Humidity, percent 20 - 80

Radiation, rad~l) (TBD)

Aging, days/year (TBD)

B. Accident Environment

Temperature, C (F) 49 (120)

Pressure, psia Atmospheric

Humidity, percent 10 - 90

Radiation, rad(2 ) (TBD)

Submergence No

Operating time, days (TBD)

C. Abnormal Environment

Temperature, C (F) 4-49 (40-120)

Humidity, percent 90

Aging, days/yr (TBD)

D. Qualified Life, Years 40

(1) 40 yr total integrated dose (TID)

(2) 40 yr TID plus accident

1 of 1
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TABLE 8.2-3

PLANT/SYSTEM OPERATING RELATIONSHIPS

Initial Final

Steady-State Steady-State
Plant Conditions Mode Mode Remarks

(1) Startup Standby Operating

(2) Shutdown Operating Operating System can be

maintained after

shutdown.

(3) Normal Operation Operating Operating

(4) Abnormal Operation Operating Operating

1 of 1
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TABLE 8.2-4

IDENTIFICATION OF HiTERFACES FOR ESSENTIL UPS SYSTEM

Interfacing Systems Nature of Interface Interface Reqjuirement

Reactor Building Provides space for the Essential Separate rooms for each
UPS System equipment channel's equipment in Seismic

Category I structure.

HVAC Provides heat removal to Maintain environmental
maintain environment conditions per Table 8.2-2 on

Essential UPS Systems
equipment

Essential DC power system Provides normal power supply Provide 2.6 kw per channel at
125 V dcto the inverter
assembly

AC Distribution Provides alternate power supply Provide 2.2 kw per channel at
System 480 V ac to the 480V/120V ac

regulating transformer.
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8.3 ESSENTIAL DC POWER SYSTM

8.3.1 Summary Descriptionl

The Essential DC Power System is a reliable electric system consisting of four channels per
reactor module and possessing adequate capacity, capability, and reliability to supply power to a module's
Essential dc loads by maintaining electrical independence between channels. The Essential DC Power
System supplies power to four independent Essential 125 V dc switchboard buses in each reactor module
that supply Essential dc control and instrument power only to the associated module.

Each of the Essential DC Power System channels is designed to normally provide 125 V dc power from
the normal battery charger and the dc switchboard. Backup battery chargers are provided for use in case
of malfunction or during maintenance of a normal battery charger. Figure 8.3-1 shows one typical
channel of the Essential DC Power System

8.3.2 Functions and IOCFR100 Design Criteria

8.3.2.1 Power Generation Functions

The Essential DC Power System provides no direct support to power generation functions.

8.3.2.2 Radionudide Control Functions

A function of the Essential DC Power System for radionuclide control is to control reactor heat generation
by facilitating reactor shutdown by diverse means, as shown in Figure 1.2-3. This function is
accomplished by providing power to the Reserve Shutdown Subsystem and to the PPIS via the Essential
Uninterruptible Power Supply System. 

Other functions are to control chemical attack on the fuel particles and to control radiation transport from
the primary circuit by assisting in accomplishing the functions of shutting down the main loop, and
isolating the steam generator. This system provides backup power to control and instrumentation
components to accomplish these functions.
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8.3.2.3 Classification

The Essential DC Power System is "safety related".

8.3.2.4 OCFRIOO Design Criteria for Radionuclide Control

The following OCFRlOO Design Criteria apply:

10CFR100 Design Criterion II: The vessels and other components that limit or prevent the ingress

of air or water shall be designed, fabricated, and operated such that the amount of air or water

reacting with the core will niot exceed acceptable values.

lOCFRIOO Desijzn Criterion I: The reactor shall be designed, fabricated, and operated such that

the inherent nuclear feedback characteristics ensure that the reactor thermal power ill not

exceed acceptable values. Additionally, the reactivity control system(s) shall be designed,

fabricated, and operated such that during insertion of reactivity, the reactor thermal power will

not exceed acceptable values.

8.3.3 Radionuclide Control Design Reqiuirements

The Essential DC Power System configuration shall consist of four independent channels per module, any

of which ensures plant safe shutdown by supplying dc power to a module's Essential control and

instrument dc loads.

The Essential DC Power System shall continuously supply reliable dc power to the four Essential 125

V dc main distribution switchboards that feed all Essential dc loads listed in Table 8.3-1.

The Essential DC Power System equipment shall be located in a stricture designed to withstand SSE and

OBE conditions and be seismically supported.

Essential DC Power System electrical equipment shall be capable of operating within the normal,

abnormal, and accident-environment conditions of temperature, pressure, humidity, and radiation for the

design life of the equipment, as described in Table 8.3-2.
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8.3.4 Design Descrijtion

8.3.4.1 System Configuration

The Essential DC Power System is a 125 V dc two-wire, ungrounded system consisting of four batteries,
four operating and two spare battery char~gers, four distribution switchboards and several distribution panel
boards in each reactor module. These comprise four completely independent channels, each serving
redundant Essential dc loads for that module. Any other circuits connected to the Essential buses are
considered associated circuits in accordance with IEEE Standard 384. To assure that the continuous rating
of the Essential power supplies is not exceeded during an event, they are sized to provide power for all
Essential and other connected loads simultaneously. The four dc channels in each reactor module ar
fully independent of those in all other modules, serving only that module. This arrangement provides for
separation of the safety loads into redundant load groups, such that loss of one group will not prevent
the minimum safety functions from being performed and a fault in one module will not adversely impact
another module. It is a highly reliable design, which is part of a very reliable total electrical system with
its redundant onsite and offsite power supplies. Each channel has a normally operating battery charger
which rectifies three phase 480 V ac, received from a motor control center, to 125 V dc. Two backup
battery chargers, each dedicated to a pair of essential dc buses but capable of powering only one at a
time, are provided so that any unit can be removed from service without degrading the systems to which
dc electric power is provided by each channel. To accommodate the potential unavailability of the 480
V MCC supplying a normal battery charger, the backup battery chargers may be connected to either of
the associated 480 V MCCs when supplying one of the 125 V dc switchboard.

8.3.4.2 System Arrangement

Essential DC Power System redundant electrical equipment is located in separate rooms in a tornado-
missile protected structure and designed and qualified to perform its intended functions through an OBE
or SSE. Each room has ventilation and air-conditioning units which prevent single events fom disabling
redundant features of the system. The exhaust fan provided for each battery room is powered from the
respective battery. The air in each room is changed a minimum of eight times per hour.

Doors separating redundant portions of Essential DC Power System ensure that a fire in one room is not
propagated to other redundant rooms. 
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8.3.4.3 System Operating Modes

Essential DC Power System operating modes during various plant conditions can

be summarized as follows.

During plant startup, the Essential DC Power System is energized by

being fed from the normal battery chargers connected to the motor

control centers. Power to the motor control centers is provided through

the startup auxiliary transformers which are connected to the utility

grid.

During plant shutdown, the Essential DC Power System is energized by

being fed the same way as during startup, except that power to the motor

control centers feeding the battery chargers is provided through the

unit auxiliary transformers, startup auxiliary transformers, or backup

generators.

During plant base-load normal operation, the Essential DC Power System

remains energized by being fed the same way as during startup, except

that power to the motor control centers feeding the normal battery

chargers is provided from the unit auxiliary transformers.

During plant abnormal operation, the Essential DC Power System remains

energized by being fed from the backup battery chargers or the batteries

if ac power is not available. Power to the motor control centers

feeding the backup battery chargers is provided from the startup

auxiliary transformers or backup generators. In case ac power is not

available, the Essential batteries are capable of supplying power to the

safety-related dc loads for 1 hour. If after 1 hour ac power has not

been restored, the plant is shut down.

The relationship between the Essential DC Power System operating modes and

plant conditions is shown in Table 8.3-3.

8.3-7

Amendment 2



HTGR-86-024 7_

8.3.4.4 Instrumentation and Control

Th operation of the Essential DC Power System, consisting of four separate

channels, is automatic. Instrumentation and control provided for each

channel component consists of local ammeters, voltmeters, relays, as well as

alarms which sense various abnormal conditions. The Plant Protection and

Instrumentation System is provided data to determine the status of the

Essential DC Power System.

Each battery charger is equipped with a dc voltmeter, output ammeter, under-

and over-voltage relays, and an ac undervoltage relay. A battery charger

open breaker or a malfunction of a battery charger activates an alarm in the

control room. Indicating lights over appropriate nameplates indicate the

nature of the trouble to the battery charger.

Each battery is equipped with a float charge ammeter, output ammeter, and

bus voltmeter. Voltage level is monitored and displayed in the control

room. Two undervoltage relays, one low voltage to alarm at 2.08 V per cell

and the other low-low voltage to alarm between 1.75 to 2.03 V per cell, are

provided for battery monitoring in the control room. In addition, low

charging current or bus overvoltage is alarmed in the control room.

The battery breaker is equipped with long-time and short-time adjustable

pickup with adjustable time. A battery breaker open condition is alarmed in

the control room. A shunt with an ammeter is also provided, together with

ground detection voltmeters and alarm relay. All branch circuit breakers

have overcurrent protection on both wires.

8.3.4.5 System Limitations

Essential DC Power System components can be loaded only within their

nameplate ratings. Excess loads cause reduced life expectancy and may cause

automatic disconnection of the loaded circuit. Electrical equipment is sized

and load groupings are assigned so that the maximum coincidental load falls

within the rating of each of these power system components.

8.3-8
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HTGR-86-024

8.3.5 Design Evaluation

8.3.5.1 Failure Modes and Effects

The system failure mode is its inability to meet the normal operational

requirements. The effect of a failure would be the inability of the system

to supply the Essential loads connected to the Essential dc buses

(channels). Since all Essential loads are redundant and are fed from

separate channels, loss of power to one load group will not adversely affect

plant safety.

8.3.5.2 Steady-State Performance

The Essential DC Power System is normally connected to the unit generators

via the unit auxiliary transformers, supplying ac power to the motor control

centers and providing normal and backup power input to the system battery

chargers. The Essential DC Power System remains energized at all times 

during plant operation.

8.3.5.3 Anticipated Operational Occurence Performance

For any AO resulting in system normal and alternate power input parameters

being outside the range for normal system operation, power to the Essential

dc loads will be provided directly from the Essential Power System batteries.

8.3.5.4 Design Basis Event Performance

For any DBE resulting in system normal and alternate power input parameters

being outside the range for normal system operation, power to the Essential

dc loads will be provided directly from the Essential Power System batteries.

8.3.5.5 "Safety-Related" Design Condition Performance

For any SRDC resulting in system normal and alternate power input parameters

being outside the range for normal system operation, pow r to the Essential

dc loads will be provided directly from the Essential Power System batteries.

8.3-9
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8.3.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Essential DC Power System are identified in Table 8.3-4, which

also includes a description of the interface and a quantitative expression

for the interface.

8.3-10
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TABLE 8.3-1

LOAD REQUIREMENTS

(125 V Essential dc)

No. per Channel Load (kW)

Descriytion Reactor A B C D

Reserve Shutdown System 1 2.0 - 2.0 
Power Supplies A and B

Battery Room Exhaust Fans 4 0.3 0.3 0.3 0.3

Inverter Assembly, Essential UPS System' 4 2.6 2.6 2.6 2.6

Total (kW/ch) 4.9 2.9 4.9 2.9

Conversion from dc to ac assume 85% efficiency.

1 of Amendment 13



HTGR- 86-024 2

TABLE 8.3-2

ENVIRONMENTAL CONDITIONS FOR

ESSENTIAL DC POWER SYSTEM

A. Normal Environment

Temperature, C (F) 16-40 (60-104)

Pressure, psia Atmospheric

Humidity, percent 20 - 80

Radiation, rad~l) (TBD)

Aging, days/year (TBD)

Operating Cycles (TBD)

B. Accident Environment

Temperature, C (F) 49 (120)

Pressure, psia Atmospheric

Humidity, percent 10 - 90

Radiation, rad (2 ) (TBD)

Submergence No

Operating time, days (TBD)

C. Abnormal Environment

Temperature, C (F) 4-49 (40-120)

Humidity, percent 90

Aging, days/year (TBD)

D. Qualified Life, Years 40

(1) 40 yr total integrated dose (TID)

(2) 40 yr TID plus accident

1 of 1
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TABLE 8.3-3

PLANT/SYSTEM OPERATING RELATIONSHIPS

Initial Final

Steady-State Steady-State

Plant Conditions Mode Mode Remarks

(1) Startup Standby Operating

(2) Shutdown Operating Operating System can be

maintained after

shutdown

(3) Normal Operation Operating Operating

(4) Abnormal Operation Operating Operating

1 of 1



HTGR-86-024

TABLE 8.3-4

IDENTIFICATION OF UnTERFACES FOR ESSENTIAL DC POWER SYSTEM

Interfacing Systems Nature of Interface Interface Reauirement

Reactor Building Provides space for the Essential Separate rooms for each
DC Power System equipment channel equipment in Seismic

Category I structure.

HVAC Provides heat removal to Maintain environmental
maintain environment conditions per Table 8.3-2 on

Essential dc battery and battery
equipment rooms.

AC Distribution System Provides normal power source Provide 5 kw at 480 V ac to
battery chargers for channels A
& Cand 3kw at 480 Vac to
battery chargers for channels B
& D.

1 of 1 Amendment 13
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TABLE 8.3-4

IDENTIFICATION OF INTERFACES FOR ESSENTIAL DC POWER SYSTEM

Interfacing Systems Nature of Interface Interface Requirements

Reactor Service Building Provides space for the Separate rooms for each

Essential DC Power channel equipment in Seismic

System equipment Category I structure.

HVAC Provides heat removal Maintain environmental

to maintain environment conditions per Table 8.3-2 on

Essential dc battery and battery

equipment rooms.

1 of 
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8.4 OFFSITE POWER AND MAIN GENERATOR TRANSMISSION SYSTEM

8.4.1 Functional Description

The function of Offsite Power or Preferred Power Supply (PPS) is to provide

electric power from the transmission network for the operation of the plant.

The offsite circuits may be used during all modes of operation to supply

power, directly or indirectly, to Essential and other buses of the plant. The

Main Generator Transmission System transmits the plant-generated power to the

transmission network through the switchyard.

8.4.1.1 Offsite Power

Offsite Power is supplied by two physically independent circuits from a

230/66 kV switchyard located at the plant site. Two 230 kV transmission lines

enter a common switchyard on separate rights-of-way and no other lines cross

these circuits. Two 66 kV underground cables exit the switchyard on separate

rights-of-way and terminate at the two startup auxiliary transformers. The

physical separation between these circuits is such that no single event can

simultaneously remove these circuits from service. Each circuit is capable of

supplying power indirectly to Essential electrical loads following a

postulated event by providing a switchyard control system design in which any

incoming line, switchgear bus, or any path to the distribution bus can be

isolated. This is achieved by redundant breaker tripping devices, with each

circuit being independent of its redundant counterpart, including control

circuit power supplies. Each of the circuits from the offsite grid has the

capacity and capability to supply the connected load during normal or abnormal

operating conditions, or plant shutdown conditions.

8.4.1.2 Main Generator Transmission System

Electric energy generated at the plant at 25 kV is stepped up to 230 kV and

through the 230 kV switchyard is transmitted to the network. Connections are

provided in the 230 kV switchyard for transmission lines feeding the network

and the 66 kV switchyard for underground cabl s supplying the startup

auxiliary transformers.

8.4-1
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8.4.2 Interface with Nuclear Island

Offsite Power indirectly interfaces with the Nuclear Island through the two

startup auxiliary transformers. The 66 kV switchyard supplies power to the

primary windings of the two startup auxiliary transformers with separate and

independent circuits. The secondary windings of these transformers are

connected with underground cable to each of the two non-Class E 4160 V ac

buses located outdoors in the Nuclear Island area.

The PPS is not an Essential system and is designed as a normal power supply

based on good engineering judgement, experience, and the applicable standards

of IEEE.

8.4.3 Safety Evaluation of Interface

Offsite Power indirectly provides sufficient capacity, capability, and

reliability to power the plant's Essential equipment. Both 66 kV circuits

are normally energized from the switchyard, and either of the 66 kV circuits

is capable of supplying the power requirements indirectly to "safety-related"

equipment.

It is extremely improbable that both 66 kV circuits could be out of service

simultaneously. In case of loss of both offsite circuits, there are two

onsite backup generators available, which are connected to separate 4160 V ac

buses. These buses feed the 480 V unit substations and motor control centers

that supply power to the rectifier/inverters and battery chargers that feed

Essential 120 V vital buses and the Essential 125 V dc buses, respectively.

8.4-2
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8.5 AC DISTRIBUTION SYSTEM

8.5.1 Functional Description

The function of the AC Distribution System is to provide electrical power from the

4,160 V, 480 V, and 120 V buses to the connected circuits required during startup,

normal operation, and normal shutdown of the plant.

AC Distribution System major equipment includes unit and startup auxiliary

transformers, isolated phase bus duct, switchgear, unit substations, motor control

centers, and distribution panelboards. These components are located throughout

the plant and peripheral areas, as close to points of utilization as possible.

The system also includes two backup generators to supply selected plant ac loads,

in case of loss of normal ac power.

8.5.1.1 Normal AC Power Source

The normal source of ac power while the plant is generating electricity is from

the unit-generators. A 25 kV isolated phase bus connects each unit generator to

the primary windings of the associated unit auxiliary transformer rated at

25 kV - 4.16 kV/4.16 kV and connected to its respective 4.16 kV switchgear buses.

The transformers are connected delta-wye with ground resistors on their secondary

neutrals.

8.5.1.2 Startup AC Power Source

The startup source of ac power is from the 66 kV switchyard and is used during

startup, shutdown, and upon loss of the normal power source. It is capable of

starting and running all normal and safety-related loads. Two startup auxiliary

transformers rated at 66 kV - 4.16 kV/4.16 kV are provided, each supplying two

4.16 kV switchgear buses associated with each unit-generator. A separate and

independent 66 kV cable is connected to the primary winding of each startup

auxiliary transformer. The transformers are connected wye-wye with grounding

resistors on their secondary neutrals.

8.5-1
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8.5.1.3 4.16 kV System

The 4.16 kV AC System is resistance grounded wye and consists of five separate

4.16 kV switchgear buses. Each 4.16 kV bus has provisions for being fed from

either the unit auxiliary or startup auxiliary transformer. Two 4.16 kV

switchgear buses located in the Nuclear Island feed the various Nuclear Island

motor loads directly or through variable speed drives. The two 4.16 kV buses

located in the Turbine Building feed various Energy Conversion Area loads

directly or through variable speed drives. A fifth bus serves the auxiliary

electric boiler. On each of these buses, one backup generator is also

connected to supply selected loads in case of loss of normal ac power.

Figure 8.5-1 shows this arrangement. The 4.16 kV switchgear buses also feed

480 V unit substations.

The 4.16 kV switchgear is rated for interrupting capacity based on maximum

short-circuit availability at its location. The switchgear bus full-load

ampere rating is sized to the standard available bus ratings above the maximum

coincidental load.

8.5.1.4 480 V System

The 480 V AC System is ungrounded delta and provided with ground fault

detection. It consists of double-ended 480 V unit substation switchgear

supplied from dry-type transformers connected to 4.16 kV switchgear buses. In

addition, the 480 V unit substations supply 480 V motor control centers

(MCCs) . Normally, loads 250 horsepower or less but greater than 100

horsepower are supplied from 480 V unit substations; loads 100 horsepower and

smaller are, in general, fed from 480 V MCCs. Figure 8.5-2 shows a typical

arrangement.

The 480 V switchgear and MCCs are rated for interrupting capacity based on

maximum short-circuit availability at their location. The switchgear and MCC

bus full-load ampere rating is sized to the standard available bus ratings

above the maximum coincidental load.

8.5-2
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8.5.1.5 120/240 V System

The 120/240 V AC System is grounded. It is supplied from 480 V - 120/240 V J
dry-type transformers connected to 480 V MCs. Normally loads approximately

1/3 horsepower and smaller are fed from distribution panels connected to the

associated transformers.

The 120/240 V distribution panels are rated for interrupting capacity based on

maximum short-circuit availability at the panels' location. The panel main

bus full-load ampere ratings are sized to the standard available bus ratings

above the maximum coincidental load.

8.5.2 Interface with Nuclear Island

The AC Distribution System, consisting of two 4.16 kV buses, four 480 V unit

substations, Ms, etc., interfaces with the Nuclear Island through the

startup and unit auxiliary transformers. One startup and one unit auxiliary

transformer pair feeds one 4.16 kV bus and the other startup and auxiliary

transformer pair feeds the other 4.16 kV bus. Investment protection loads in I
the Nuclear Island are served through the double-ended 480 V unit substations

which are also fed from the 4.16 kV buses located in the turbine building

where the backup generators are connected as shown in Figure 8.5-2.

8.5.3 Safety Evaluation of Interface

The AC Distribution System is designed so that each circuit supplying 4.16 kV

buses in the Nuclear Island is independent of the other.

During normal plant operation, the unit auxiliary transformers supply the

4.16 kV buses of the A Distribtution System. Offsite ac power is available

to power these buses from the startup auxiliary transformers, if the unit

auxiliary transformers are lost. If all ac power is lost, backup ac power is

available directly to the ac buses and indirectly to the Essential buses

feeding investment protection loads and the "safety-related" loads,

respectively, from the two backup generators.

8.5-3
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8.6 UNINTERRUPTIBLE POWER SUPPLY SYSTEM

8.6.1 Functional Description

The function of Uninterruptible Power Supply (UPS) System is to provide

uninterruptible electric power to the two normal 120 V ac UPS buses located

in the Turbine Building. The UPS System supplies power to all control

instrument loads throughout the plant which cannot sustain a loss of power.

The UPS System consists of two independent UPS systems, each with adequate

capacity to supply UPS loads associated with one unit - generator. Each UPS

System consists of a rectifier/inverter assembly which is connected to a

480 V motor control center (MCC) associated with the same unit-generator.

Backup power is provided from the DC Power System through the same inverter,

and alternate power is provided through a regulating transformer connected to

a different M associated with the same unit-generator.

8.6.2 Interface with Nuclear Island

The UPS System does not interface with the Nuclear Island Essential loads.

8.6.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island Essential loads; therefore,

there are no safety considerations.

8.6-1
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8.7 DC POWER SYSTEM

8.7.1 Functional Description

The function of DC Power System is to provide electrical power to the two

normal 125 V dc buses located in the Turbine Building. The DC Power System

supplies power throughout the plant to all electrical equipment requiring dc

power.

The DC Power System consists of two independent dc systems, each with

adequate capacity to supply dc loads associated with one unit - generator.

Each DC Power System consists of a battery with two battery chargers (one

normal and one backup) and distribution system. The battery chargers are

connected to separate 480 V motor control centers (MCCs) associated with the

same unit-generator.

8.7.2 Interface with Nuclear Island

The DC Power System does not interface with the Nuclear Island Essential

loads.

8.7.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island Essential loads; therefore,

there are no safety considerations.

8.7-1
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4 ~8.8 GROUNDING, LIGHTNING PROTECTION, HEAT TRACING, AND CATHODIC PROTECTION

8.8.1 Functional Description

The function of the Grounding System is to ensure a safe potential difference

between energized electrical equipment and nearby metallic structures to

reduce the electric shock hazard to personnel working in the area. The

Grounding System also provides a low impedance path for ac system faults and

direct-stroke lightning currents. The Grounding System for the plant

instrumentation and control functions to minimize electrical noise in signal

cables from all sources.

The function of the Lightning Protection System is to provide a metallic low

impedance path to earth of direct-stroke lightning without stroke current

passing through the nonconducting parts of a building or structure. This low

impedance path prevents damage caused by heat and mechanical forces generated

in such nonconductive parts by the discharge.

The function of electrical heat tracing is to maintain a pipeline or vessel

at a desired temperature or to heat up a pipeline or other body to a desired

temperature.

The function of cathodic protection is to arrest corrosion on underground and

underwater structures such as lead cables, water storage tanks, sheet steel

pilings, condenser water boxes, water treatment equipment, underground

pipelines, tanks, etc.

8.8.2 Interface with Nuclear Island

Grounding, lightning protection, heat tracing, and cathodic protection

interface with the Nuclear Island in many areas.

Grounding and lightning protection encompass the entire plant site and cannot

be isolated from the Nuclear Island. These systems are passive in nature and

are used to minimize hazards caused by electrical faults and lightning

strokes.

8.8-1
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Heat tracing and cathodic protection are required to maintain system4
operation and are applied when a specific condition warrants their use.

8.8.3 Safety Evaluation of Interface

Grounding and lightning protection do not jeopardize the safety of the plant
since they are passive systems.

The impact of heat tracing and cathodic protection on the safety of the plant
will be evaluated when the actual systems to which they are applied are
designed. However, when properly designed and installed, they do not impact
the overall safety of the plant.

8.8-2
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8.9 COMMUNICATION SYSTEM

8.9.1 Functional Descri~tion

The function of the Communication System is to provide reliable

communications between essential areas of the plant and the control room, and

to locations remote from the plant during normal operations or under

emergency conditions. The Communication System is designed so that a failure

of one type of communication does not impair the reliability of the other

types. This capability is provided by diverse types of communication.

8.9.1.1 Intraplant Communications

The intraplant communication consists of the following separate, independent,

and diverse systems:

1. Page-Party/Public Address (PP/PA)

2. Sound-Powered Telephone

3. Hand-Held Portable Radio

4. Private Automatic Exchange (AX)

8.9.1.2 Plant- to-Offsite Communication

Plant-to-offsite communication consists of the following separate,

independent, and diverse systems:

1. Commercial Telephone Land Line

2. Plant-to-Offsite Radio

3. Microwave

4. Power-line Carrier (PLC)

8.9-1
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8.9.2 Interface with Nuclear Island

The Communication System interfaces with the Nuclear Island in all areas

where communication with various areas of the plant is essential.

8.9.3 Safety Evaluation of Interface

The Communication System is diversified; therefore, the failure of one type

of communication does not affect the operation of the other types of

communication.

A loss of electric power does not cause a common mode failure of intraplant

communication. The PP/PA and PAX are powered from separate reliable power

supplies that ultimately derive power from the dc batteries. The portabl

radio is battery-powered and independent of plant electric power except for

recharging of batteries. The sound-powered telephone does not rely on any

electric power system. The PP/PA, sound-powered, and PAX do not share common

raceways.

The Plant-to-Offsite Communication System provides a diverse mix of the major

typ s of approaches which are available (commercial telephone, microwave,

radio, and power line carrier) to ensure that under the most adverse

circumstance, communications with offsite are maintained.

For additional information related to this section, see response to NRC

Comment R 9-12.

8.9-2 Amendm nt 5
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8.10 LIGHTING AND SERVICE POWER SYSTEM

8.10.1 Functional Descriotion

The function of the Lighting and Service Power (LSP) System is to provide

illumination to support plant activities and distribute electric power to

portable equipment required for plant maintenance.

8.10.1.1 Lighting System

The lighting portion of the LSP system provides adequate illumination at all

times during all operating modes with lighting intensities at level s

recommended by the Illuminating Engineering Society (IES), Occupational

Safety and Health Act (OSHA) , and state regulatory agencies, where

applicable. It consists of three separate types of lighting:

1. Normal ac lighting

2. Emergency ac lighting

3. Emergency ac/dc lighting

Normal ac lighting is used throughout the plant and is supplied from house

loads to provide adequate lighting in all areas required for normal plant

operation, control and maintenance of equipment and plant access routes. it

consists of high pressure sodium (HPS) vapor lamps for high-bay lighting,

medium height lighting and for roadways and parking lots, and fluorescent

lamps for general plant lighting except that incandescent lamps are used in

areas where mercury contamination from lighting elements can induce stress

corrosion on stainless steel vessels and pipes. It is supplied from 480 V

motor control centers (MCC) through 480 Y/277 V, three-phase, and 208 Y/120

V, three phase dry-type transformers, for fluorescent and HPS lighting, and

incandescent lighting, respectively.

Emergency ac lighting is supplied from backup generators to provide adequate

emergency and standby lighting to general plant areas, main control room,
means of gress and all xit signs in case normal power is lost. It consists

of fluorescent lighting fixtures that are continuously energized either from

8.10-1 Amendment 5
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normal ac power or from backup ac power supplied from backup generators. It

is supplied from MCCs through 480 Y/277 V, three-phase, dry-type

transformers, and separate lighting panels.

Emergency ac/dc lighting is supplied from self-contained battery power packs

to provide adequate emergency and standby lighting in all areas needed for

operation of Essential equipment and controls, fire fighting equipment, and

in access and egress routes thereto. It consists of special fluorescent

lighting fixtures that are continuously energized either from ac power

(normal or backup from backup generators) or from dc power supplied from

individual batteries for each fixture, rated at a minimum of 8 hours

operation. Separate lighting panels are used for this type of lighting.

8.10.1.2 Service Power System

The service power portion of the LSP system consists of 480 V and 120 V ac

power service outlets located in all plant areas to provide power for

portable welding machines, power hand tools, and portable lighting.

8.10.2 Interface with Nuclear Island

The Lighting and Service Power System interfaces with the nuclear island in

many areas. It is required to support normal plant activities.

8.10.3 Safety Evaluation of Interface

Emergency ac/dc lighting supplied from individual battery power packs remains

functional in all areas where Essential equipment and controls are located,

and in access and egress routes for at least 8 hours, which is the capacity

of the batteries in the power packs.

For additional information related to this section, see the response to NRC

Comment R 9-12.

8.10-2 Amendm nt 5



Cl
rr
El

Ci

r
5

I



CHAPTER 9

SERVICE SYSTEMS

CONTENTS

Section Title Page

9.1 NUCLEAR ISLAND 9.1-1

9.1.1 Fuel Handling and Storage System 9.1-1

9.1.1.1 Core Refueling 9.1-1

9.1.1.1.1 Summary Description 9.1-1

9.1.1.1.2 Functions and 1CFRIOO Design Criteria 9.1-2 

9.1.1.1.2.1 Power Generation Functions 9.1-2

9.1.1.1.2.2 Radionuclide Control Functions 9.1-2

9.1.1.1.2.3 Classification 9.1-3

9.1.1.1.2.4 10CFR100 Design Criteria for Radionuclide Control 9.1-3

9.1.1.1.3 Radionuclide Control Design Requirements 9.1-3

9.1.1.1.4 Design Description 9.1-3

9.1.1.1.4.1 Subsystem Configuration 9.1-3

9.1.1.1.4.1.1 Fuel Handling Equipment Support Structure 9.1-4

9.1.1.1.4.1.2 Reactor Isolation Valve 9.1-5

9.1.1.1.4.1.3 Fuel Handling Machine 9.1-5

9.1.1.1.4.1.4 Fuel Transfer Cask Adapter 9.1-8

9.1.1.1.4.1.5 Fuel Transfer Cask 9.1-9

9.1.1.1.4.1.6 Fuel Handling Equipment Positioner 9.1-10

9.1.1.1.4.1.7 Plug Actuator and Turntable Assembly 9.1-11

9.1.1.1.4.1.8 Refueling Accessories 9.1-12

9.1.1.1.4.1.9 Fuel Handling Control Station 9.1-12

9.1.1.1.4.2 Subsystem Arrangement 9.1-13

9.1.1.1.4.3 Subsystem Operating Modes 9.1-14

9.1.1.1.4.3.1 Refueling, Automatic Operating Mode 9.1-14

9.1.1.1.4.3.2 Refueling, Manual Operating Mode 9.1-14

9.1.1.1.4.3.3 In-Vessel Maintenance and In-service Inspection 9.1-15

9.1.1.1.4.4 Instrumentation and Control 9.1-15

9.1.1.1.4.4.1 General Features of Instrumentation and Control 9.1-15

* 9.1.1.1.4.4.2 Specific Features of Instrumentation and Control 9.1-18

9.1.1.1.4.5 Subsystem Limitations 9.1-19

9-i Amendment 



HTGR- 86-024/is

CONTENTS

(Continued)

Section Title Page

9.1.1.1.4.5.1 Temperature Control 9.1-19

9.1.1.1.4.5.2 Operating Speeds 9.1-20

9.1.1.1.4.5.3 Protective Interlocks 9.1-21

9.1.1.1.4.5.4 Reactivity Control Within the Core 9.1-21

9.1.1.1.5 Design Evaluation 9.1-22

9.1.1.1.5.1 Failure Modes and Effects 9.1-22

9.1.1.1.5.2 Steady-State Performance 9.1-22

9.1.1.1.5.3 Anticipated Operational Occurrence Performance 9.1-23

9.1.1.1.5.4 Design Basis Event Performance 9.1-24

9.1.1.1.6 Interfaces 9.1-24

9.1.1.2 Site Fuel Handling 9.1-24

9.1. i.
2 . 1 Summary Description 9.1-24

9.1.1.2.2 Functions and 10CFR100 Design Criteria 9.1-25

9.1.1.2.2.1 Power Generation Functions 9.1-25

9'.1.1.2.2.2 Radionuclide Control Functions 9.1-26

9.1.1.2.2.3 Classification 9.1-26

9.1.1.2.2.4 10CFR100 Design Criteria for Radionuclide Control 9.1-26

9.1.1.2.3 Radionuclide Control Design Requirements 9.1-26

9.1.1.2.4 Design Description 9.1-27

9.1.1.2.4.1 System Configuration 9.1-27

9.1.1.2.4.2 System Arrangement 9.1-27

9.1.1.2.4.3 Subsystem Operating Modes 9.1-28

9.1.1.2.4.4 Instrumentation and Control 9.1-34

9.1.1.2.5 Design Evaluation 9.1-35

9.1.1.2.5.1 Failure Modes and Effects 9.1-35

9.1.1.2.5-2 Steady-State Performance 9.1-36

9.1.1.2.5.3 Anticipated Operational Occurrence Performance 9.1-37

9.1.1.2.5.4 Design Basis Event Performance 9.1-37

9.1.1.2.6 Interfaces 9.1-38

9.1.1.3 Spent Fuel Cooling Subsystem 9.1-38

9.1.1.3.1 Summary Description 9.1-38

9-ui Amendment 5



HTGR-86-024/ 

CONTENTS

(Continued)

Section Title Pj

9.1.1.3.2 Functions and 1CFR100 Design Criteria 9.1-39

9.1.1.3.2.1 Power Generation Functions 9.1-39

9.1.1.3.2.2 Radionuclide Control Functions 9.1-39

9.1.1.3.2.3 Classification 9.1-39

9.1.1.3.2.4 10CFRIOO Design Criteria for Radionuclide Control 9.1-39

9.1.1.3.3 Radionuclide Control Design Requirements 9.1-39

9.1.1.3.4 Design Description 9.1-40

9.1.1.3.4.1 Subsystem Configuration 9.1-40

9.1.1.3.4.2 Subsystem Arrangement 9.1-41

9.1.1.3.4.3 Subsystem Operating Modes 9.1-42

9.1.1.3.4.3.1 Normal and Passive Backup Operating Modes 9.1-42

9.1.1.3.4.3.2 Abnormal Operation 9.1-42

9.1.1.3.4.4 Instrumentation and Control 9.1-43

9.1.1.3.5 Design Evaluation 9.1-44

9.1.1.3.5.1 Failure Modes and Effects 9.1-44

9.1.1.3.5.1.1 Loss of a Pump or a Heat Exchanger 9.1-44

9.1.1.3.5.1.2 Loss of Both Pumps of One Pool or Both Heat Exchangers 9.1-44

9.1.1.3.5.2 Steady-State Performance 9.1-45

9.1.1.3.5.3 Anticipated Operational Occurrence Performance 9.1-45

9.1.1.3.5.4 Design Basis Event Performance 9.1-46

9.1.1.3.6 Interfaces 9.1-46

9.1.2 Reactor Service 9.1-46

9.1.2.1 Reactor Service Equipment Subsystem 9.1-46

9.1.2.1.1 Summary Description 9.1-46

9.1.2.1.2 Functions and 10CFR100 Design Criteria 9.1-48

9.1.2.1.2.1 Power Generation Functions 9.1-48

9.1.2.1.2.2 Radionuclide Control Functions 9.1-48

9.1.2.1.2.3 Classification 9.1-48

9.1.2.1.2.4 10CFRIOO Design Criteria for Radionuclide Control 9.1-49

9.1.2.1.3 Radionuclide Control Design Requirements 9.1-49

9.1.2.1.4 Design Description 9.1-49

9-iii Amendment 5



HTGR- 86-024/0

CONTENTS

(Continued)

Section Title Page

9.1.2.1.4.1 subsystem Configuration 9.1-49

9.1.2.1.4.1.1 Main Circulator Service Equipment 9.1-49

9.1.2.1.4.1.2 Shutdown Circulator Service Equipment 9.1-52

9.1.2.1.4.1.3 Auxiliary Service Cask and Transporter 9.1-54

9.1.2.1.4.1.4 Core Service Tools 9.1-55

9.1.2.1.4.1.5 Service Facility Tools 9.1-59

9.1.2.1.4.1.6 Equipment Storage Wells 9.1-60

9.1.2.1.4.1.7 Hot Duct Service Equipment 9.1-61

9.1.2.1.4.1.8 Neutron Detector Service Equipment 9.1-61

9.1.2.1.4.2 Subsystem Arrangement 9.1-61

9.1.2.1.4.3 Subsystem Operating Modes 9.1-61

9.1.2.1.4.3.1 Main an", Shutdown Circulator Casks 9.1-61

9.1.2.1.4.3.2 Auxiliary Service Cask and Transporter 9.1-62

9.1.2.1.4.3.3 Core Service Tools 9.1-63

9.1.2.1.4.3.4 Service Facility Tools 9.1-63

9.1.2.1.4.3.5 Equipment Storage Wells 9.1-63

9.1.2.1.4.3.6 Hot Duct Service Equipment 9.1-63

9.1.2.1.4.3.7 Neutron Detector Service Equipment 9.1-64

9.1.2.1.4.4 Instrumentation and Control 9.1-64

9.1.2.1.4.4.1 Main Circulator Service Equipment 9.1-64

9.1.2.1.4.4.2 Shutdown Circulator Service Equipment 9.1-65

9.1.2.1.4.4.3 Auxiliary Service Cask and Transporter 9.1-66

9.1.2.1.4.4.4 Core Service Tools 9.1-67

9.1.2.1.4.4.5 Service Facility Tools 9.1-67

9.1.2.1.4.4.6 Equipment Storage Wells 9.1-67

9.1.2.1.4.4.7 Hot Duct Service Equipment 9.1-67

9.1.2.1.4.4.8 Neutron Detector Service Equipment 9.1-67

9.1.2.1.5 Design Evaluation 9.1-68

9.1.2.1.5.1 Failure Mode and Effects 9.1-68

9.1.2.1.5.1.1 Main Circulator Service Equipm nt 9.1-68

9.1.2.1.5.1.2 Shutdown Circulator Service Equipment 9.1-68

9- iv



HTGR-86-024/ S7-

CONTENTS

(Continued)

Section Title Page

9.1.2.1.5.1.3 Auxiliary Service Cask and Transporter 9.1-69

9.1.2.1.5.1.4 Core Service Tools 9.1-69

9.1.2.1.5.1.5 Service Facility Tools 9.1-69

9.1.2.1.5.1.6 Equipment Storage Wells 9.1-70

9.1.2.1.5.1.7 Hot Duct Service Equipment 9.1-70

9.1.2.1.5.1.8 Neutron Detector Service Equipment 9.1-70

9.1.2.1.5.2 Steady-State Performance 9.1-71

9.1.2.1.5.3 Anticipated Operational Occurrence Performance 9.1-71

9.1.2.1.5.3.1 Loss of Vessel Cooling 9.1-71

9.1.2.1.5.3.2 Moisture Ingress, Pressure Transient 9.1-71

9.1.2.1.5.3.3 Loss of Power 9.1-72

9.1.2.1.5.4 Drzsign Basis Eve-it Performance 9.1-72

9.1.2.1.6 Interfaces 9.1-72

9.1.2.2 Hot Service Facility Subsystem 9.1-72

9.1.2.2.1 Summary Description 9.1-72

9.1.2.2.2 Functions and 1CFR100 Design Criteria 9.1-73

9.1.2.2.2.1 Power Generation Functions 9.1-73

9.1.2.2.2.2 Radionuclide Control Functions 9.1-73

9.1.2.2.2.3 Classification 9.1-73

9.1.2.2.2.4 10CFR100 Design Criteria for Radionuclide Control 9.1-73

9.1.2.2.3 Radionuclide Control Design Requirements 9.1-74

9.1.2.2.4 Design Description 9.1-74

9.1.2.2.4.1 Subsystem Configuration 9.1-74

9.1.2.2.4.2 Subsystem Arrangement 9.1-77

9.1.2.2.4.3 Subsystem Operating Modes 9.1-77

9.1.2.2.4.4 Instrumentation and Control 9.1-77

9.1.2.2.5 Design Evaluation 9.1-78

9.1.2.2.5.1 Failure Modes and Effects 9.1-78

9.1.2.2.5.2 Steady-State Performance 9.1-78

9.1.2.2.5.3 Anticipated Op rational Occurrence P rformance 9.1-78

9.1.2.2.5.4 Design Basis Event Performanc 9.1-78

9-v Amendment 5



HTGR-86-024/-

CONTENTS

(Continued)

Section Title Paje

9.1.2.2.6 Interfaces 9.1-78

9.1.2.3 Liquid Nitrogen Subsystem 9.1-78

9.1.2.3.1 Summary Description 9.1-78

9.1.2.3.2 Functions and 1CFR100 Design Criteria 9.1-79

9.1.2.3.2.1 Power Generation Functions 9.1-79

9.1.2.3.2.2 Radionuclide Control Functions 9.1-79

9.1.2.3.2.3 Classification 9.1-80

9.1.2.3.2.4 IOCFR100 Design Criteria for Radionuclide Control 9.1-80

9.1.2.3.3 Radionuclide Control Design Requirements 9.1-80

9.1.2.3.4 Design Description 9.1-80

9.1.2.3.4.1 Subsystem Configuration 9.1-80

9.1.2.3.4.2 Subsystem Ariangement 9.1-81

9.1.2.3.4.3 Subsystem Operating Modes 9.1-82

9.1.2.3.4.3.1 Normal Operation 9.1-82

9.1.2.3.4.3.2 Pumpdown 9.1-82

9.1.2.3.4.3.3 Shutdown 9.1-82

9.1.2.3.4.4 Instrumentation and Control 9.1-82

9.1.2.3.5 Design Evaluation 9.1-83

9.1.2.3.5.1 Failure Modes and Effects 9.1-83

9.1.2.3.5.1.1 Loss of a Pump or a Recondenser 9.1-83

9.1.2.3.5.1.2 Loss of Both Pump Recondensers of One LNS Train 9.1-83

9.1.2.3.5.2 Steady-State Performance 9.1-84

9.1.2.3.5.3 Anticipated Operational Occurrence Performance 9.1-84

9.1.2.3.5.4 Design Basis Event Performance 9.1-84

9.1.2.3.6 Interfaces 9.1-84

9.1.2.4 Reactor Plant Cooling Water Subsystem 9.1-84

9.1.2.4.1 Summary Description 9.1-84

9.1.2.4.2 Functions and 1CFR100 Design Criteria 9.1-85

9.1.2.4.2.1 Power Generation Functions 9.1-85

9.1.2.4.2.2 Radionuclide Control Functions 9.1-85

9.1.2.4.2.3 Classification 9.1-86

9-vi Amendment 5



HTGR-86-024

CONTENTS

(Cant inued)

Section Title EAUe

9.1.2.4.2.4 10CFR100 Design Criteria for Radionuclide Control 
9.1-86

9.1.2.4.3 Radionuclide Control Design Requirements 
9.1-86

9.1.2.4.4 Design Description 
9.1-86

9.1.2.4.4.1 Subsystem Configuration 
9.1-86

9.1.2.4.4.2 Subsystem Arrangement 
9.1-87

9.1.2.4.4.3 Subsystem Operating Modes 
9.1-87

9.1.2.4.4.3.1 Normal operation 
9.1-87

9.1.2.4.4.3.2 Shutdown 
9.1-88

9.1.2.4.4.4 Instrumentation and Control 
9.1-88

9.1.2.4.5 Design Evaluation 
9.1-89

9.1.2.4.5.1 Failure Modes and Effects 
9.1-89

9.1.2.4.5.1.1 Loss of a Pump or a heat Exchanger 
9.1-89

9.1.2.4.5.1.2 Loss of Both Pumps or Both Heat Exchangers 
9.1-89

9.1.2.4.5.2 Steady-State Performance 
9.1-89

9.1.2.4.5.3 Anticipated Operational Occurrence Performance 
9.1-90

9.1.2.4.5.4 Design Basis Event Performance 
9.1-90

9.1.2.4.6 Interfaces 
9.1-90

9.1.2.5 Helium Storage and Transfer Subsystem 
9.1-90

9.1.2.5.1 Summary Description 
9.1-90

9.1.2.5.2 Functions and 10CFR100 Design Criteria 
9.1-91

9.1.2.5.2.1 Power Generation Functions 9.1-91

9.1.2.5.2.2 Radionuclide Control Functions 9.1-91

9.1.2.5.2.3 Classification 
9.1-91

9.1.2.5.2.4 10CFR100 Design Criteria for Radionuclide Control 9.1-92

9.1.2.5.3 Radionuclide Control Design Requirements 9.1-92

9.1.2.5.4 Design Description 9.1-92

9.1.2.5.4.1 Subsystem Configuration 9.1-92

9.1.2.5.4.2 Subsystem Arrangement 9.1-94

9.1.2.5.4.3 Subsystem Operating Modes 9.1-95

9.1.2.5.4.3.1 Normal Operation 9.1-95

9.1.2.5.4.3.2 Pumpup Operation 9.1-95

9-vii Amendment 5



HTGR-86-024/ 7;
CONTENTS

(Continued)

Section Title Pg

9.1.2.5.4.3.3 Pumpdown Operation (Depressurization) 
9.1-95

9.1.2.5.4.4 Instrumentation and Control 
9.1-95

9.1.2.5.5 Design Evaluation 
9.1-97

9.1.2.5.5.1 Failure Modes and Effects 
9.1-97

9.1.2.5.5.2 Steady-State Performance 
9.1-97

9.1.2.5.5.3 Anticipated Operational Occurrence Performance 
9.1-98

9.1.2.5.5.4 Design Basis Event Performance 
9.1-98

9.1.2.5.6 Interfaces 
9.1-98

9.1.2.6 Decontamination Services Subsystem 
9.1-99

9.1.2.6.1 Summary Description 
9.1-99

9.1.2.6.2 Functions and 1OCFRlOO Design Criteria 
9.1-100

9.1.2.6.2.1 Power Generation Functions 
9.1-100

9.1.2.6.2.2 Radionuclide Control Functions 
9.1-100

9.1.2.6.2.3 Classification 
9.1-100

9.1.2.6.2.4 10CFR100 Design Criteria for Radionuclide Control 
9.1-100

9.1.2.6.3 Radionuclide Control Design Requirements 
9.1-100

9.1.2.6.4 Design Description 
9.1-101

9.1.2.6.4.1 Subsystem Configuration 
9.1-101

9.1.2.6.4.2 Subsystem Arrangement 
9.1-103

9.1.2.6.4.3 Subsystem Operating Modes 
9.1-103

9.1.2.6.4.4 Instrumentation and Control 
9.1-103

9.1.2.6.5 Design Evaluation 
9.1-104

9.1.2.6.5.1 Failure Modes and Effects 
9.1-104

9.1.2.6.5.2 Steady-State Performance 
9.1-104

9.1.2.6.5.3 Anticipated Operational Occurrence Performance 
9.1-104

9.1.2.6.5.4 Design Basis Event Performance9110

9.1.2.6.6 Interfaces 
9.1-104

9.1.2.7 Helium Purification System 
9.1-105

9.1.2.7.1 Summary Description 
9.1-105

9.1.2.7.2 Functions and 10CFR100 Design Criteria 
9.1-105

9.1.2.7.2.1 Power Generation Functions 
9.1-105

9-viii Amendment 5



HTGR-86-024p;

CONTENTS

(Continued)

Sect ion Title Page

9.1.2.7.2.2 Radionuclide Control Functions 9.1-106

9.1.2.7.2.3 Classification 9.1-106

9.1.2.7.2.4 IOCFR100 Design Criteria for Radionuclide Control 9.1-106

9.1.2.7.3 Radionuclide Control Design Requirements 9.1-106

9.1.2.7.4 Design Description 9.1-107

9.1.2.7.4.1 System Configuration 9.1-107

9.1.2.7.4.2 System Arrangement 9.1-109

9.1.2.7.4.3 System Operating Modes 9.1-109

9.1.2.7.4.4 Instrumentation and Control 9.1-Ill

9.1.2.7.5 Design Evaluation 9.1-113

9.1.2.7.5.1 Failure Modes and Effects 9.1-113

9.1.2.7.5.1.1 System Failure 9.1-113

9.1.2.7.5.1.2 Component Failure 9.1-113

9.1.2.7.5.2 Steady-State Performance 9.1-114

9,..2.7.5.3 Anticipated Operational Occurrence Performance 9.1-114

9.1.2.7.5.4 Design Basis Event Performance 9.1-115

9.1.2.7.6 Interfaces 9.1-115

9.1.3 Mechanical Service 9.1-115

9.1.3.1 Nuclear Area Fire Protection 9.1-115

9.1.3.1.1 Summary Description 9.1-115

9.1.3.1.2 Functions and 10CFR100 Design Criteria 9.1-116

9.1.3.1.2.1 Power Generation Functions 9.1-116

9.1.3.1.2.2 Radionuclide Control Functions 9.1-116

9.1.3.1.2.3 Classification 9.1-117

9.1.3.1.2.4 10CFR100 Design Criteria for Radionuclide Control 9.1-117

9.1.3.1.3 _ Radionuclide Control Design Requirements 9.1-117

9.1.3.1.4 Design Description 9.1-117

9.1.3.1.4.1 Subsystem Configuration 9.1-117

9.1.3.1.4.2 Subsystem Arrangement 9.1-118

9.1.3.1.4.3 Subsyst-m Operating Modes 9.1-118

9.1.3.1.4.4 Instrumentation and Controls 9.1-118

9- ix Amendment 5



HTGR-86-024

CONTENTS

(Continued)

Section Title

9.1.3.1.5 Design Evaluation 9.1-119

9.1.3.1.5.1 Failure Modes and Effects 9.1-119

9.1.3.1.5.2 Steady-State Performance 9.1-120

9.1.3.1.5.3 Anticipated Operational Occurrence Performance 9.1-120

9.1.3.1.5.4 Design Basis Event Performance 9.1-120

9.1.3.1.6 Interfaces 9.1-121

9.1.3.2 Heating, Ventilation, and Air Conditioning 9.1-121

9.1.3.2.1 Summary Description 9.1-121

9.1.3.2.2 Functions and 10CFR100 Design Criteria 9.1-122

9.1.3.2.2.1 Power Generation Functions 9.1-122

9.1.3.2.2.2 Radionuclide Control Functions 9.1-122

9.1.3.2.2.3 Classification 9.1-122

9.1.3.2.2.4 10CFRIOO Design Criteria for Radionuclide Control 9.1-123

9.1.3.2.3 Radionuclide Control Design Requirements 9.1-123

9'.1.3.2.4 Design Description 9.1-123

9.1.3.2.4.1 Subsystem Configuration 9.1-123

9.1.3.2.4.2 Subsystem Arrangement 9.1-125

9.1.3.2.4.3 Subsystem Operating Modes 9.1-126

9.1.3.2.4.4 Instrumentation and Controls 9.1-126

9.1.3.2.5 Design Evaluation 9.1-129

9.1.3.2.5.1 Failure Modes and Effects 9.1-129

9.1.3.2.5.1.1 Failure of Exhaust Filtration Trains 9.1-129

9.1.3.2.5.1.2 Failure of IE Electrical Equipment Rooms HVAC 9.1-129

9.1.3.2.5.2 Steady-State Performance 9.1-130

9.1.3.2.5.3 Anticipated Operational Occurrence Performance 9.1-130

9.1.3.2.5.4 Design Basis Event Performance 9.1-130

9.1.3.2.6 Interfaces 9.1-130

9.2 ENERGY CONVERSION AREA 9.2-1

9.2.1 Potabl Wat r 9.2-1

9.2.1.1 Functional D scription 9.2-1

9 -x Amendm nt 5



HTGR-86-02Ly0

CONTENTS

(Gontinued)

Section Title Page

9.2.1.2 Interface with Nuclear Island 9.2-1

9.2.1.3 Safety Evaluation of Interface 9.2-1

9.2.2 Storm Drainage 9.2-1

9.2.2.1 Functional Description 9.2-1

9.2.2.2 Interface with Nuclear Island 9.2-2

9.2.2.3 Safety Evaluation of Interface 9.2-2

9.2.3 Sanitary Drainage and Treatment 9.2-2

9.2.3.1 Functional Description 9.2-2

9.2.3.2 Interface with Nuclear Island 9.2-3

9.2.3.3 Safety Evaluation of Interface 9.2-3

9.2.4 Plant Fire Protection 9.2-3

9.2.4.1 Functional Description 9.2-3

9.2.4.2 Interface with Nuclear Island 9.2-5

9.2.4.3 Safety Evaluation of Interface 9.2-5

9.2.5 Waste Water Treatment 9.2-6

9.2.5.1 Functional Description 9.2-6

9.2.5.2 Interface with Nuclear Island 9.2-6

9.2.5.3 Safety Evaluation of Interface 9.2-6

9.2.6 Auxiliary Boiler System 9.2-7

9.2.6.1 Functional Description 9.2-7

9.2.6.2 Interface with Nuclear Island 9.2-7

9.2.6.3 Safety Evaluation of Interface 9.2-7

9.2.7 Raw Water Treatment 9.2-7

9.2.7.1 Functional Description 9.2-7

9.2.7.2 Interface with Nuclear Island 9.2-8

9.2.7.3 Safety Evaluation of Interface 9.2-8

9.2.8 Instrument and Service Air 9.2-8

9.2.8.1 Functional Description 9.2-8

9.2.8.2 Interface with Nuclear Island 9.2-8

9.2.8.3 Safety Evaluation of Interface 9.2-9

9.2.9 Central Hot Water Heating System 9.2-9

9-xi



HTGR- 86 -021KO

CONTENTS

(Continued)

Section Title Page

9.2.9.1 Functional Description 9.2-9

9.2.9.2 Interface with Nuclear Island 9.2-9

9.2.9.3 Safety Evaluation of Interface 9.2-10

9.2.10 Plant Drains 9.2-10

9.2.10.1 Functional Description 9.2-10

9.2.10.2 Interface with Nuclear Island 9.2-10

9.2.10.3 Safety Evaluation of Interface 9.2-11

9.2.11 Heating, Ventilation and Air-Conditioning (HVAC) 9.2-11

9.2.11.1 Control Room Area HVAC System 9.2-11

9.2.11.1.1 Functional Description 9.2-11

9.2.11.1.2 Interface with Nuclear Island 9.2-11

9.2.11.1.3 Safety Evaluation of Interface 9.2-12

9.2.11.2 Standby Power Building Heating and Ventilation System 9.2-12

9.2.11.2.1 Functional Description 9.2-12

9.2.11.2.2 Interface with Nuclear Island 9.2-13

9.2.11.2.3 Safety Evaluation of Interface 9.2-13

9.2.11.3 Turbine Building HVAC System 9.2-13

9.2.11.3.1 Functional Description 9.2-13

9.2.11.3.2 Interface with Nuclear Island 9.2-14

9.2.11.3.3 Safety Evaluation of Interface 9.2-14

9.2.11.4 Makeup Water Treatment and Auxiliary Boiler 9.2-14

Building HVAC System

9.2.11.4.1 Functional Description 9.2-14

9.2.11.4.2 Interface with Nuclear Island 9.2-15

9.2.11.4.3 Safety Evaluation of Interface 9.2-15

9-Xii



HTGR-86-024/a5

LIST OF TABLES

Table Title

9.1-1 Identification of Interface Requirements for the ore Refueling
Subsystem

9.1-2 Site Fuel Handling System Performance

9.1-3 Identification of Interfaces for the Site Fuel Handling System

9.1-4 SFCS Water Chemistry Requirements

9.1-5 Failure Modes and Effects Matrix

9.1-6 Spent Fuel Cooling Subsystem Response to AAOs and DBEs

9.1-7 Identification of Interfaces for the Spent Fuel Cooling
Subsystem

9.1-8 Identification of Interface Requirements for the Reactor Service
Equipment Subsystem

9.1-9 Identification of Interfaces for the Hot Service Facility
Sub sys tern

9.1-10 Liquid Nitrogen Subsystem Response to As and DBEs

9.1-11 Identification of Interfaces for the Liquid Nitrogen Subsystem

9.1-12 Reactor Plant Cooling Water System Water Chemistry Requirements

9.1-13 Reactor Plant Cooling Water System Response to AAOs and DBEs

9.1-14 Identification of Interfaces for the Reactor Plant Cooling Water
Sub sys tem

9.1-15 Helium Storage and Transfer Subsystem Response to A0s and DBEs

9.1-16 Identification of Interfaces for the Helium Storage and Transfer
Sub sys tern

9.1-17 Decontamination Quantities

9.1-18 Identification of Interfaces for the Decontamination Services
Sub sys tern

9.1-19 Purified Helium Distribution from the Helium Purification System
of One Reactor Module During Normal Operation

9.1-20 Identification of Interfaces for the Heluim Purification System

9.1-21 Fire Suppression Systems for the Nuclear Island Buildings

9-xiii



HTGR-86-024 3

LIST OF TABLES
(Continued)

Table Title

9.1-22 Identification of Interfaces for the Nuclear Island Plant Fire

Protection Subsystem

9.1-23 Heating, Ventilating, and Air-Conditioning Subsystem Design

Parameters

9.1-24 Identification of Interfaces for the Heating, Ventilating, and

Air-Conditioning Subsystem

9-xiv



HG86-02/67

LIST OF FIGURES

Figure Title

9.1-1 Location of Fuel Handling Equipment

9.1-2 In-Vessel Fuel Handling Operations

9.1-3 Fuel Element Construction for Handling

9.1-4 Arrangement of Refueling Penetrations and Equipment

9.1-5 Spent Fuel Storage Facility

9.1-6 Fuel Handling Equipment Support Structure

9.1-7 Core Refueling Equipment

9.1-8 Reactor Isolation Valve

9.1-9 Neutron Control Assembly Handling Equipment

9.1-10 Fuel Handling Machine (Transport Configuration)

9.1-11 Fuel Transfer Cask Adapter

9.1-12 Fuel Transfer Cask

9.1-13 Fuel Handling Equipment Positioner

9.1-14 Plug Actuator and Turntable Assembly

9.1-15 Fuel Handling Control Station

9.1-16 Refueling Control Scheme Communications

9.1-17 MHTGR Fuel Handling Operations

9.1-18 Site Fuel Handling System - General Arrangement

9.1-19 Site Fuel Handling System - Reactor Service Building

9.1-20 Fuel Shipping Equipment

9.1-21 Spent Fuel Shipping Container

9.1-22 Fuel Sealing Equipment

9.1-23 Spent Fuel Cooling Subsystem Flow Diagram

9.1-24 Main Circulator Handling Cask

9.1-25 Main Circulator Handling Equipment

9- xv



HTGR-86-0240

LIST OF FIGURES
(Continued)

Figure Title

9.1-26 Shutdown Circulator Handling Cask

9.1-27 Shutdown Circulator Handling Operations

9.1-28 Auxiliary Service Cask

9.1-29 Auxiliary Service Cask and Transporter

9.1-30 Core Service Manipulator With Tools

9.1-31 Core Service Vacuum Tool

9.1-32 Reserve Shutdown Vacuum Tool

9.1-33 Reactor Equipment Service Facility (Vertical Section)

9.1-34 Reactor Equipment Serice Facility (Alternate Vertical Section)

9.1-35 Main Circulator Storage Well

9.1-36 Shutdown Circulator Storage Well

9.1-37 Neutron Control Assembly Storage Well

9.1-38 Liquid Nitrogen Subsystem Flow Diagram

9.1-39 Reactor Plant Cooling Water Subsystem Flow Diagram

9.1-40 Helium Storage and Transfer Subsystem Flow Diagram

9.1-41 Decontamination Service Subsystem Flow Diagram

9.1-42 Helium Purification System Flow Schematic

9.1-43 NI HVAC Subsystem Composite Flow Diagram

9.2-1 Fire Protection System - Water (Sheet 1)

9.2-2 Fire Protection System - Water (Sheet 2)

9.2-3 Fire Protection System - Water (Sheet 3)

9.2-4 Fire Protection System - Water (Sheet 4)

9.2-5 Fire Protection System - Water (Sheet 5)

9.2-6 Fire Protection System - Water (Sheet 6)

9.2-7 Fire Protection System - Halon

9-Xvi



HTGR-86-024 

LIST OF EFFECTIVE PAGES

Page Number r- 'r Amendment

9-i through 9-iii 5

9- iv 10

9-v through 9-x 5

9-xi through 9-xvi 0

9-xvii through 9-xix 6

9.1-1 0

9.1-2 through 9.1-4a 4- 
9.1-5 through 9.1-20 \ 0

9.1-21 and 9.1-22 5

9.1-23 13

9.1-24 0

9.1-25 and 9.1-26 5

9.1-27 through 9.1-38 0

9.1-39 through 9.1-40a 5

9.1-41 through 9.1-47 0

9.1-48 and 9.1-49 51

9.1-50 through 9.1-72 0

9.1-73 and 9.1-74 5

9.1-75 through 9.1-78 1-0
9.1-79 and 9.1-80 L5

9.1-81 through 9.1-84 0

9.1-85 and 9.1-86 s
9.1-87 and 9.1-88 L0

9.1-89 through 9.1-92a IC 

9.1-93 through 9.1-99 V0

9.1-100 and 9.1-100a 5h 

9.1-101 through 9.1-104 4 0
9.1-105 and 9.1-106 5

9.1-107 through 9.1-112 0

9.1-113 through 9.1-115 5

9.1-116 and 9.1-117 6

9.1-118 __ _ _ _ _ _ _ _ _0

9-xvii Amendment 6



HTGR- 86-024 /

LIST OF EFFECTIVE PAGES

Page Number LfI'LN 7 Amendment

9.1-119 5
9.1-120 and 9.1-121 0

9.1-122 and 9.1-123 5
9.1-124 V0

9. 1-125 1'5
9.1-126 through 9.1-128 0

9.1-129 V5
9.1-130 V0
Table 9.1-1 ( of2/2 of 2) 0

Table 9.1-2 0

Table 9.1-3 (1 of 2/2 of 2) 0
Tables 9.1-4 and 9.1-5 L 0
Table 9.1-6 (1 of 2/2 of 2) L 0
Table 9.1-7 (1 of 2/2 of 2) 0
Table 9.1-8 (1 of 2/2 of 2)L 0
Table 9.1-9 (1 of 2/2 of 2) 0

Tabl 9.1-10 (1 of 2/2 of 2) 0
Tables 9.1-11 and 9.1-12 0
Tabl 9.1-13 (1 of 2/2 of 2) 0

Table 9.1-14 0
Table 9.1-15 (1 of 2/2 of 2) 0
Tables 9.1-16 and 9.1-17 0

Table 9.1-18 ( of 2/2 of 2) 0

Table 9.1-19 0

Table 9.1-20 (1 of 2/2 of 2) U 0

Table 9.1-21 (1 of 2/2 of 2) 0

Tables 9.1-22 through 9.1-23 0

Table 9.1-24 ( of 2/2 of 2) 0

Figures 9.1-1 through 9.1-23LiI 0
Figure 9.1-23A 5
Figures 9.1-24 through 9.1-43 0

9.2-1 through 9.2-8__________ 0

9-xviii Am ndment 6



HTGR-86-024/c

* ~~~~~~~~LIST OF EFFECTIVE PAGES

Pave Number T mnmn

9.2-9 15

9.2-10 through 9.2-15 0

Figures 9.2-1 through 9.2-7 0

9 -xix Amendment 6



I



HTGR-86 -024/

CHAPTER 9

SERVICE SYSTEMS

9.1 NUCLEAR ISLAND

9.1.1 Fuel Handling and Storage System

9.1.1.1 Core Refueling

9.1.1.1.1 Summary Description

The Core Refueling Subsystem (CRS) is used to perform the periodic, remote

replacement of core fuel and reflector elements in a safe and efficient

manner.

Core refueling operations are predicated on a 3.3-year fuel residence time

wherein one-half of the fuel elements are replaced at 20-month intervals with

new fuel. Replaceable reflector elements adjacent to the active core have a

10-year life, with approximately one-sixth replaced every 20 months.

The basic equipment for replacing fuel or replaceable reflector elements is

illustrated in Figures 9.1-1 and 9.1-2. The refueling procedure involves the

exchange of new core elements from the spent fuel storage facility for spent

core elements. This exchange occurs after the reactor has been shut down and

depressurized. Figure 9.1-3 illustrates the handling features of a core

element. Figure 9.1-4 illustrates the general arrangement of the refueling

penetrations and other components in the top head and upper plenum of the

vessel. The exchange of elements occurs in one-sixth of the core area (i.e.,

a core sector) at a time.

To replace the outer reflectors that contain the control rods of a refueling

sector, two of the four rods in the sector are retracted, and the

corresponding reflectors are removed. The remaining two rods stay in the

side reflector to ensure adequate shutdown margin. Half of the side

reflectors in two refueling sectors are replaced with each refueling

process. This results in total side reflector replacement every 10 years.

9.1-1
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Although only half of the fuel from each sector is replaced with each

refueling process, nearly all of it is removed and transferred to the spent

fuel storage facility to provide access for the fuel handling machine (FHM).

'When the partially used fuel is returned to the core sector, it is returned

to its initial location. The balance of the sector is filled with new fuel.

This process of removal and replacement of fuel, sector by sector, is

repeated until the entire core has been emptied and replaced.

All refueling equipment is removed from the vessel upon completion of

refueling.

For additional information related to this section, see the response to NRC

Comment 9-1.

9.1.1.1.2 Functions and 10CFR100 Design Criteria

9.1.1.1.2.1 Power Caneration Functions

The power generation function of the CRS is to maintain refueling. The

operations involved are:

1. Prepare the reactor for refueling operations.

2. Remove and replace the fuel and replaceable reflector elements in the

reactor core.

3. Transport the elements between the core and spent fuel storage

facility.

4. Perform in-vessel maintenance activities.

5. Assist in maintaining accountability of the elements.

9.1-2 Amendment 5
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9.1.1.1.2.2 Radionuclide Control Functions

The radionuclide control functions performed by the CRS are to control

personnel radiation exposure by controlling radiation from refueling

equipment.

9.1.1.1.2.3 Classification

The CRS is not "safety related". Since this subsystem does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, this subsystem will have the appropriate reliability

to meet other Top-Level Regulatory Criteria and user requirements.

9.1.1.1.2.4 1CFR100 Design Criteria for Radionuclide Control

No OCFR100 Design Criteria apply to the CRS.

9.1.1.1.3 Radionuclide Control Design Requirements

The CRS equipment and operating procedures shall assist in restricting the

total release of gaseous radionuclides and direct radiation such that the

user requirement of limiting the average long-term whole body radiation

exposure from all sources to no more than 10 percent of the limits of OCFR20

is satisfied during the refueling period.

9.1.1.1.4 Design Description

9.1.1.1.4.1 Subsystem Configuration

The basic equipment for replacing fuel or replaceable reflector elements is

illustrated in Figures 9.1-1 and 9.1-2. Figure 9.1-3 illustrates the

handling features of a core element. Figure 9.1-4 illustrates the general

arrangement of the refueling penetrations and other components in the top

head and upper plenum of the reactor vessel.

9.1-3 Amendment 5
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Access to the various core sectors with the fuel handling machine is achieved

through the sequential removal of the six inner neutron control assemblies

from their penetrations with the auxiliary service cask (ASC) and transporter

which is part of the Reactor Service Equipment Subsystem (RSES) described in

Section 9.1.2.1. The FHM is placed above the inner penetration corresponding

to the sector to be removed,. and the fuel transfer cask (FTC) is placed above

the penetration, 180 degrees from the FHM location (see Figures 9.1-2 and

9.1-4). A reactor isolation valve (RIV) is used to maintain the helium

environment in the reactor vessel during handling operations with the ASC or

the FHM. The FHM moves each element by means of vertical, radial, and

azimuthal movements, to a location over the core directly below the FTC. The

FTC grapple raises the element into the FTC. After the FTC is loaded to its

capacity of five elements, the FTC is taken to the spent fuel storage

facility shown in Figure 9.1-5 with the fuel handling equipment positioner

(FHEP). The exchange of elements occurs in one-sixth of the core area (i.e.,

a core sector) at a time. This process of removal and replacement of fuel,

sector by sector, is repeated until the entire core has been refueled.

All refueling equipment is removed from the vessel upon completion of

refueling.

The preceding text describes the basic method of core refueling and shows

where the refueling equipment is generally located within the reactor, plant.

The following subsections give brief descriptions of the equipment items in

the subsystem.

9.1.1.1.4.1.1 Fuel Handling Equipment Support Structure

The top head penetrations of the steel reactor vessel are not capable of

resisting the potential loads from the refueling equipment during a seismic

event. Therefore, for investment protection purposes, an independent support

structure is required to position the equipment at the desired location and

to transmit the loads directly to the Reactor Building structure. The fu 1

handling equipment support structure (FHESS) is designed to perform this

function.

9.1-4 Amendment 5
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The MHESS is shown in Figure 9.1-6. The removal of the refueling floor

access plug and the installation of the MHESS with the building crane are the

first major steps in refueling.

9.1- 4a Amendment 5



HTGR-86-024j

The FHESS is fastened to the refueling floor as shown in Figure 9.1-7. The

structure is designed so that two 120 degree rotations will allow interfacing

with all 18 top head penetrations.

9.1.1.1.4.1.2 Reactor Isolation Valve

The reactor isolation valve (RIV) shown in Figures 9.1-7 and 9.1-8 serves as

a radiation and atmospheric barrier between the depressurized reactor and

operating personnel on the refueling floor when none of the portable

equipment is installed over an open refueling penetration.

The valve mechanism consists of a shielded gate supported on rollers and

surrounded by steel shielding. Power is provided by an external actuator

that mechanically locks the valve gate at the selected position. The valve

gate may be operated manually in the event of a failure in the normal drive

system. A flexible seal is provided between the neutron control assembly

penetration and the base of the RIV. The RIV is secured to the FHESS and is

designed to ensure that seismic loads do not affect the integrity of the

closed system. The RIV is positioned over the penetration with either the

Reactor Building crane or with other portable lifting equipment. Once the

RIV is bolted in position over the penetration, either the FHM or the ASC can

fit over it and seal to it with inflatable seals. The top of the RIV and the

base of the ASC and FHM are stepped to minimize radiation streaming. Figure

9.1-9 shows the ASC and its transporter in position for removal of a neutron

control assembly.

The RIV is controlled from local control stations on either the ASC or the

FHM. Interlocks ensure that the valve cannot be operated inadvertently.

Limit switches are provided to indicate the valve gate position.

9.1.1.1.4.1.3 Fuel Handling Machine

The fuel handling machine (FHM) (see Figures 9.1-7 and 9.1-10) is a shielded,

gastight structure containing all the necessary mechanisms required to

transfer fuel and reflector elements between the reactor core and the upper

9.1-5
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plenum where they are picked up by the FTC grapple. The FHM is the most

complex machine in the Core Refueling Subsystem and its motions are a

significant factor in the length of the scheduled refueling outage. The FI

is similar to other prismatic fuel handling machines developed for earlier

HTCR plants; however, it does have increased radial and vertical strokes to

accommodate the specific requirements of the 350 MW(t) Standard MHTCR. The

weight of the F is approximately 40 tons and it is moved with the FHEP.

During refueling of a core sector, the FM is secured to the FHESS.

Together with the RIV, the FHM housing provides atmospheric and radiation

barriers for protection of personnel on the refueling floor.

Vertical motion of the element-handling mechanism is achieved with four

telescoping tubular members, of which the guide tube is the outer, all guided

and oriented one within the other. Initially, all four tubes are supported

by a multistrand chain passing over a system of hydraulically driven

sprockets located in the base of the F housing. The chain is attached to

the inner tube with the remaining tubes supported at their upper ends with

internal shoulders that rest on the next smaller tube. The element handling

mechanism is mounted inside the smallest tube.

The guide tube is installed with a special drive that lowers all four tubes

simultaneously by changing the elevation of the first set of chain

sprockets. When the guide tube is deposited on the support surface in the

neutron control assembly penetration, vertical motion of the first set of

chain sprockets is terminated. The sprockets will remain at this elevation

for all subsequent tube movements within the refueling sector.

The main vertical drive system which is used for tube movements during fuel

handling operations is hydraulically powered to obtain a wide range of

operating speeds. Tube separation for maximum extension is accomplished by

progressively stopping the concentric tubes on internal shoulders built into

the tube just outside the tube which is to cease its motion. The maximum

tube separation occurs at the lowest operating point. All service lines to

the handling mechanism in the inner tube are routed to the inner tube over

sprockets and counterweights.

9.1-6
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The vertical drive system (or "Z" drive) has as its prime mover a variable

flow hydraulic pump/hydraulic motor arrangement continuously driven by a

motor. The hydraulic motor and a large "fail-safe" brake are mounted at

opposite ends of the common driveshaft. Rate and direction of fluid flow to

the hydraulic motor are controlled by electro-hydraulic servo valves. The

servo valves control a cylinder which, in turn, controls the wobble plate

(and the flow rate) of the hydraulic pump. Vertical position of the inner

tube is sensed by redundant position indicators coupled to the common drive

shaft. Chain tension is monitored directly with a torque arm/load cell

arrangement and indirectly by the pressure drop across the hydraulic motor.

A grapple head at the lower end of the element-handling mechanism performs

the actual coupling of the machine to the core elements because it is

designed to engage the central handling hole of the elements with a taper d

probe and latch arrangement (see Figure 9.1-3). The probe enters the hole

with the latch pawls retracted until a spring-mounted floating plate contacts

the top of the element and limit switches signal that the latch can be

engaged. The pawls, which are spring-loaded to the engaged position and

retracted with an electrically driven ball screw, are then extended into

engagement with a shoulder in the handling hole. Other limit switches verify

that engagement (or retraction) has occurred.

Spring-loaded, self-centering alignment mechanisms incorporated into the

grapple head are used to adjust horizontal and azimuthal positions of the

grapple head. These mechanisms signal if misalignment side contact occurs

between the probe and the side of the handling hole. This causes downward

motion to cease and corrective horizontal movements to be initiated

automatically. This procedure continues until the probe can enter without

being deflected sideways (i.e. , until true axial alignment is achieved). A

similar centering mechanism is used to adjust the rotation of the grapple

head to ensure true rotational alignment. The final coordinates of the

grapple are automatically recorded and used to predict the position of the

next element to be handled.

9.1-7
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A force-sensing system in the grapple head is used to determine the weight of

components suspended from the grapple. This system stops vertical movement

if abnormal forces are encountered and also prevents operation of the grapple

release mechanism if there is an element on the grapple.

Provision is made for rotating the grapple and floating plate about the probe

axis through a range of 1.75 rad (100 deg) on either side of zero

orientation. The prime mover is a dc torque motor with a resolver

transmitter coupled to its output shaft, giving position feedback to the

computer and also to a digital display.

The grapple head is suspended from the inner tube by a linkage system, shown

in Figure 9.1-2, which produces a horizontal displacement of the grapple as

it moves outward away from the center of the FHM operating zone. The linkage

is actuated by a dc torque motor-driven ball screw, referred to as the arm

extension drive system. A multispeed resolver transmitter, a precision

potentiometer, and a spring-set electromagnetic brake all connected to the

output shaft of the torque motor complete the arm extension drive system.

Azimuthal rotation of the linkage and grapple assemblies about the center of

the inner tube is also accomplished by a dc torque motor and multispeed

resolver transmitter, precision potentiometer, gear reducer and

electromagnetic brake arrangement.

A closed circuit television camera and lights are mounted on the linkage

structure for use in monitoring FM operations and other in-vessel

activities.

9.1.1.1.4.1.4 Fuel Transfer Cask Adapter

A FTC adapter, shown in Figures 9.1-7 and 9.1-11, supports the FTC when it is

loading or unloading elements at the reactor vessel. The adapter mates with

the top of the RIV and the base of the FTC to provide a sealed system during

element transfers. The thick walls of the adapter provide the necessary

shielding to protect operating personnel during the movement of spent fuel.

9.1-8
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The height of the adapter is selected to place the FTC at a common elevation

at both working positions (i.e., over the reactor vessel or at the spent fuel

storage facility) to minimize the operating cycle for the FHEP.

Before the FTC adapter is installed, several set-up operations must be

completed. First, the second RIV is mounted over the inner neutron control

assembly which is located 180 degrees opposite the sector to be refueled and

the neutron control assembly is removed and transported to temporary storage

with the ASC and transporter. After the neutron control assembly is

deposited into storage, the ASC picks up the FTC grapple-guide sleeve (shown

in Figure 9.1-2 and part of the refueling accessories described in Section

9.1.1.1.4.1.8) and deposits the guide sleeve within the penetration. The FTC

adapter is then moved into position with the building crane and secured to

the FHESS.

9.1.1.1.4.1.5 Fuel Transfer Cask

The FTC, shown in Figures 9.1-1, 9.1-7, and 9.1-12, is similar to the cask

developed for earlier HTGRs. The cask has a capacity of five full-sized

elements and weighs approximately 60 tons. The FTC is moved from place to

place with the FHEP. An automated anchoring system is provided to clamp the

FTC to the mating support structure before its closure valve is opened.

The element grapple within the FTC is suspended from redundant cables and

moves vertically as the cable storage drum is rotated. Electrical cables

routed over fixed pulleys and counterweights transmit power and instrument

data between the moving grapple and the fixed cask structure. The grappling

portion of the FTC grapple assembly is similar to the FHM grapple described

earlier, but has no built-in system to move the grapple horizontally to

correct positioning errors. The task of aligning suspended blocks so that

they may be properly stacked is accomplished with a set of three vertical

members containing centering mechanisms. These vertical members establish

contact with the block below the suspended element and force the two mating

surfaces into proper alignment.

9.1-9
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Vertical motion of the FTC grapple is accomplished by rotating the cable

storage drum. Both ends of the support shaft for the cable drum extend

through the pressure boundary of the FTC. This drive system is functionally

similar to the FHM vertical drive system described earlier. A hydraulically

powered motor is mounted on one end of the support shaf t and a large

"fail-safe" brake is mounted on the opposite end.

Individual elements are grappled and lifted into the FTC where they are

deposited on one of two translating tables built into the base of the FTC

housing. When the grapple is released and retracted, the translating table

is moved aside and the grapple is lowered through the bottom of the cask to

pick up the next element. Each translating table has space for two full-size

elements. One more element can be transported while suspended from the

grapple to provide the stated capacity of five elements.

9.1.1.1.4.1.6 Fuel Handling Equipment Positioner

The fuel-handling equipment positioner (HEP) illustrated in Figures 9.1-7

and 9.1-13. Essentially, it is a special-purpose semi-gantry crane primarily

used to move the FTC between its various operating points in a safe but

highly efficient manner, since this motion is on the critical path for the

scheduled refueling outage. The FHEP is also used to move the FHM at various

times in the refueling sequence, but the frequency of this movement is much

less often than the FTC movements.

Unlike most cranes, the FHEP has a very short vertical stroke. Therefore,

this motion is achieved with Acme screws rather than the more conventional

cable configuration used in most cranes. The FHEP also provides for a

powered rotation of the suspended load. This feature permits an automatic

coupling of the FHEP to its load through a breech-lock type attachment built

into the top of both the FTC and the FHM.

Horizontal translation of the load in two coordinates with the FHEP is

similar to that of a typical traveling bridge and trolley movement with

several major differences. First, chain drives are used to ensure

9.1-10
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predictable movement of the load for a given angular movement of the drive

motors. Second, position readout devices are provided to permit controlled

repetitive movements to specified spatial coordinates without visual

adjustments at each cycle. Third, all of the FHEP movements are

hydraulically powered to permit variable speed operations. Finally, most of

the FHEP movements will be controlled automatically by the fuel-handling

control station computers rather than manually.

The bridge structure of the FHEP is designed to clear the installed FHM, the

ASC in its transporter, and the building crane to permit the maximum

flexibility in planning the many equipment movements needed to complete the

refueling sequence.

9.1.1.1.4.1.7 Plug Actuator and Turntable Assembly

During core refueling a plug actuator and turntable assembly (PATA) is

installed over each of the two fuel storage pools immediately adjacent to the

module being refueled. As illustrated in Figure 9.1-5, each storage well in

a pool has a shielded closure plug at its upper end to provide biological

shielding for personnel on the refueling floor. Elastomer seals on the

bottom surface of the plug prevent mixing of the ambient air with the helium

environment inside the well.

The PATA which is shown in Figure 9.1-14, performs several functions. First,

the plug actuator provides a structural support for the FTC over any of the

36 wells within the pool. Second, expandable seals on the top and bottom of

the plug actuator form a gastight boundary during element loading or

unloading operations. Third, the actuator utilizes a remotely operated

grapple and hoist mechanism to engage the closure plug and lift it into the

rotating gate of the plug actuator. Finally, when the rotating gate is

repositioned and the FTC closure valve is opened, there is direct access into

the well for the FTC grapple. At this point, insertion or withdrawal of

elements may be initiated. Each well has a capacity of ten elements (i.e.,

two FTC loads).

9.1-11
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The turntable has two drive mechanisms which are used to position the plug

actuator over any selected storage well. One drive rotates the entire

turntable while the second drive changes the radial position of the plug

actuator within the turntable.

9.1.1.1.4.1.8 Refueling Accessories

The refueling accessories are a family of small special purpose tools,

fixtures, etc., which may be required at some point in the core refueling

operation. These include the special attachments, fasteners, and torque

wrenches required to secure the portable core refueling equipment at the

various operating positions. Other accessories help to align these

attachments so that they interface properly with the portable equipment.

Anoth r group of equipment is used to remove neutron control assemblies

safely and with a minimum amount of air ingress to the primary coolant. The

flexible hoses and cables used to provide services to the portable core

refueling equipment are also part of the refueling accessories.

The final group of tools in the refueling accessories category are the manual

tools provided to manipulate various internal mechanisms to an acceptable

configuration for removal and remote servicing following postulated

malfunctions of the normal drive system for these internal mechanisms.

9.1.1.1.4.1.9 Fuel Handling Control Station

The fuel-handling control station (FHCS) (see Figure 9.1-15) is located on

the roof of the Personnel Service Building adjacent to the Reactor Service

Building (RSB) and provides control and monitoring for the FHM and all other

equipment required for core refueling operations. The FHCS also functions as

a centralized control center providing supervision of site refueling

operations and any core service operations.

The FHCS provides the Primary Control System for all fuel-handling and core

service activities. The system is controlled by either of two redundant

on-line supervisory computers. In addition, each major component in the core
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refueling subsystem has its own local programmable controller which is

directed and monitored by the central supervisory computer. The second

redundant central computer is provided as a backup to ensure that critical

data on equipment status or element accountability is not lost in the event

of a computer failure.

The FHCS also has a manual operation capability in which the command for a

particular function is operator-initiated but the function itself is computer

controlled. The FHCS design also provides independent safety logic which

ensures that faulty commands from the computer, or computer failure, will not

allow unsafe operation of the Core Fueling Subsystem.

The FHCS also provides for identification and location of all fuel and

reflector elements at all times, including data recovery and preservation

capability. All communications between the operator and the system that

modify accountability or operating parameters are permanently recorded.

The FHCS has audio and video communications with all of the plant locations

where fuel handling operations may occur and is physically situated to permit

direct observation of all activities on the refueling floor.

Additional information regarding the FHCS is provided in Section 9.1.1.1.4.4.

9.1.1.1.4.2 Subsystem Arrangement

The equipment for refueling is located in the reactor core cavity and upper

plenum, over the reactor vessel, over the spent fuel storage facility, and on

the refueling floor. The portable equipment which is placed in position for

refueling is stored in the Reactor Service Building where it is available for

maintenance and checkout when not in use.

The arrangement of the core refueling equipment during refueling is shown in

Figures 9.1-1, 9.1-2, 9.1-5, 9.1-7, 9.1-9, 9.1-13, and 9.1-15.
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9.1.1.1.4.3 Subsystem Operating Modes

The CRS operates only when the plant is shut down, and has no function at

other times.

9.1.1.1.4.3.1 Refueling, Automatic Operating Mode

The CRS is designed to remove and replace core elements automatically while

the reactor is shut down and depressurized. The reactor is prepared for

automatic operation by the manual placement of the portable refueling equip-

ment on top of the vessel and on top of the spent fuel storage wells.

The automatic operations include all element handling between the core and

the spent fuel storage facility. The automatic operations are monitored from

the FHCS to ensure that all manipulations are proceeding as planned.

The control programs for automatic operation of the refueling equipment can

be altered to make adjustments for changes in equipment configuration or

alignment. After the program changes are made, refueling can continue in the

automatic mode.

More details of the refueling operation are given in Sections 9.1.1.1.1 and

9.1.1.1.4.1.

9.1.1.1.4.3.2 Refueling, Manual Operating Mode

If the program for automatic refueling cannot be used, the refueling

equipment can be controlled manually. This might be required if a

penetration is misaligned with its refueling sector because of construction

errors or creep as the plant ages. Also, broken elements must be handled

manually, and if elements are found to be out of order, the reshuffling

operation is manually controlled. In such cases, the necessary tasks can be

performed under operator control from the FHGS.

Because manual operation is slower than automatic, every effort is made to

minimize its use.
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9.1.1.1.4.3.3 In-Vessel Maintenance and In-service Inspection

Use of Secial Tools: Special tools provided with the Reactor Service

Equipment Subsystem are used by the FHM to perform unscheduled in-vessel

maintenance such as removing dropped elements, removing broken pieces of

elements, removing broken control rods and other similar tasks. These are

manual actions under the control of the FHCS operators. These special tools

are installed in place of the FM grapple at the lower end of the FHM

handling mechanism.-

Preparation for In-service Inspection: The core support floor has several

inspection ports which may be removed to allow access to the lower core

plenum where the core support posts are located. The inspection ports are

accessed by removing all of the elements above them with the core refueling

equipment. After this port is removed by the FM, the FM is removed from

the inner neutron control assembly penetration and replaced by the in-service

inspection (ISI) equipment which inspects the support posts. After

inspection is complete, the FHM is returned to the penetration, the port is

reinserted, and the core sector is rebuilt to a functional configuration.

9.1.1.1.4.4 Instrumentation and Control

The CRS uses a distributed computer control system to control all critical

refueling operations and to monitor related refueling activities. Refueling

of a sector is normally accomplished in an "automatic" mode with minimum

operator involvement after initiation of the cycle. The computer ensures

that the machines are operated within acceptable limits and in a

predetermined sequence.

9.1.1.1.4.4.1 General Features of Instrumentation and Control

The RS controls consist of the following equipment:

1. One main fuel handling console

2. Five local control panels
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3. Supervisory controllers

4. Equipment controllers

5. Safety logic

6. Electrical components, process Input/Output devices, and surveillance

equipment

Control Stations

The main fuel-handling console functions as a centralized control center

which provides for the supervision of the core refueling process and most

site fuel-handling tasks. Both automatic and remote-manual functions are

initiated and controlled from this console.

The automatic functions control the operation of the equipment needed to

remove spent fuel from the reactor, move it to the fuel storage wells, move

new fuel from the fuel storage wells to the reactor plenum, and to place the

new fuel into its designated position within the reactor.

The main fuel-handling console is equipped with the following features and

capabilities:

1. Alarm annunciation for equipment malfunctions.

2. Video monitoring and optional video recording of core refueling

operations.

3. Audio communication between the fuel handling console and the various

operator work stations.

4. Hard copy for alarm messages, audit trail of all operator commands,

control actions and data entries, etc.

5. Video displays for fuel and equipment status and alarms.
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6. Controls for automatic refueling operations, remote manual refueling

operation, video viewing and recording, alarm annunciation, data

display, and data entry.

Three types of distributed intelligence are used for the fuel-handling

controls:

1. Supervisory controllers

2. Equipment controllers

3. afety logic

One supervisory controller coordinates the main refueling console functions.

It communicates with the equipment controllers, provides operator demand

displays, alarm annunciation, and maintains fuel inventory accounting. A

second supervisory controller provides redundant backup for the first

supervisory controller. Both supervisory controllers communicate with each

other.

Single loop programmable controllers operate each of the refueling mech-

anisms. For the automatic refueling functions, the programmable controllers

communicate with each other as well as the supervisory controllers. Figure

9.1-16 shows schematically how the operator communicates with each controller

and the communication links between controllers.

Another set of programmable controllers provides the independent safety

logic. These controllers monitor a set of signals from detectors which are

independent of process control and cause operation of a mechanism to cease

when unsafe conditions are detected. Information on each trip is

communicated to the supervisory controller for alarm annunciation and

display. Trips are reset by operator action after resolving the cause of the

problem.
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9.1.1.1.4.4.2 Specific Features of Instrumentation and Control

Reactor Isolation Valve

The RIV is controlled from local control stations on either the ASC or the

FHM. Interlocks ensure that the valve cannot be operated inadvertently.

Limit switches are provided to indicate the valve gate position.

Fuel -Handling Machine

Limit switches are used to determine when the fuel element latch attached to

the end of the FHM grapple head can be engaged and when engagement or

disengagement has been accomplished.

A spring-loaded, self-centering alignment mechanism is incorporated into the

grapple head. This mechanism signals if misalignment side contact occurs

between the probe and the side of the handling hole. This causes downward

motion to cease and corrective horizontal movements to be initiated

automatically. This procedure continues until the probe can enter without

being deflected sideways (i.e. , until true axial alignment is achieved). A

similar centering mechanism is used to adjust the rotation of the grapple

head to ensure true rotational alignment. The final coordinates of the

grapple are recorded automatically and used to predict the position of the

next element to be handled.

A force-sensing system in the grapple head is used to determine the weight of

components suspended from the grapple. This system stops vertical movement

if abnormal forces are encountered and also prevents operation of the grapple

release mechanism if there is an element on the grapple.

Signals from the resolver transmitters on the linkage extension and linkage

rotation drives are relayed to both FHM programmable controllers as primary

position feedback. A potentiometer on each drive supplies a back-up position

feedback signal which is monitored by the programmable controller providing

safety control.
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A closed circuit television camera and lights are mounted on the linkage

structure for use in monitoring FHM operations and other in-vessel

activities.

Fuel Transfer Cask

Grapple elevation is determined from redundant instruments measuring shaft

rotation. The weight supported by the grapple is measured by a load cell and

torque arm arrangement plus pressure-drop measurements across the hydraulic

motor.

All operations are controlled automatically from the FHCS and are interlocked

to prevent improper sequencing of the various mechanisms.

Fuel -Handling Equipment Positioner

Position readout devices are provided to permit repetitive movements of the

positioner to specific spatial coordinates, automatically, and without manual

adjustments at each cycle.

9.1.1.1.4.5 Subsystem Limitations

9.1.1.1.4.5.1 Temperature Control

Temperature limits for the mechanisms in the CRS are difficult to establish

analytically. Past experience has shown that the television cameras used for

remote viewing are the most sensitive components, followed by

electromechanical components (i.e., motors, potentiometers, etc.) which

generate heat internally as they are operated. Conventional lubricants are

also thermally sensitive. Development tests at anticipated environmental

conditions will confirm that the equipment specified is adequate for the

application.
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9.1.1.1.4.5.2 Operating Speeds

The operating speeds for the CRS affect plant availability and require

detailed studies to optimize the operating times for each component. Studies

of the core refueling operations have shown that the estimated time to refuel

a reactor module is controlled primarily by the following three factors:

1. The operating speed for the FHM

2. The time to load or unload the FTC

3. The time to move the FTC between the reactor and the SFSF

The selection of operating speeds for the CRS is, therefore, based on the

general criteria discussed below: First, the FM and FTC will be designed to

operate as rapidly as possible within limits established by analysis and past

operating experience. Improving the operating speed of the FM and FTC

results in the use of variable-speed drive motors and "permissible speed

profiles" in the control system. A "permissible speed profile" establishes

maximum speed limits as a function of position and direction of movement. In

effect, each drive is forced to move at a slow velocity in critical areas of

its stroke while being permitted to move significantly faster in noncritical

areas.

Second, the FHEP was developed to provide an automated handling device for

the FTC. The FHEP also uses variable-speed drives and "permissible speed

profiles" to provide the optimum combination of operating speed and

conservative performance in critical areas.

Finally, the entire sequence for refueling a sector of the reactor is

controlled and monitored by the supervisory controller to minimize delays

caused by operator indecision or error.
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9.1.1.1.4.5.3 Protective Interlocks

Protective interlocks independent of the normal operating instructions are

used extensively in the CRS to ensure that the equipment is being operated

within specified limits and in the proper sequence. Some of the interlocks

used are:

1. All hoist mechanisms and most counterweight systems incorporate load

cells, with high and low limits designed to interrupt drive motion if

abnormalities occur. When an abnormality occurs, the operator must

then determine its cause and take corrective action before continuing

the initial motion.

2. Mechanisms which must interact with each other to ensure proper

transfer of fuel between the core and the fuel storage wells are

interlocked with limit switches and other position readout devices to

ensure that motions occur in the proper sequence, or are prohibited

under specific conditions.

3. All grapple mechanisms are interlocked to prevent release of the

grapple mechanism if the grapple is supporting any weight from the

component to which it is engaged.

9.1.1.1.4.5.4 Reactivity Control Within the Core

Core refueling requires removing some of the neutron control assemblies with

their control rods to provide access for the FHM and FTC. The refueling

sequence must be carefully planned and monitored to ensure that too many

control rods are not removed at the same time. Specifically, the sequence

must ensure that no more than two outer and two inner rods are out of the

core at any one time.

9.1.1.1.5 Design Evaluation

For additional information related to this section, see the response to NRC

Comment 9-2.I
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9.1.1.1.5.1 Failure Modes and Effects

Because the plant is in a shutdown and depressurized condition during

refueling, credible CRS failures do not have a significant impact on other

equipment.

The CRS is a single-train subsystem. If any single piece of equipment

becomes nonfunctional, very limited activities can continue. For this reason

the individual components are designed for high reliability and rapid,

in-situ problem diagnosis and repair.

The postulated accidents are:

1. Dropping or tipping over an element in the reactor.

2. Failure of an FM or FTC that would require its removal from the

vessel for repair.

3. Dropping a portable component or having it collide with fixed

equipment during movements with the FHEP.

4. Incurring excessive impact loads to other components due to excessive

operating speeds.

All of these accidents would result in refueling delays while the problems

are being evaluated and corrected.

Probability of failures is low because of redundant parts and load paths, and

other design features which respond to the postulated events.

9.1.1.1.5-.2 Steady-State Performance

The steady-state performance of the CRS is set to meet the requirement of

completing refueling in the specified period of time. Each piece of
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equipment moves at speeds which are determined so that they allow the

coordinated completion of all necessary tasks as efficiently as possible

while staying within the allotted time.

Details of steady-state operation are discussed in Sections 9.1.1.1.1 and

9.1.1. 1.4.

For additional information related to this section, see the response to NRC

Comment 4-14.

9.1.1.1.5.3 Anticipated Operational Occurence Performance

None of the five Anticipated Operational Occurrences (AOOs) considered in the

plant design and described in Section 11.6 takes place when the CRS equipment

is in use. However, there are two types of transients which might have an

impact on the CRS equipment if they occurred during refueling. They are

reductions in cooling and moisture ingress.

Reductions in core cooling cause increased temperatures for all core

refueling equipment in the reactor vessel. However, much of the equipment

such as the FM handling mechanism and the FTC grapple can be quickly

withdrawn from the main coolant stream and placed in cooler areas. The

stationary FTC grapple-guide sleeve cannot be protected as easily and is

designed to withstand all anticipated transients.

Moisture ingress events may cause problems of increased pressure and

increased potential for oxidation (corrosion) . The corrosion problem for

portable equipment is not significant because it can be serviced outside the

vessel and the components are constructed of corrosion-resistant materials.

The increase in pressure due to moisture ingress does cause unusually high

loads on the pressure boundaries of components attached to the reactor

vessel; however, these components are designed to withstand the highest

credible pressure from moisture ingress during refueling. The design of the

operating equipment within the pressure boundary is such that it is

unaffected by increased pressure.
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9.1.1.1.5.4 esign Basis Event Performance

None of the design basis events (DBEs) described in Chapter 15 apply to the

CRS. However, seismic events may affect the RS. The subsystem components

are designed to maintain their position and not drop any piece of equipment

during a safe shutdown earthquake (SSE). Also, the design is such that an

operating basis earthquake (OBE) causes no damage.

9.1.1.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the ore Refueling Subsystem are identified in Table 9.1-1 which

also includes a description of the interface and a quantitative expression

for the interface.

9.1.1.2 Site Fuel Handling

9.1.1.2.1 Summary Description

The Site Fuel Handling Subsystem (SFHS) consists of equipment and facilities

located in the Reactor Service Building (RSB) which are used to handle

hexagonal graphite fuel and reflector blocks. This equipment interfaces

closely with the core refueling equipment described in Section 9.1.1.1. The

SFHS uses some of the equipment in the ore Refueling System to transfer fuel

element between the spent fuel storage facility, described in

Section 9.1.1.3, and the fuel sealing and inspection facility (SIF),

described in Section 9.1.1.2.4.

The SIF is the focal point for all site fuel-handling operations. This

facility is strategically located in the Reactor Service Building and all

elements entering or leaving the reactor site must pass through the SIF.

The SFHS includes all of the equipment used to perform the following

operations at the FSIF:

1. Receiving new elements
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2. Inspecting new elements

3. Inspecting spent or damaged elements

4. Packaging spent fuel for shipment

5. Positioning packaged spent fuel within the shipping cask

6. Packaging spent reflector elements for shipment

7. Positioning spent fuel in shielded casks for onsite torage. (Spent

fuel storage casks are not part of the Standard MHITGR design, but can

provide expandable onsite storage for spent fuel if necessary.)

Other SFHS equipment located outside the FSIF includes components for

closing, sealing, and handling the fuel shipping casks within the 
RSB.

The actual shipment of spent fuel from the reactor site will be the

responsibility of the U.S. Department of Energy (DOE) (or its agent) in

accordance with the provisions of the Civilian Waste Repository Act (CWRA).

The DOE will provide empty shipping casks to the site on a predetermined

schedule. The Nuclear Island bridge crane will be used to remove the

shipping cask from its transporter. The site fuel handling equipment will be

used to: 1) open the cask, 2) position the cask below the shipping port of

the FSIF, 3) position canisters of spent fuel in the cask, 4) close and seal

the cask, and finally, 5) reposition the cask for lifting onto its

transporter. The site fuel-handling equipment is to be capable of performing

the preceding tasks for either a truck-mounted shipping cask or a

railcar-mounted shipping cask.

9.1.1.2.2 Functions and 10CFR100 Design Criteria

9.1.1.2.2.1 Power Generation Functions

The power generation functions of the SFHS are t provid fuel by performing

the following operations:
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1. Receive, inspect, and store new core elements

2. Handle, inspect, package, and place spent fuel and reflector elements

into offsite shipping containers

9.1.1.2.2.2 Radionuclide Control Functions

The radionuclide control functions of the SFHS are to control radiation

exposure from processes by controlling radiation from refueling equipment as

follows:

1. Provide leaktight barriers to minimize release of radionuclides from

the FSIF and the spent fuel storage facility wells during element

transfer operations

2. Provide direct radiation barriers to protect operating personnel from

spent elements

9.1.1.2.2.3 Classification

Th SFHS is not safety related". Since this subsystem does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, this subsystem will have the appropriate reliability

to meet other Top-Level Regulatory Criteria and user requirements.

9.1.1.2.2.4 10CFR1OO Design Criteria for Radionuclide Control

No OCFRlOO Design Criteria apply to the SFHS.

9.1.1.2.3 Radionuclide Control Design Requirements.

The SFHS equipment and operating procedures shall restrict the total release

of gaseous radionuclides and direct radiation such that the user requirement

of limiting the average long-term whole body radiation exposure to personnel

within the site boundary from all sourc s to no more than 10 percent of the

limits of OCFR20, is satisfied.
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9.1.1.2.4 Design Description

9.1.1.2.4.1 System Configuration

Fuel and reflector-block handling operations are shown schematically in

Figure 9.1-17. Figures 9.1-18 through 9.1-20 show the physical arrangement

of the SFHS equipment. New fuel and reflector blocks enter the site by

truck. Each block is individually packaged in a shipping container

resembling a 55 gallon drum. New elements are stored in their containers in

storage racks located in the Reactor Service Building. Following inspection,

elements required for an impending core refueling operation are transferred

through the FSIF to the spent fuel storage pools. The transfer is

accomplished using the FSIF hoist, the fuel transfer cask, and the fuel

handling equipment positioner. During the core refueling operation, the. Core

Refueling System (described in Section 9.1.1.1) replaces the new fuel and

reflectors in the storage pools with irradiated elements.

After an appropriate decay period (minimum of 100 days for fully exposed fuel

blocks), the elements are moved, with the FTC and FHEP, to the FSIF. The

FSIF is located in a shielded concrete vault in the RSB. Spent-reflector

blocks are placed in shielded drums and treated as solid radioactive waste.

Spent fuel elements are inspected, placed into metal cannisters (see

Figure 9.1-21) which are then sealed using the equipment shown in

Figure 9.1-22, and loaded into spent-fuel shipping casks. Spent fuel is then

shipped offsite for disposal. The Standard MHTCR design is based on an

ability to store up to one year's production of irradiated elements on site.

9.1.1.2.4.2 System Arrangement

The physical location of the SFHS is shown in Figures 9.1-18 through 9.1-20.

Because the CRS and SFHS are shared among all reactor modules in the plant,

buildings and systems have been arranged to facilitate movement of the FTC to

all of the storage and access locations required. The FHEP, which physically

carries the FTC with its load of fuel and reflector blocks, is mounted on

rails. One rail is set in the operating floor and the other rail is set at
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an elevation approximately 30 feet above the foor. All of the points where

elements must pass through the operating floor are arranged between these

-rails.

The spent fuel storage pools are located in the Reactor Auxiliary Buildings

between the first and second reactors and between the third and fourth

reactors. Each pool is equipped with two circular arrays of fuel storage

tubes. A total of four arrays provides 72 storage thimbles, each of which

can hold ten elements. They are grouped in pairs between the reactors to

minimize the length of the fuel-handling trajectory. The arrays are immersed

in the spent fuel storage pools. Forced cooling removes the decay heat from

the pool.

The new fuel storage, FISF, and shipping cask handling equipment are all

located in the RSB. The arrangement of these facilities has been selected to

permit easy interfacing between the various site fuel handling operations.

9.1.1.2.4.3 Subsystem Operating Modes

Site fuel-handling operations are unaffected by the operating status of the

reactor modules. Normally, one or more reactor modules will be in operation

while SFHS activities are carried out.

The site fuel handling operations involve processing groups of core elements

on an intermittent basis rather than dealing with a continuous flow of

elements. The operating staff is expected to schedule the various site fuel

handling operations in a sequence which will assure that periodic core

refueling outages can be accomplished on schedule and that incoming and

outgoing shipments of core elements are processed in a timely fashion. The

various SFHS operating modes are described below:

1. New Fueling Receiving. Inspection, and Storage (Mode 1)

Individual fuel and reflector blocks are received into the plant

through the NI warehouse. Shipping container seals are maintained
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until the material has been moved to the RSB. Upon receipt in the

RSB, the seals are broken and serial numbers on the elements are

confirmed and entered into the computer memory of the Fuel-Handling

Control System. Containers are then resealed and placed on storage

racks. Drum-handling equipment can be used to move fuel in

containers.

2. Preparations for ore Refueling (Mode 2)

Efficient core refueling requires careful planning of the refueling

sequence and replacement of new core elements at specific locations

within the fuel storage pools so that they may subsequently be

removed from the pools and placed in the reactor in the proper

sequence with minimal delay.

When the planning has been completed, the physical tasks of

retrieving the new elements from the new element storage facility,

unpacking, inspecting, and placing the elements within the storage

pools is initiated.

Individual elements are selected by serial number for retrieval from

the new fuel storage facility and transport to a location beneath an

access port in the FSIF. At this point, the drum closure and the

packing material protecting the upper surface are removed manually

and the exposed surfaces of the element are examined visually for

physical damage. At this point, remote handling of the element is

initiated.

The FSIF is equipped with a remotely operated crane. One of the two

hoists on this crane is equipped with a remotely operated element

grapple. The element grapple is positioned over the access port in

the floor of the FSIF, and is lowered through the access port into

engagement with the new element in its shipping drum. At this point,

the balance of the initial inspection is completed. When the

insp ction has been complet d, the empty shipping container is
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removed to the new element storage facility for eventual return to

the fuel fabrication facility and the element is lifted into the

FSIF. The FSIF hoist then positions the element in a temporary

storage location beneath an access port in the roof of the FSIF.

When a group of five elements have been accumulated at this temporary

location, the fuel transfer cask is used to transport the five

elements to the fuel storage pool and place them in the specified

storage well locations. Other core-refueling equipment also used

during this operation includes the fuel-handling equipment

transporter, the plug actuator and turntable assembly, and the fuel

handling control station.

During the time that the FTC is installed over the access port in the

ceiling of the FSIF, it is attached to and supported by the floor

valve assembly. The floor valve, which is securely attached to the

refueling floor, consists of a remotely operated gate valve with

various inflatable seals, electrical connectors to the FTC, purge

lines, and a physical configuration designed to interface with the

base of the FTC.

The floor valve contains sufficient gamma shielding to protect

operating personnel from high-level radiation sources in the FSIF

during those intervals when the FTC is not installed over the floor

valve. The purge lines leading to the floor valve provide for

changing the internal atmosphere of the FTC from helium, which is

typically required at the storage wells, to air, which is the

environment within the FSIF.

Preparations for refueling continue until all of the new elements

needed for the next refueling have been inspected and placed in the

storage pools. It is expected that preparations for the next

refueling will be conducted in parallel with the other site fuel

handling tasks described below.
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3. Packaging Spent Reflector Elements for Shipment (Mode 3)

The spent reflector elements removed from the Standard MHTGR core

require only a minor amount of gamma shielding to reduce the surface

dose of the packaged element to an acceptable limit for

direct-contact handling and also qualify the packaged element for

disposal as low-level radioactive waste.

The spent reflector elements generate no decay heat and can therefore

be removed from the fuel storage pools immediately after the

completion of the refueling outage to provide room for the new

elements required for the next refueling.

The spent reflector elements are transported from the fuel storage

pools to the FSIF with the FTC which in turn deposits them in the

temporary storage well beneath the access port. Each spent reflector

element is then transported to the reflector packaging station within

the FSIF with the element grapple of the overhead crane in the FSIF.

The procedure for packaging spent reflectors involves placing them in

a 55-gallon drum containing a precast shielding liner and remotely

installing a drum closure. The shielding medium is shaped to assure

the proper position of the element within the drum and reduces the

surface-dose rate to an acceptable limit for direct contact

handling. A remotely operated grapple attached to the second hoist

mechanism on the FSIF crane is used to move the entire package from

the reflector drumming station and lower it to the floor below the

FSIF access port.

The packaged reflector is then transported to the solid radioactive

waste facility with conventional drum handling equipment where a

grouting material is injected into the drum to eliminate voids and

further stabilize the element within its storage drum. Subsequent

onsite and offsite storage is provided by the Solid Radioactive Waste

Subsystem.
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Each of the four reactor modules produces 132 spent-fuel elements

during its 20-month operating interval. Therefore, the nominal

packaging rate for spent reflectors is 26.4 elements/month.

4. Packaging Spent Fuel Elements for Shipment (Mode 4)

The fuel-shipping container for spent HTGR fuel (illustrated in

Figure 9.1-21) consists of a cylindrical tube with cast end caps

brazed into the cylinder. The length of the cylinder may be adjusted

to provide a capacity for either two elements, three elements and/or

five elements in a vertical stack.

The cylindrical containers are purchased with the bottom end cap

securely brazed in place, and all joints leak-tested with the

exception of the final joint securing the top closure to the

container wall. The top closure contains a brazing preform which

will melt to form the final joint when the required amount of heat is

applied with a circular induction heater.

The fuel-sealing equipment (illustrated in Figure 9.1-22) consists of

two subassemblies located inside the FSIF plus additional controls

and instrumentation located outside the FSIF. The lower subassembly

is essentially a fixed cylinder with an induction heating element and

a horizontal seal face at the upper end and an inflatable seal at its

lower end. Empty shipping containers of various lengths are

deposited within the fixed cylinder by the second hoist and grapple

on the FSIF crane.

The second fuel sealing subassembly is a translating dome which can

be moved laterally to allow insertion of the shipping containers and

spent fuel elements inside the fixed cylinder. When the dome is

positioned over the fixed cylinder, an inflatable seal in the

horizontal seal face can be actuated into contact with the bottom

surface of the dome. When the seals are actuated, purge lines

leading to the lower cylinder provide the capability of controlling

the atmosphere within the container and at the seal joint.
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A grapple mechanism provided in the upper assembly is capable of

engaging the top closure and moving it a few inches in the vertical

axis. This feature permits the temporary removal of unbrazed lids so

that the empty container may be loaded with spent fuel.

The packaged fuel elements are removed from the fuel sealing station

with the FSIF crane and transported to the fuel shipping port for

placement in a fuel shipping cask or in a temporary container storage

rack pending the arrival of the shipping cask.

Each of the four reactor modules produces 330 spent-fuel elements

during its 20-month operating interval. Therefore the normal

packaging rate for spent fuel is 65 elements per month. The spent

fuel must remain in the storage pools until its heat generation rate

has decayed to acceptable levels for offsite shipment and shipping

schedules have been established. This storage interval is expected

to vary from 3 months to 12 months.

The shipping port closure valve provides radiation shielding over the

shipping port when there is spent fuel in the temporary container

storage rack and the shipping cask is not positioned below the port.

5. St~ent Fuel Shipping (Mode 5)

The actual shipment of spent fuel will be the responsibility of the

DOE or its agent under the terms of the Civilian Radioactive Waste

Management (CRWM4) Program. There are, however, several site

fuel-handling operations which are related to the shipment of spent

fuel. These operations involve removal of the empty shipping cask

from its transporter (using the NI bridge crane), removal and

refurbishment of the shipping cask closure, positioning the cask

below the fuel shipping port of the FSIF, loading containers of spent

fuel into the cask, remote installation and leak-testing of the cask

closure, and installation of the loaded cask onto its transporter.
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Despite the clearly defined functional requirements for these

operations, there is a great degree of uncertainty related to the

specific details, since the DOE has not yet selected the cask designs

that it will use for any type of fuel. Despite these restrictions,

the general expectation is that the spent HTGR fuel can be shipped in

casks like those tentatively selected for light-water-reactor fuel.

The relative lengths of light-water-reactor fuel compared to HTGR

fuel allows five elements to be stacked in a column for shipping but

will not allow six elements. As indicated above, the fuel-sealing

equipment can accommodate containers holding either two, three, or

five elements. This flexibility in container size will accommodate

many different cask sizes; however, it is expected that the truck

shipping cask will hold one column of five spent elements, and the

rail shipping cask will hold four columns of five spent elements.

The site fuel-handling equipment required for shipment of spent fuel

(illustrated in Figure 9.1-20) consists of a shipping cask

transporter, the cask-closure removal equipment and miscellaneous

cask-handling adapters.

9.1.1.2.4.4 Instrumentation and Control

The instrumentation and control equipment for the SFHS is integrated with the

fuel handling control station (FHCS) provided with the Core Refueling

Subsystem as illustrated in Figure 9.1-15. This integration assures proper

coordination between the SFHS equipment and the CRS equipment during site

fuel handling tasks that require the use of the fuel-transfer cask.

Each of the major items of site fuel handling equipment is controlled from

local control panels. However, data from each of local panels are monitored

by a central controller which prevents improper operation of interfacing

equipment. The central controller also monitors the movement of individual

core elements and transfers this information to the portion of the FHCS which

maintains element-accountability records.
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Specific details of the instrumentation and control components for the SFHS

have not been developed but should be compatable with the details

incorporated into the CRS equipment as briefly discussed in

Section 9.1.1.1.4.4.2

9.1.1.2.5 Design Evaluation

9.1.1.2.5.1 Failure Modes and Effects

The unavailability of the SFHS due to a component failure is not expected to

have any impact on the plant availability and investment protection

capability.

Abnormal operation of the SF115 includes operation at reduced capacity and

recovery from various casualty events.

Reduced Capacity

Should one piece of the site fuel-handling equipment fail, the specific task

is normally interrupted while the defective component is replaced or

repaired. Manual tooling and other design features are provided to assure

that the faulty component can be replaced or repaired without excessive

delay.

Casualty Events

The ability to recover quickly from postulated casualty events is an

important feature of the site fuel-handling equipment because the subsystem

cannot be returned to operation until repairs are completed

The remote nature of many site fuel-handling operations creates additional

motivation for design features that mitigate the effects of casualty events

and well developed recovery procedures for these postulate events.
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The following paragraphs identify some of the casualty events which may

affect site fuel-handling equipment and give general information on

applicable mitigating features or recovery procedures which are provided.

In general, the site fuel-handling equipment is designed to fail "in place"

upon a loss of electrical power. Typical mitigating design features include

redundant components powered from alternate power supplies or provisions for

manual actuation.

The primary protection from Control System malfunctions is provided through

the use of independent safety sensors and control logic which monitors the

primary control sensors and logic and interrupts erroneous actions or

commands. Diagnostic information regarding the cause of the interruption is

provided to accelerate the recovery procedure.

Redundant features are provided to mitigate the effects of many mechanism

malfunctions. The redundant features within an assembly are provided to

prevent damage to surrounding components and structures or are used to place

the assembly in a configuration where removal for maintenance is possible.

For example, most remotely operated drives have redundant position and/or

load sensors such that a failure of one sensor will not permit unsafe

operation of the equipment.

The combination of low heat-generation rates, high specific heat capacity in

th fuel element and its surroundings, and the ability of the element to

survive at elevated temperatures provides ample time to take corrective

action in the event of a malfunction in the site fuel-handling equipment

while processing spent fuel elements.

9.1.1.2.5.2 Steady-State Performance

Specific features to accomplish radionuclide control design requirements are

as follows:

9.1-36



HTGR-86-024/CP

1. Embedded gate valves shall be used at the access ports to the FSIF to

prevent radioactivity release from spent core elements temporarily

stored within the FSIF.

2. The embedded gate valves at the FSIF ports shall provide adequate

biological shielding when no other equipment is secured to the access

ports.

3. Helium purge and supply equipment shall be used in conjunction with

the portable core-refueling equipment to limit the release of

radioactivity during core-element-transfer operations

4. The SFHS equipment used to process spent elements within the FSIF

shall be designed for remote operation by operators located outside

the shielded walls of the FSIF.

5. The SFHS equipment used to service and transport fuel shipping casks

shall provide biological shielding for the reactor plant personnel

during any interval when the cask closure is removed from the

shipping cask.

The SFHS performance is tabulated in Table 9.1-2.

9.1.1.2.5.3 Anticipated Operational Occurrence Performance

The As do not have a direct impact on the HSFS performance. However, if

offsite power is lost (AOO-1), the SFHS is not operational. The SFHS is not

required to respond to any AOO.

9.1.1.2.5.4 Design Basis Event Performance

In case of loss of offsite power (DBE-1) and in case of a large earthquake

(DBE-5), the SFHS is not operational. The SS is not required to respond to

any DBE.
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9.1.1.2.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Site Fuel-Handling Subsystem are identified in Table 9.1-3,

which also includes a description of the interface and a quantitative

expression for the interface.

9.1.1.3 Spent Fuel Cooling Subsystem

9.1.1.3.1 Summary Description

The Spent Fuel Cooling Subsystem (SFCS) removes decay heat generated by the

spent fuel elements until their heat generation rate decreases sufficiently

to allow shipment to permanent storage off site. The SFCS also maintains

temperature of the spent fuel elements and the surrounding spent fuel storage

structure within acceptable limits.

Two spent fuel storage pools are provided for 1-year onsite storage of the

spent fuel before shipment off site. Each pool normally serves the two

adjacent reactor modules and contains 72 storage wells. Each storage well

has space for ten spent fuel elements. The cooling water circulating in a

closed loop removes the decay heat transferred from the spent fuel to the

storage wells. The cooling water oop consists of two 100 percent capacity

heat exchangers (one backup) and four 50 percent capacity pumps. Each pool

has two dedicated pumps, one of which is a backup.

Heat from the cooling water oop is transferred to the Service Water

Subsystem (SWS). The SFCS is designed to function continuously. To provide

spent fuel cooling at all times, a passive backup cooling mode is provided.

In this mode, the large water inventory in the storage pools provides a large

thermal capacitance, and ultimately heat is removed by boiling. Water loss

through boiling is replaced from a makeup water supply.
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9.1.1.3.2 Functions and 10CFRIOO Design Criteria

9.1.1.3.2.1 Power Generation Functions

The SFCS fulfills the requirement of power generation by assisting in the

function of providing fuel. The role given to the SFCS is to cool spent fuel

elements without containers in wells.

9.1.1.3.2.2 Radionuclide Control Functions

The SFCS contributes to Goal 1 and 2 requirements of controlling personnel

radiation exposure from storage by the following functions: Maintaining the

temperature of the shield wall around the spent fuel storage assembly within

allowable limits and maintaining spent fuel element temperature below that

required to limit gaseous releases during fuel handling operations.

9.1.1.3.2.3 Classification

The SFCS is not safety related". Since the SFCS does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, the system will have the appropriate reliability to

meet other Top-Level Regulatory Criteria and user requirements.

9.1.1.3.2.4 OCFR100 Design Criteria for Radionuclide Control

No 1CFRIOO Design Criteria apply to the SFCS.t

9.1.1.3.3 Radionuclide Control Design Requirements

The SFCS shall maintain the temperature of the concrete shield wall around

the spent fuel storage assembly at or below 66'C (150'F).

The SFCS cooling water inventory in the pool shall provide required shielding

in conjunction with the shield wall.
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The SFCS shall maintain spent fuel element temp rature in storage below TBD]

to limit gaseous releases during fuel-handling operations.

For the purpose of occupational radiation control, radiation levels in the

generally accessible areas of the plant are to be limited to no more than

1.0 mR,/hr during all modes of normal plant operation to permit access for at

least 40 hours per week. The subject of occupational radiation protection is

dealt with in Chapter 12.

For a discussion of seismic design requirement, see response to NRC Comment

9-5.

9.1.1.3.4 Design Description

9.1.1.3.4.1 Subsystem Configuration

The configuration of the SFCS is shown schematically in the system flow

diagram, Figure 9.1-23. The overall plant cooling water scheme and its

relationship with the SFCS are shown in Figure 9.1-23A.

The SFCS consists of one cooling oop serving the two spent fuel storage

pools. The two storage pools in turn serve the four reactor modules. Each

storage pool normally serves the two adjacent reactor modules.

The SFCS cooling oop consists of four 50-percent capacity pumps and two

100 percent capacity heat exchangers. Each pair of pumps serves one storage

pool. Either of the two pumps can support the maximum cooling load of one

pool. Thus, one of the two pumps serves as the backup. Each poo is

provided with dedicated pumps so that the pumps can be located in close

proximity to the pools to ensure adequate net positive suction head (NPSH).

The heat exchangers are shared by both the pools, and one of the two heat

exchangers serves as the backup. For this purpose, two common flow headers

are provided - one at the inlet and one at the outlet of the heat

exchangers. The heat exchangers reject heat to the Service Water Subsystem.

Each of a pair of pumps is powered from an independent 480 V bus.
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To maintain purity of the cooling water as specified in Table 9.1-4, a

filter-demineralizer train is provided which periodically purifies a coolant

slip stream and returns the coolant to the storage pools. Gravity-fed makeup
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water connections to the storage pools are provided from two station

demineralized water storage tanks to supply makeup water.

Airborne and process radiation monitors are provided as part of the Radiation

Monitoring Subsystem (see Section 7.4.2) to detect any storage well leakage.

9.1.1.3.4.2 Subsystem Arrangement

The spent fuel storage pools are located in the Reactor Auxiliary Buildings

(see Figure 6.1-4) between the first and second reactors and between the

third and fourth reactors. A total of four storage-well arrays provide 144

storage wells, each of which can hold ten elements. They are grouped in

pairs between the reactors to minimize the duration of refueling outages.

Two arrays are immersed in each spent fuel storage pool. Each storage pool

is rectangular in shape and built below grade, with the bottom at elevation

-10.7m (-35 ft). The pools are provided with steel liners to prevent leakage

and maintain water quality.

The wells are constructed of stainless steel and provide internal alignment

features to ensure proper placement and retrieval of core elements by the

fuel transfer cask.

The inlet and outlet cooling water pipes enter the pools at an elevation

which would prevent the water level from falling below the top of the

uppermost fuel element in the event of leakage in the piping system. The

inlet cooling water is discharged below the storage wells inside the pool and

directed toward the bottom to promote good mixing within the pool. Siphon

breaker holes are provided near the top of this inlet pipe just inside the

pool.

The normal water level in the pools is automatically maintained 0.15 m

(6 in.) above the top of the topmost fuel elements from the makeup water

supply. Vent pipes and passages are provided above the water level to allow

water vapor to escape. These vent passages along with vent pipes provide

adequate escape paths for steam during passive cooling (boiling) mode.
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The cooling water pumps are located adjacent to the pools in the Reactor

Auxiliary Building at an elevation -0.6 m (-20 ft.) to provide adequate

NPSH. The heat exchangers are located in the Nuclear Island Cooling Water

Building at an elevation 0.0 in. The water purity control package is also

located in this building close to the heat exchangers.

All the equipment of the SFCS is accessible for maintenance purposes.

Adequate maintenance space is provided around all equipment including pulling

space for the heat exchangers.

9.1.1.3.4.3 Subsystem Operating Modes

9.1.1.3.4.3.1 Normal and Passive Backup Operating Modes

The SFCS has two operating modes - normal and passive backup.

Operation of the SFCS is required whenever spent-fuel elements are located in

the storage pools to remove decay heat generated by the elements. The SFCS

is in "Normal" operating mode whenever spent-fuel elements are in the pools

and ac power is available to the SFC pumps. During this mode, the system

performs its functions by circulating cooling water with the help of the SFC

pumps.

I f the SFC pumps or other system components are not available because of a

failure within the system or because of loss of ac power, the SFCS operates

in the "Passive Backup" mode. In this mode, the large water inventory in the

storage pools provides a large thermal capacitance, and ultimately heat is

removed by boiling.

9.1.1.3.4.3.2 Abnormal Operation

Operation of the SFCS is independent from abnormal operation of the reactor

modules and these operations have no expected impact upon each other.

Abnormal operation of the SFCS includes operation at increased capacity.
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If the full core of a reactor module, in addition to the normal heat load,

needs to be stored in the storage pools, the cooling load will increase by

about 10 percent. The normally operating pumps are adequate to remove this

load.

9.1.1.3.4.4 Instrumentation and Control

Primary control of the SFCS is accomplished from a local panel. Each pump

can be started and stopped individually and each heat exchanger individually

isolated at this panel. The local panel provides status indication for each

pump and an alarm annunciation for the following process variables:

1. Pool outlet temperature - - high, high-high

2. Pool level -- low, low-low, high

3. Pump discharge header flow -- low

4. Outlet temperature - - high for each heat exchanger

5. Airborne radiation level (above fuel pool) - - high

6. Pool water radiation level -- high.

The above process variables will be multiplexed to provide a digitized common

trouble alarm signal to be transmitted to the main control room via the Data

Management Subsystem (DMS) communication network.

Local indication is provided for each of the process variables.

The following automatic control functions are provided at the local panel:

1. Automatic control is provided for starting the SFCS pumps. For each

pool, if one of the pumps fails, the second pump is started

automatically. The pool water exit temperature is maintained by

regulating the SWS flow.
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2. Automatic control is provided to maintain water level in each pool

during normal operation and the boiling mode for spent fuel cooling

by admitting water from the demineralized water storage tanks.

Local analyzers are provided at the water purity control package to provide

information to the operator during water purification operations.

9.1.1.3.5 Design Evaluation

9.1.1.3.5.1 Failure Modes and Effects

The principal failure modes were analyzed and their effects are discussed in

the following sections and are shown in Table 9.1-5.

9.1.1.3.5.1.1 Loss of a Pump or a Heat Exchanger

Each pump and heat exchanger in the cooling loop can be isolated individually

without affecting the operation of the other components. Thus the failure of

a pump or a heat exchanger, or a combination of any one pump and a heat

exchanger, will not affect the SFCS performance because each pump and each

heat exchanger is provided with full backup. However, if a similar failure

happens immediately after the full core of a reactor module is transferred to

the pools, the pool water temperature will rise to about 56.20 C (1330F)

without exceeding the allowable limits.

9.1.1.3.5.1.2 Loss of Both Pumps of One Pool or Both Heat Exchangers

The failure of both heat exchangers without the additional full core in the

pools will cause pool water to reach boiling in about 52 hours. If, however,

the failure happens immediately after the additional full core is transferred

to the pools, water will reach boiling in about 44 hours. Both the above

durations will increase if the fuel has partially decayed before the onset of

the failure. Stored water is available from the Demineralized Water Makeup

System to replenish the water lost from boiling. These features provide

adequate margin to take corrective measures before exceeding the allowable
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limits. The effects of loss of both pumps of one pool are similar for the

affected pool.

9.1.1.3.5.2 Steady-State Performance

Normal operation of the SFCS is required whenever spent-fuel elements are

located in the storage pools to remove decay heat generated by the elements.

The total decay heat load will vary significantly as the type of elements,

number of elements and the decay period for the elements within the storage

pools changes. The peak heat loads typically occur near the end of core

refueling outage and then drop quickly as some elements are returned to the

reactor and the heat-generation rate of the other spent elements decreases

rapidly. The residence time required to obtain an allowable heat generation

rate for offsite shipment of spent fuel is 100 days, although it is intended

that spent fuel be stored on site for one year. During this time, the

cooling loop circulates 68 cu in/hr (300 gpm) by operating two SFCS pumps, one

per pool, to remove the maximum spent fuel heat load of 0. 9 MW (3 x 10 6

Btu/hr). Maximum pool exit temperature during this mode will not exceed

54.4'C (130'F) based on 33.300 (920F) service water temperature. If the full

core of one reactor module is added to the pools, the pool exit temperature

will rise to a maximum of 56.20C (1330F).

The SFCS is sampled periodically to determine its water chemistry. When

required, the filter-demineralizer train is activated manually until sampling

demonstrates that proper chemistry and purity has been reestablished. The

water purification train is sized to pass approximately ten percent of the

total system flow.

9.1.1.3.5.3 Anticipated Operational Occurrence Performance

This system does not respond to any As. However, the SFCS operating modes

during each of these transients is listed in Table 9.1-6.

9.1-45



HTGR- 86-024k

9.1.1.3.5.4 Design Basis Event Performance

This system does not respond to any DBEs. However, the SFCS operating modes

during each of these transients is listed in Table 9.1-6.

9.1.1.3.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Spent Fuel Cooling Subsystem are identified in Table 9.1-7,

which also includes a description of the interface and a quantitative

expression for the interface.

9.1.2 Reactor Service

9.1.2.1 Reactor Service Equipment Subsystem

9.1.2.1.1 Summary Description

The Reactor Service Equipment Subsystem (RSES) is comprised of components and

structures which facilitate in-vessel and ex-vessel service and maintenance

operations, as well as the handling and storage of a number of reactor

components. The subsystem contains the:

1. Main circulator service equipment

2. Shutdown circulator service equipment

3. Core service tools

4. Auxiliary service cask and transporter assembly

5. Service facility tools

6. Equipment storage wells

7. Hot duct service equipment

9.1-46



HTGR-86-0240

8. Neutron detector service equipment

The components and structures within this subsystem are somewhat unrelated as

to functions and are grouped primarily for convenience.

The circulator handling equipment consists of shielded casks, isolation

valves, and other assorted adapters, to provide the capability for removal

and replacement of the main and shutdown circulators and their respective

loop shutoff valves.

The core service tools are used in conjunction with the fuel handling machine

and the auxiliary service cask to accommodate the removal of reserve shutdown

material and various defective core components including broken fuel elements

and control rods.

The auxiliary service cask is a gastight, shielded vessel which handles long

cylindrica. components. Its primary function is the handling of neutron

control assemblies during refueling outages, but it also accommodates

high-temperature filters and absorbers, the reserve shutdown vacuum tool and

the fuel transfer cask guide sleeve. It is supported and positioned by its

integral transporter mechanism.

The service facility tools are a collection of tools and fixtures provided to

accomplish specific remote maintenance tasks within the reactor equipment

service facility. Typical tasks include replacement of control rods,

checkout of the portable core refueling equipment, and packaging solid waste.

The equipment storage wells are permanent structures which provide a shielded

storage area for the main circulator, the shutdown circulator, the neutron

control assemblies, and miscellaneous other components comparable in size to

the neutroji control assemblies.

The hot duct service equipment is designed to remove and/or replace a section

of the hot duct.
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The neutron det ctor service equipment is designed to remove and replace

three different types of neutron detectors from their operating positions in

or adjacent to the reactor vessel.

9.1.2.1.2 Functions and 10CFRIOO Design Criteria

9.1.2.1.2.1 Power Generation Functions

The power generation functions of the RSES are to maintain plant protection

by protecting the capability of maintaining energy production, maintaining

shutdown, and maintaining refueling. Functions include remote inspection,

maintenance, removal and replacement of equipment, and the storage of

radioactive components.

9.1.2.1.2.2 Radionuclide Control Functions

The radionuclide control functions of the RSES to control personnel radiation

exposure are:

1. Provide shielding at the storage facilities to limit doses to

operating personnel.

2. Provide shielding while transporting radioactive components between

their operating locations and storage or ser-vice facilities to limit

doses to operating personnel.

3. Limit the release of radioactivity and doses to operating personnel

during removal and installation activities at oerating locations

(e.g., the vessel) and storage wells.

9.1.2.1.2.3 Classification

The RSES is not safety related". Since this subsystem does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, this subsystem will have the appropriate reliability

to meet other Top-Level Regulatory Criteria and user requirements.
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9.1.2.1.2.4 OCFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria are applicable to the RSES.

9.1.2.1.3 Radionuclide Control Design Requirements

The radionuclide control design requirements for the RSES are:

1. The design of the portable and stationary equipment shall include

shielding to reduce dose rates to operating personnel to a level

which permits a 40-hr work week.

2. The exposure received by operating personnel shall satisfy the user

requirement of limiting the average, long-term whole-body radiation

exposure from all sources to no more than 10 percent of the limits

of 10CFR20.

9.1.2.1.4 Design Description

9.1.2.1.4.1 Subsystem Configuration

Section 9.1.2.1.1, Summary Description, delineated the eight groups of

equipment which make up the RSES. The configuration of each of the groups is

described in the following paragraphs.

9.1.2.1.4.1.1 Main Circulator Service Equipment

Main Circulator Handling Cask: The main circulator handling cask shown in

Figure 9.1-24 is a leaktight, shielded vessel. The cask is used primarily

for removal and replacement of the main circulator and loop shutoff valve.

The cask is also used with the hot duct service equipment during hot duct

maintenance.

The primary portion of the cask consists of an upright heavy walled cylinder

with a hoist mechanism located at the top end.
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The cask body performs three functions:

1. Biological shielding,

2. Pressure containment while part of the primary boundary,

3. Structural support during operation and/or a seismic event.

The thickness requirement for shielding purposes is the controlling function

of the three, while the thickness requirement for a pressure boundary is

significantly less.

The wall thickness of the cask varies with axial position as required to

achieve acceptable shielding while minimizing cask weight. The thickn ss

required for shielding provides adequate structural strength based on the

applicable earthquake spectra.

The hoist mechanism consists of a remotely actuated grapple which is

supported by redundant roller chains, chain sprockets, a drive motor,

position indicators, load monitors, etc. The hoist mechanism provides

controlled movement of the grapple from the fully retracted position within

the cask to the lowest elevation needed for removal of the hot duct

components.

An axial guidance system is provided within the cask accommodating an empty

grapple as well as the component being handled. Azimuthal orientation is

maintained through the use of keyways, guide rails, and a moving sleeve.

The grapple is designed to engage lifting features which are either built

into the component to be removed or into special adapters described below

which are bolted to the component prior to the remote removal procedure.

The cask closure device at the base of the cylindrical cask structure

consists of two sliding gate valves which provide shielding during the

transport of radioactive components.

9.1-50



HTGR-86-024-

The circulator handling cask is transported with the reactor building crane

as illustrated in Figure 9.1-25. The cask remains in an upright position

during transfer.

Main Circulator Isolation Valve: The isolation valve assembly shown in

Figure 9.1-25 performs the following functions:

1. The valve provides structural support for the circulator handling

cask while the cask is positioned over the main circulator

penetration in the steam generator vessel.

2. The valve provides shielding for components as they are withdrawn

into the cask.

3. The open valve forms part of the primary coolant boundary as the

circulator is withdrawn or inserted. The upper surface of the valve

seals to the base of the circulator handling cask while the lower

* ~~~portion of the isolation valve seals to the penetration adapter.

4. When the valve gate is closed and sealed, the valve isolates the

primary coolant from the cask, permitting evacuation of the helium

in the cask.

5. When the circulator cask has removed a circulator and is moving it

to the RSB, the valve gate provides biological shielding against

radiation which otherwise would stream from the open penetration.

Because of limited space at the main circulator location, the valve gate is

constructed in two parts. The gates are moved horizontally with manually

driven Acme screw mechanisms. Support rollers attached to the gates roll on

hardened bearing ways built into the valve structure. Inflatable seals are

used to seal the gates to the valve structure in the closed position and to

seal the valve structure to the circulator handling cask. A low durometer

elastomer seal attached to one of the sliding gates seals the joint between

the two sliding members.
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Adapters and Standoffs: Several adapters and standoffs are provided with the

main circulator service equipment to accommodate the various removal and

replacement tasks. These components are illustrated in Figures 9.1-24 and

9.1-25.

One standoff supports the main circulator isolation valve at the main

circulator penetration. The standoff provides structural support for the

isolation valve and the circulator handling cask. It also forms part of the

primary coolant boundary while the circulator is being replaced and provides

biological shielding for personnel on the main circulator service floor.

An interface adapter is provided for the main circulator handling cask at the

storage wells in the RSB. The top of the adapter is identical to the top of

the main circulator isolation valve and mates with the base of the cask. The

adapter bottom matches the top of the main circulator storage well. The

storage well adapter provides structural support for the circulator cask and

biological shielding for components as they are moved in or out of the

storage wells.9

A grapple adapter is used to provide an adequate interface between the upper

end of the main circulator housing and the cask grapple mechanism. The

grapple adapter provides an acceptable load path for the weight of the

circulator assembly and provides alignment and lead-in features to assure

remote engagement of the grapple.

9.1.2.1.4.1.2 Shutdown Circulator Service Equipment

The shutdown circulator service equipment provides the capability for removal

and replacement of the shutdown circulator and oop shutoff valve. The

equipment is functionally comparable to the main circulator service equipment

but is significantly different in construction because of the installed

position of the shutdown circulator below the reactor vessel and the need to

maintain the normal vertical orientation of the shutdown circulator during

all handling and storage operations to prevent spilling the bearing lubricant

from its internal reservoirs.
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The additional equipment and design features needed to accommodate the

installed position for the shutdown circulator will be identified in the

following discussion of the individual components in this equipment group.

Shutdown Circulator Handling Cask: The shutdown circulator handling cask

illustrated in Figure 9.1-26 is a leaktight, shielded, cylindrical vessel

with a sliding gate valve at its upper end. The cask has two vertical

lifting mechanisms.

The internal lifting mechanism is designed to extend an integral circulator

support structure up through the cask gate valve and into engagement with

handling adapters bolted to the shutdown circulator. This lifting operation

is performed with the cask body lowered a few inches to provide manual access

to the handling adapters. When the handling adapters have been bolted to the

support structure and the studs securing the shutdown circulator to the

primary vessel boundary have been removed, the external lifting mechanism is

used to lift the cask body into engagement with the isolation valve. At this

point the cask and isolation valve are evacuated and backfilled with helium

and the internal hoisting mechanism is used to lower the shutdown circulator

into the cask. After the isolation valve and the cask gate valve have been

closed, the helium in the cask and between the valves is replaced with air.

The cask is now disconnected from the isolation valve and the cask is lowered

a few inches with the external lifting mechanism.

Since the shutdown circulator handling cask is located beneath the reactor

vessel, it cannot be lifted with the reactor building crane until it is

translated horizontally to a point below the access hatch. This translation

is accomplished manually after air-bearing units in the base of the cask are

pressurized to obtain a very low friction coefficient between the cask and

the floor. The cask handling sequence is shown in Figure 9.1-27.

Finally, since the access hatch to the refueling floor has a limited area,

the protruding housing for the cask closure valve is partially dismantled, as

shown in Figure 9.1-27, to reduce the size of the cask. The reactor building

crane is then used to lift the cask up above the refueling floor, translate

it to th RSB, and lower it into th basement area of this building.
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The shutdown circulator is inserted into its storage well in the basement of

the RSB using the inverse of the handling sequence described above.

Shutdown Circulator Isolation Valve: The shutdown circulator isolation

valve, shown in Figure 9.1-26, is a conventional sliding-gate valve. Its

functions, construction, and operation are comparable to the main circulator

isolation valve described above except that the valve gate is built in a

single piece rather than the split gate which was used on the main circulator

isolation valve. This valve is also bolted to the bottom surface of the

shutdown heat exchanger, whereas the main circulator isolation valve is

bolted to the top surface of the main steam generator.

Adapters: The shutdown circulator handling adapters (shown schematically in

Figure 9.1-26) provide an efficient method for connecting the shutdown

circulator to the integral lifting platform of the shutdown circulator

handling cask.

9.1.2.1.4.1.3 Auxiliary Service Cask and Transporter

The auxiliary service cask (ASC) shown in Figures 9.1-28 and 9.1-29 is a

gastight, shielded vessel with a cable suspended grapple mechanism and a

remotely operated hoist. The grapple can be lowered out of the base of the

ASC to engage various reactor components remotely and lift them into the

cask. While primarily used for removing, transferring, and installing

neutron control assemblies, the ASC also accommodates high-temperature

filters and adsorbers, the reserve shutdown vacuum tool, and the

fuel-transfer cask grapple-guide sleeve. The ASC is supported and positioned

by its integral transporter which moves on special rails built into the

refueling floor in the Reactor Building and the Reactor Service Building.

The ASC consists of a hollow steel vessel closed at the top with an

electrically actuated gate valve sealing the lower end. A grapple, designed

to interface with a lifting arrangement common to all the equipment handled,

is raised and lowered by an electric hoist located at the base of the

vessel. The grapple is suspended from dual cables, passing over sheaves at
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the top of the vessel, either cable being able to support the maximum lifting

capacity of the cask. Both the valve and the hoist can be operated manually

and the grapple uncoupled remotely in case of an emergency.

The ASC transporter is capable of rotating the ASC about its vertical axis,

lifting the ASC approximately 4 ft, moving the cask about 10 ft from side to

side in addition to the primary motion of the transporter along its support

rails. This combination of movements is sufficient to locate the ASC at any

operating position.

9.1.2.1.4.1.4 Core Service Tools

The core service tools consist of equipment used as attachments to the fuel

handling machine and the tools handled by the ASC. Specifically, the tools

are used when debris, other objects, and released reserve shutdown material

are to be removed by remote means from the reactor core.

This group of tools performs its varied functions by means of three basic

principles:

1. By manipulation, using a manipulator and an assortment of attachments

2. By vacuum devices

3. By self-actuation, such as for control rod removal

Core Service Manipulator With Tools: The core service manipulator shown in

Figure 9.1-30 is basically a commercially available device. However, some

modifications have been made to adapt the device to the FHM where the grapple

head is normally attached. In anticipation of potential radioactive

contaminants, the manipulator is designed for remote attachment and removal

to and from the FHM. The conversions for the FHM are performed in the

reactor equipment service facility in the RSB.
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The range of possible operations with the manipulator is rather wide, since

it is provided with a quick-change-type collar, thus permitting attachment of

a series of tools which are designed primarily for specific postulated

service operations within the Standard MHTGR vessel cavity. When performing

core service operations, the remote viewing device, an integral part of the

FHlM, is used to monitor the operations.

The tools provided with the core service manipulator are:

1. A 0.127 m (5 in.) hand for picking up debris too large to be picked

up by a vacuum device. This hand is also capable of operations that,

in comparison, are equivalent to those of a vise, wrench, and human

hand.

2. A 0.203 m (8 in.) hand that is similar to the previous item only with

a wider range.

3. A pick-up probe that is used in two situations. First, in the

unlikely event that the handling hole in a core block is not

accessible in the normal manner by the FM grapple probe. This

could, for example, be postulated to occur if the core block is on

its side, or in a leaning position. The manipulator operational

versatility will permit the probe to be inserted, and the block

uprighted, then handled in a near normal manner. Secondly, the probe

is used in case a debris container, basically shaped like a core

block, is required to be placed in the cavity while debris is being

collected, and later removed. The probe mates with a handling hole

in the container so it can be handled in a manner identical to that

of a core element.

4. A debris container. The container's general configuration and

operation are described above.

5. An element-uprighting tool. This tool is an oversized hand specially

designed to permit it to grapple a core element across the hex
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corners and place the core element in a normal upright position for

further handling by the pick-up probe or the coolant hole grapple

tool. The uprighting tool is used if and when a core element has

become oriented such that normal handling cannot be performed by the

FHlM grapple, and corrective handling by the probe discussed above

doesn't work.

6. A coolant hole grapple. This tool is used on the core service

manipulator should the lifting edge in a core element handling hole

have been stripped or damaged. The tool may also be used where large

element fragments are to be moved. In both cases, the probe actually

consists of three probes that are inserted into core element coolant

holes and then by frictional interferences, the probes permit lifting

and handling of the block.

7. A control rod cable cut-off tool. Should a control rod cable fail,

this tool will facilitate cutting the cable into short segments that

can be picked up and placed in the debris container described above.

The cable removal is a prerequisite for subsequent removal of the

rod(s).

Core Service Vacuum Tool: The tool is attachable to the core service

manipulator and is shown in Figure 9.1-31. The vacuum tool is designed to

pick up debris too small to be handled by the manipulator hands. As such,

the tool is capable of picking up debris 0.016 m (5/8 in.) in diameter or

smaller. The tool is a self-contained unit consisting of blower, canister,

and nozzle. The vacuum tool receives its electric power through a plug-in

provided in the manipulator.

Control Rod Removal Tools: The control rod removal tools (not shown) are

used to recover portions of control rods which have separated from their

control rod drive mechanism either as the result of a broken cable or a break

at any point in the central support member of the rod. Therefore, the

fragment to be recovered may be a complete rod with an attached segment of

cable or it may b a single rod segment in its channel near the bottom of the

core.
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Retrieval of long rod segments from the outer control rod channels is a

difficult operation because of the limited plenum height in the Standard

MHTGR and the small openings provided through the pressure vessel top head

directly over the outer control rod channels. It involves the use of both

the FHM with the core service manipulator and other rod handling equipment

designed for installation with the ASG.

Reserve Shutdown Vacuum Tool: The reserve shutdown vacuum tool (RSVT) (shown

in Figure 9.1-32) is used to remove reserve shutdown material which has been

released into the core from the storage hoppers in the individual neutron

control assemblies. This device is inserted in the inner neutron control

assembly penetration following the removal of the neutron control assembly

from which the shutdown material was released.

The RSVT is transported and inserted into the refueling penetration with the

ASC. The primary parts of the RSVT are the vacuum blower unit, a probe, and

a receptacle for the recovered material. Electric power to the vacuum blower

unit is provided by cabling from a special motor-generator set to a plug-in

on the ASC, through wiring internal to the cask, and to the RSVT through a

plug-in between the ASC grapple head and the upper end of the RSVT.

The ASC lowers the RSVT until the probe enters the shutdown channel in the

core. The motion is stopped while the blower unit is started, and the probe

then continues its descent until the probe reaches the bottom of the

channel. The vacuum blower is stopped and the tool with its contents is

raised into the ASC.

The ASC, with the vacuum tool, is sealed and removed from the penetration in

the same manner as used for neutron control assembly removal. The tool is

transported to the RESF, lowered into a support device, emptied of the

shutdown material, and refurbished as necessary for further reserve shutdown

material removal service.
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9.1.2.1.4.1.5 Service Facility Tools

This group of tools, shown in Figures 9.1-33 and 9.1-34, is used within the

reactor equipment service facility (RESF) located in the RSB. The tools are

intended for remote operations although occasions may arise where

sufficiently low radiation levels will permit direct contact operations.

The tools are installed in the RESF in various configurations as dictated by

a particular service, inspection, or repair operation.

The tools are divided into three basic groups:

1. Positionine Tools. These tools are used to place an item to be

serviced within the reach of the RESF manipulators and in a workable

position within the viewing area of the facility windows.

2. Special Purpose Fixtures. Each fixture is designed to support the

item being serviced and is capable of reacting to any loads that may

be applied during the operations.

3. Special Purpose Tools. The tools in this group are used in

conjunction with the RESF manipulators to perform the service tasks.

Included are such items as pneumatically operated wrenches, portable

decontamination equipment, containers for waste products, etc.

The service facility tools include tools, fixtures, and equipment for:

1. FHMI maintenance

2. Core service manipulator maintenance

3. Neutron control assembly maintenance

4. RSVT maintenance
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5. High temperature filter and high temperature adsorber maintenance

6. Packaging of solid radioactive waste generated in the RESF during

other tasks

9.1.2.1.4.1.6 Equipment Storage Wells

The equipment storage wells are metal housings embedded in the concrete

structure of the RSB. They provide a shielded storage area for major Nuclear

Steam Supply System (NSSS) components. Each type of well provides

appropriate features for support and alignment of the component placed within

the well.

Three types of storage wells are provided:

1. Main circulator storage wells

2. Shutdown circulator storage wells

3. Neutron control assembly storage wells

The main and shutdown circulator storage wells are shown in Figures 9.1-35

and 9.1-36, respectively.

The neutron control assembly storage wells are shown in Figure 9.1-37.

9.1.2.1.4.1.7 Hot Duct Service Equipment

The hot duct service equipment (not shown) consists of a set of shielding and

handling adapters that are used in conjunction with the main circulator

service equipment and storage wells. The equipment provides the capability

of remote removal and replacement of the hot duct elbow and bellows

components for periodic maintenance.
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A shielded adapter for the hot duct components is required since all surfaces

of the hot duct may be contaminated and must be shielded when temporarily

stored in the main circulator storage wells. The handling adapter also

allows the grapple mechanism of the main circulator handling cask to engage

the hot duct elbow assembly and place it in an acceptable configuration for

remote removal.

9.1.2.1.4.1.8 Neutron Detector Service Equipment

The neutron detector service equipment (not shown) consists of a family of

small casks, isolation valves, etc., which can remove and replace three types

of neutron detectors (i.e. , the ex-vessel detectors, the startup detector

assemblies, and the in-vessel flux mapping units). The access points for the

neutron detectors are below the reactor vessel and provisions for

installation and removal of the service equipment are comparable to those

described earlier for the shutdown circulator service equipment.

The basic approach to servicing this equipment involves manual removal of the

nonradioactive portions of the detectors followed by progressive remote

removal and cutting into short segments for the radioactive portions of the

detectors. The new components are inserted manually using appropriate

procedures to minimize air ingress to the primary coolant.

9.1.2.1.4.2 Subsystem Arrangement

The arrangement of most of the equipment which makes up the Reactor Service

Equipment Subsystem is shown in Figures 9.1-24 through 9.1-37.

9.1.2.1.4.3 Subsystem Operating Modes

9.1.2.1.4.3.1 Main and Shutdown Circulator Casks

Operation at the Vessel: The appropriate cask operates in conjunction with

an isolation valve to remove or install the shutdown circulator, the main

circulator, or the hot duct. The cask operates in a helium atmosphere at

subatmospheric pressure, when the reactor is shut down.
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Transport Operations: During the transport of the circulators or hot duct,

the cask gate valves are closed and the casks are attached to the building

crane.

Operations at the Storage Wells: When transferring components into or out of

the wells, the cask operates in an air atmosphere at atmospheric pressure.

These operations must be performed in conjunction with the integral shielding

of the casks and storage wells to protect personnel from radiation emitted by

the handled components.

9.1.2.1.4.3.2 Auxiliary Service Cask and Transporter

Operations at the Vessel: The ASC operates in conjunction with an isolation

valve to remove or install the RSVT, the neutron control assemblies and the

FTC grapple guide sleeve. These operations take place in a helium atmosphere

at subatmospheric pressure with the reactor shut down.

Operations with High Temperature Filters and Adsorbers: Following manual

operations to remove the access plug which seals the operating area of the

filter/adsorbers and to disconnect the filter/adsorber assembly for removal,

the ASC is placed over the filter/adsorber assembly, grappled, lifted into

the ASC, and transported to either a storage well or the RESF.

Transport Operations: During transport the ASC is sealed and coupled to the

transport rails.

Operations at the Storage Wells: When transferring components into and out

of the wells, the ASC operates in air at atmospheric pressure. These

operations must be performed in conjunction with the integral shielding of

the ASC and storage well to protect personnel from radiation emitted by the

handled components.

Operations at the Reactor Equipment Service Facility: As with operations at

the storage wells, these operations take place in an air atmosphere at

atmospheric pressure and must be shielded.
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9.1.2.1.4.3.3 Core Service Tools

The core service tools are used by the F and the ASC.

FHM: The tools are used in the reactor vessel at the end of the F arm

in place of the grapple. They are in a helium atmosphere at

subatmospheric pressure.

ASC: The tools are used in the reactor vessel in helium that is

subatmospheric. The tools used are the RSVT and the broken control rod

removal tool.

The same tools discussed above are used in the hot cell in an air

atmosphere at atmospheric pressure.

9.1.2.1.4.3.4 Service Facility Tools

These tools are used within the service facility to perform remote

maintenance on various components such as the F, ASC, neutron control

assemblies, and vacuum tools. They operate in a controlled air environment

at atmospheric pressure.

9.1.2.1.4.3.5 Equipment Storage Wells

These wells provide dry storage in air at atmospheric pressure for the

circulators and neutron control equipment. They also provide shielding for

operating personnel.

9.1.2.1.4.3.6 Hot Duct Service Equipment

This special equipment operates in both air and helium to remove the bellows

portion of the hot duct and transport it to the RESF for inspection.
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9.1.2.1.4.3.7 Neutron Detector Service Equipment

This special equipment operates in both air and helium to remove and replace

three types of neutron detectors from their operating positions in or near

the reactor vessel. The equipment also provides shielded transport for the

spent detectors to the RESF, where they are repaired or packaged as solid

radioactive waste.

9.1.2.1.4.4 Instrumentation and Control

9.1.2.1.4.4.1 Main Circulator Service Equipment

The main circulator service equipment is controlled from a local control

station mounted on the cask assembly in a location convenient to the

operator. Controls are provided for:

1. Operation of the hoist mechanism

2. Operation of the grapple mechanism

3. Operation of the valves, seals, etc., which are used to seal the cask

to the isolation valve described below, to evacuate the cask and the

upper portion of the isolation valve, and to backfill these volumes

with pure helium or filtered air, as required

4. Operation of the isolation valve and the cask closure device

All cask operations are controlled by local controls. Several interlocks

prevent conflicting operations from occurring and prevent potential damage to

the machine or handled components. For example, load monitors signal the

hoist to stop when abnormal readings are sensed, and many interlocks restrict

noncompatible operations of the isolation valve with the hoist and the

purge-and-fill systems.
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The control station also contains alarms for abnormal conditions and

overrides for interlocking sequences. Displays for position of valves,

hoist, and grapple fingers as well as load indications from the hoist system,

and status of other mechanisms are provided.

A microprocessor is used for such functions as automatic sequencing,

interlocking, and initiation of alarms and readouts.

Transducers and other measurement devices are provided as required to ensure

safe and accurate operations.

9.1.2.1.4.4.2 Shutdown Circulator Service Equipment

The shutdown circulator service equipment is controlled from a local control

station mounted on the cask assembly in a location convenient to the

operator. Controls are provided for:

1. Operation of the inner lifting mechanism

2. Operation of the outer lifting mechanism

3. Operation of the valves, seals, etc., which are used to seal the cask

to the isolation valve described below, to evacuate the cask and the

lower portion of the isolation valve, and to backfill these volumes

with pure helium or filtered air, as required

4. Operation of the isolation valve and the cask closure device

All operations of the cask are controlled by local controls. Several

interlocks prevent conflicting operations from occurring and prevent

potential damage to the service equipment or shutdown circulator. For

example: load monitors signal the lifting mechanisms to stop when abnormal

readings are sensed, and many interlocks restrict noncompatible operations of

the isolation valve with the hoist and the purge-and-fill systems.
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The control station also contains alarms for abnormal conditions and

overrides for interlocking sequences. Displays are provided for position of

valves and lift mechanisms as well as load indications from the lift

mechanisms and status of other cask components.

9.1.2.1.4.4.3 Auxiliary Service Cask and Transporter

The auxiliary service cask and transporter is controlled from a local control

station mounted on the transporter in a location convenient to the operator.

Controls are provided for:

1. All four movements provided for ASC positioning

2. Operation of the ASC hoist mechanism

3. Operation of the ASC grapple mechanism

4. Operation of the valves, seals, etc., which are used to seal the cask

to the reactor isolation valve (RIV), to evacuate the ASC and the

upper portion of the RIV, and to backfill these volumes with pure

helium or filtered air as required

5. Operation of the RIV and the ASC closure valve

6. Operation of the RSVT during the removal of shutdown material from

the core

All operations are controlled from the local control station. Several

interlocks prevent conflicting operations from occurring and prevent

potential damage to the ASC or handled components. For example: load

monitors signal the hoist to stop when abnormal readings are sensed, and many

interlocks restrict incompatible operations of the RIV and ASC closure valve

with the ASC hoist and the purge and fill systems.
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The control station also contains alarms for abnormal conditions and

overrides for interlocking sequences. Displays are provided for position of

valves, hoist, and grapple fingers as well as load indications from the hoist

system and status of other mechanisms.

Strip recorders provide a permanent record of grapple load versus elevation

to confirm proper engagement of the neutron control assemblies with the core

during the installation sequence for these components.

9.1.2.1.4.4.4 Core Service Tools

The operation of all core service tools except the RSVT is controlled from

the fuel-handling control station provided with the Core Refueling

Subsystem. The RSVT is controlled from the control station for the ASC and

transporter assembly.

9.1.2.1.4.4.5 Service Facility Tools

The controls for these tools are remote manual, located on control panels

outside the RESF viewing windows. TV cameras are used to assist operators in

using the tools in hard to view areas.

9.1.2.1.4.4.6 Equipment Storage Wells

The equipment storage wells are passive structures and are not equipped with

either instrumentation or controls.

9.1.2.1.4.4.7 Hot Duct Service Equipment

The hot duct service equipment is controlled from the local control station

for the main circulator service equipment.

9.1.2.1.4.4.8 Neutron Detector Service Equipment

The neutron detector service equipment is controlled from a local control

station mounted on the main cask body. The controls are expected to be
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comparable conceptually to the controls for the shutdown circulator service

equipment; however, there is insufficient design definition to provide

specific information on the controls and instrumentation.

9.1.2.1.5 Design Evaluation

9.1.2.1.5.1 Failure Mode and Effects

9.1.2.1.5.1.1 Main Circulator Service Equipment

All mechanical drives in the main circulator service equipment are designed

to fail in place and contain position-indication devices to confirm

satisfactory operation. The grapple mechanism and hoist assembly also have

redundant load paths to prevent accidental dropping of the load. Load cells

within the hoist assembly monitor the actual load and terminate the operation

if the load is either too high or too low.

Special manual tools are provided to place the cask drives in an acceptable

configuration for repairs in the event of a malfunction. The normal

operation of the main circulator service equipment is interrupted until the

malfunction is repaired, which could extend a plant outage if the main

circulator service task is on the critical path for resumption of power

production.

9.1.2.1.5.1.2 Shutdown Circulator Service Equipment

All mechanical drives in the shutdown circulator service equipment are

designed to fail in place and contain position-indication devices to confirm

satisfactory operation. The two lifting mechanisms also have redundant load

paths to prevent accidental dropping of the load. Load cells within the

lifting mechanisms monitor the actual load and terminate the operation if the

load is either too high or too low.

Special manual tools are provided to place the cask drives in an acceptable

configuration for repairs in the event of a malfunction. The normal
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operation of the shutdown circulator service equipment is interrupted until

the malfunction is repaired, which could extend a plant outage if the

shutdown circulator service task is on the critical path for resumption of

power production.

9.1.2.1.5.1.3 Auxiliary Service Cask and Transporter

All mechanical drives in the ASC and transporter are designed to fail in

place and contain position-indication devices to confirm satisfactory

operation. The grapple mechanism and hoist assembly also have redundant load

paths to prevent accidental dropping of the load. Load cells within the

hoist assembly monitor the actual load and terminate the operation if the

load is either too high or too low.

Special manual tools are provided to place the ASC and transporter drives in

an acceptable configuration for repairs in the event of a malfunction. The

normal operation of the ASC and transporter is interrupted until the

malfunction is repaired, which could extend a plant outage if the service

task being performed with the ASC and transporter is on the critical path for

resumption of power production.

9.1.2.1.5.1.4 Core Service Tools

There are numerous failures which can be postulated for the core service

tools. The tools are not redundant, and a failure will cause the ongoing

activity to cease or slow down until the failure is fixed. These failures

might have an effect on the length of an outage, should the failure be

difficult or time consuming to correct.

9.1.2.1.5.1.5 Service Facility Tools

There are numerous failures of the service facility tools which can stop or

slow down work activities. Most activities using the service facility tools

have no impact on plant availability because they are maintenance or repair

work that can take place during all phases of plant operation, on items that
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are not needed to continue plant operation at that time. However, if during

a refueling outage the need for core service tools arises, the tools must be

attached to the FHM in the RESF. A failure occurring at that time might

cause a delay in the scheduled outage time. The probability of this

occurring is low because of the high reliability of the equipment and the

availability of alternative means and equipment to perform the necessary

tasks.

9.1.2.1.5.1.6 Equipment Storage Wells

The wells are passive structures. Their failure modes are loss of integrity,

cracking, or corrosion. Because they store equipment in air at atmospheric

pressure, the effects of their failure upon plant operation would be

negligible.

9.1.2.1.5.1.7 Hot Duct Service Equipment

The hot duct service equipment is used in conjunction with the main

circulator service equipment described above in Section 9.1.2.5.1.1. The

only additional concerns regarding failures of the hot duct service equipment

are the design features provided in the adapter that is used remotely to join

the circulator grapple to the hot duct elbow assembly. The adapter must

provid features that assure the load is not dropped accidentally, and

additional features that assure the new hot duct elbow assembly can be

inserted into position reliably and the adapter disconnected, since these

operations cannot be performed manually because of the high radiation levels

in the area of the installed hot duct elbow assembly.

9.1.2.1.5.1.8 Neutron Detector Service Equipment

The neutron detector service equipment is not developed sufficiently to

permit an exact statement regarding failure modes and effects. However, it

is expected that this equipment will be similar functionally to the shutdown

circulator handling equipment, and the failure modes and effects defined for

that equipment in Section 9.1.2.1.5.1.2 should also apply to the neutron

detector service equipment.
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9.1.2.1.5.2 Steady-State Performance

The steady-state performance of the reactor service equipment is described in

Section 9.1.2.1.4.3. All the equipment is designed to perform its normal

functions when called upon without special maintenance. Preventive

maintenance is performed when the equipment is not in use.

9.1.2.1.5.3 Anticipated Operational Occurrence Performance

None of the five As discussed in Section 11.6 takes place when the reactor

service equipment is in use. However, seismic events, loss of vessel

cooling, moisture ingress, and loss of power do affect the equipment. These

events are discussed in the following sections.

9.1.2.1.5.3.1 Loss of Vessel Cooling

Loss of vessel cooling causes temperature transients on equipment within or

attached to the reactor vessel.

During a loss of vessel cooling event, equipment within the vessel can be

removed to protect it against overheating. For the casks mounted on the

vessel, the isolation valves are closed to prevent leaking, and the casks are

removed from the vessel at the earliest time possible.

9.1.2.1.5.3.2 Moisture Ingress, Pressure Transient

The reactor service equipment is designed to operate in the maximum credible

humidity that could occur within the vessel. Also, the equipment which forms

a part of the primary coolant pressure boundary is designed to withstand the

maximum credible pressure transient it might experience when attached to the

vessel. Equipment that operates within the vessel is not affected by

increased pressure.
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9.1.2.1.5.3.3 Loss of Power

There are no backup power sources for the reactor service equipment. Upon

loss of power, nearly all activities stop until power is restored. There are

a few actions which can be carried out manually, but for the most part, the

equipment cannot be operated.

9.1.2.1.5.4 Design Basis Event Performance

All reactor service equipment is designed not to drop any component during an

SSE and not to experience any damage during an OBE. In addition, the

equipment that forms part of the primary coolant pressure boundary or

maintains a barrier against leakage of radioactivity is designed to maintain

its integrity during an SSE. The reactor service equipment is not in

operation when other DBEs may occur.

9.1.2.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Reactor Service Equipment Subsystem are identified in Table

9.1-6, which also includes a description of the interface and a quantitative

expression for the interface.

9.1.2.2 Hot Service Facility Subsystem

9.1.2.2.1 Summary Description

The Hot Service Facility Subsystem (SFS) provides facilities for inspection,

maintenance, care, and repair of reactor service equipment and tools. The

facilities include:

1. Viewing windows

2. Operating galleries outside the vault
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3. Lighting inside and outside the vault

4 Manipulators to perform the inspection, maintenance, care, and repair

services

5. Portable decontamination equipment

The hot service facility is located inside a shielded vault in the Reactor

Service Building in the vicinity of the fuel sealing and inspection facility.

The HSFS is similar to that of the Fort St. Vrain plant. It is not relied

upon to meet 1CFR100 requirements and it does not initiate or aggravate any

Licensing Basis Event.

9.1.2.2.2 Functions and OCFR100 Design Criteria

9.1.2.2.2.1 Power Generation Functions

The primary power generation function of the HSFS is to protect th

capability to maintain energy production, shutdown, refueling, and

startup/shutdown by providing inspection and maintenance services to the

reactor service equipment.

9.1.2.2.2.2 Radionuclide Control Functions

The radionuclide control functions of the HSFS are to control personnel

radiation exposure when decontaminating and repairing contaminated

components.

9.1.2.2.2.3 Classification

The HSFS is not "safety related". Since it does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However the system will have the appropriate reliability to

m et the user requirements.
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9.1.2.2.2.4 1CFR100 Design Criteria for Radionuclide Control

No OCFR100 Design Criteria apply to this subsystem.

9.1.2.2.3 Radionuclide Control Design Requirements

The radionuclide control design requirements for the HSFS are:

1. The design of the components and the associated vault shall include

shielding to reduce dose rates to operating personnel to a level which

permits a 40-hour work week.

2. The exposure received by operating personnel using the facility shall

satisfy the user requirement of limiting the average, long-term

whole-body radiation exposure from all sources to no more than 10'

percent of the limits of IOCFR20.

9.1.2.2.4 Design Description

9.1.2.2.4.1 ubsystem Configuration

The Hot Service Facility Subsystem is designed to provide the following

services:

1. Decontamination services to the reactor core service tools which include

a. Core service manipulators and tools

b. Core service vacuum tools

C. Control rod removal tool

d. Reserve shutdown vacuum device

e. Neutron control assemblies

f. High temperature filters and adsorbers
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g. Refueling equipment including FM grapple, FTC grapple

2. Decontamination services to reactor equipment service facility tools

in the Hot Service Facility Subsystem. These tools include:

a. Positioning tools

b. Fixtures

C. Special purpose tooling such as pneumiatic wrenches

3. Packaging of disposable radioactive materials such as reserve

shutdown materials

4. Equipment maintenance, checkout, and repair services

The configurational features of the Hot Service Facility Subsystem are:

1. It is located in a shielded room with windows for operator viewing of

all installed equipment, and with personnel and equipment access.

2. The roof of the facility is at the grade level and supports the

reactor isolation valve, auxiliary service cask, and fuel handling

machine, fuel transfer case, and the FTC adapter. The roof accepts

mating fixtures to attach the above devices and transfer ports to

move equipment from those devices into and out of the facility.

3. The facility accommodates the following equipment and fixtures:

a. Dolly

b. Fuel handling machine service equipment

C. Control rod drive servicing equipment
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d. High-temperature filter and high-temperature adsorber servicing

equipment

e. Reserve shutdown vacuum tool servicing equipment

f. Startup source handling equipment

g. Auxiliary service cask servicing equipment

h. Miscellaneous tools, wrenches, hoses and cables, required to

perform servicing operations

i. Video transmitters and receivers

j. Portable decontamination equipment

k. Waste material disposal equipment

1. Traveling wall crane

M. Binocular support assembly

n. Light and mirror assembly

o. Master slave manipulators

p. Others

4. Through the floor of the upper chamber, an access port is provided to

transfer radioactive solid waste to a radioactive waste shipping

container cask below. The port is designed to accept fixtures to

permit mating with the cask.

5. The access ports are located within the area serviced by the

(125-ton) bridge crane.
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All equipment requiring electrical supply is powered from an ac bus.

9.1.2.2.4.2 Subsystem Arrangement

The Hot Service Facility Subsystem, commonly referred to as the reactor

equipment service facility, is located in the Reactor Service Building in the

vicinity of the fuel sealing and inspection facility (see Figure 6.1-4).

The HSFS is located in a chamber with inside dimensions of 12.5 m x 3 m

(41 ft x 10 ft) in plane and 13.1 m (43 ft) in height between the operating

floor and elevation 14.3 m (47 ft). Through the floor of the upper chamber,

a port with shield plug is provided for the transfer of solid radioactive

waste to the radwaste shipping container cask. The walls of the facility are

a minimum of 1.2 m (4 ft) thick for radiation shielding and contain two

shielded windows for operator viewing of the interior.

9.1.2.2.4.3 Subsystem Operating Modes

The HSFS has one operating mode - "Normal." During this mode the system

performs the following operations:

1. Decontamination

2. Repair

3. Inspection

4. Maintenance

9.1.2.2.4.4 Instrumentation and Control

The specialized instruments and controls to operate the Hot Service Facility

Subsystem equipment will be specified and supplied by the supplier of that

equipment.
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9.1.2.2.5 Design Evaluation

9.1.2.2.5.1 Failure Modes and Effects

The unavailability of the system due to a component failure may have a minor

impact on plant availability. This will be evaluated later.

9.1.2.2.5.2 Steady-State Performance

The HSFS is operated on an as-needed basis. The peak operating periods are

before and after refueling operations.

9.1.2.2.5.3 Anticipated Operational Occurrence Performance

The As do not have a direct impact on the HSFS performance. However, if

offsite power is lost (AOO-l), the HSFS is not operational.

9.1.2.2.5.4 Design Basis Event Performance

In case of loss of offsite power (DBE-1) and in case of a large earthquake

(DBE-5), the HSFS is not operational.

9.1.2.2.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Hot Service Facility Subsystem are identified in Table 9.1-9,

which also includes a description of the interface and a quantitative

expression for the interface.

9.1.2.3 Liquid Nitrogen Subsystem

9.1.2.3.1 Summary Description

The Liquid Nitrogen Subsystem (LNS) provides liquid nitrogen for cooling the

low-temperature adsorbers (LTAs) of the Helium Purification Subsystem (HPS)
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and analytical instruments in the noble gas cold trap of the NSSS Analytical
Instrumentation System and gaseous nitrogen for other NSSS users.

The LNS operates continuously during normal operation and during refueling.
It consists of two separate trains, each train serving two reactor modules.
The major components of each train are two nitrogen recondensers (one
backup), two liquid nitrogen pumps (one backup) and one phase separator
storage tank. Each pump and recondenser is rated at full capacity for the
two-reactor-module coaling load.

The LNS is similar to that of the Fort St. Vramn plant. The subsystem is not
relied upon to meet 10CFRIOO requirements, and it does not initiate or
aggravate any Licensing Basis Event.

9.1.2.3.2 Functions and 1FR100 Design Criteria

9.1.2.3.2.1 Power Generation Functions

The primary power generation functions of the LNS are to:

1. Assist maintenance of energy production by supplying liquid nitrogen
to the LTAs of the HPS and to the NSSS Analytical Instrumentation

System

2. Assist protecting the capability of energy production, shutdown,
refueling, and startup/shutdown by supplying gaseous nitrogen for the
following services:

a. HPS standard cooler layup

b. HPS regeneration cooler layup

C. Shutdown heat exchanger layup

d. Steam generator layup
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9.1.2.3.2.2 Radionuclid Control Functions

The NS does not have any radionuclide control function.

9.1.2.3.2.3 Classification

The LNS is not "safety related". Since the NS does not perform any 1CFR100

related radionuclide control functions, no special classification is applied

to it. However, the system will have the appropriate reliability to meet the

user requirements.

9.1.2.3.2.4 10CFR100 Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria apply to this subsystem.

9.1.2.3.3 Radionuclide Control Design Requirements

There are no radionuclide control design requirements because the system does

not have any radionuclide control function.

9.1.2.3.4 Design Description

9.1.2.3.4.1 Subsystem Configuration

The Liquid Nitrogen Subsystem trains operate independently and each train

consists of two nitrogen recondensers, one phase separator storage tank, two

pumps, and vacuum-jacketed pipes that connect the equipment with the Helium

Purification Subsystem and the analytical instruments associated with two

reactor modules. The system is shown on Figure 9.1-38.

During normal operation, nitrogen is pumped from the phase-separator storage

tank to the adsorbers and noble gas cold traps. Nitrogen returns from these

users as a two-phase flow to the phase-separator storage tank. In the

storage tank, the liquid is separated from the vapor. The vapor passes to

the recondensers, and the liquid is returns to the storage tank. The levi1

in the storage tank is maintained by a level controller that operates the

recondensers intermittently.
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The gaseous nitrogen for the gas users is taken from the phase separator

Storage tank. The vapor from the users is returned to the tank to give off

some heat before passing on to the recondensers.

When a reactor module is depressurized, the increased LN2 requirement is

taken from the 5.7 cu m (1500-gal) phase-separator storage tanks and pumped

to the various users. The excess nitrogen vapor, if any, that cannot be

recondensed by the recondensers is bled off to atmosphere.

To provide backup, two full-capacity pumps are used with each train. Each

pump is rated at 1.8 cu rn/hr (8 gpm) of liquid nitrogen at 45.7 m (150 ft)
head to meet the maximum cooling load of 25 kw (0.085 x10 Btu/hr) for

each train at the start of the depressurization operation.

For the system normal load, one recondenser is used per two reactor modules

rated at 20 kW (0.07 x10 Btu/hr) at -195.60 C (-320'F). Another

recondenser is used as a backup unit.

Cooling water is provided from the Chilled Water Subsystem for the

recondenser cooling. The chilled water allows the recondensers to operate at

their best efficiencies.

Each liquid nitrogen recondenser and pump is powered from an independent 480V

bus.

All pipes in the system under continuous use are vacuum-jacketed stainless

steel to keep the heat loss to a minimum. Other pipes are insulated.

9.1.2.3.4.2 Subsystem Arrangement

All major components of the Liquid Nitrogen Subsystem except the

phase-separator storage tank are located within an enclosure in the Reactor

Auxiliary Building. The phase-separator storage tank is located outside and

adjacent to the enclosure. Each Reactor Auxiliary Building houses the LNS
train which serves two reactor modules (see Figure 6.1-3). The two nitrogen
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recondensers, liquid nitrogen pumps, and phase-separator storage tank of each

train are located at grade elevation. This arrangement facilitates the

maintenance of the LNS components and the containment of the storage tank in

the event of a leak.

9.1.2.3.4.3 Subsystem Operating Modes

9.1.2.3.4.3.1 Normal Operation

During normal power operation, the Liquid Nitrogen Subsystem operates with

one pump and one recondenser.

9.1.2.3.4.3.2 Pumpdown

During depressurization of a reactor module, the cooling load increases

initially and then decreases. To deal with this increased load, adequate

storage capacity is provided in the phase separator storage tank. The pumps

are sized for the increased load.

9.1.2.3.4. 3.3 Shutdown

During this mode, all the pumps and recondensers are turned off. All the

isolation valves are closed and the system is depressurized.

9.1.2.3.4.4 Instrumentation and Control

Control of the LNS is accomplished at a local panel. During normal operation

one pump in each LNS train is operating and the other is on standby.

The following automatic control functions are provided:

1. Start of the idle pump on loss of the operating pump based on low

flow in the common header.

2. Start and stop of the recondensers to maintain level in the storage

tank within preset high and low limits.
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Each pump can be started or stopped and isolated at the local control panel.

This panel has status indication for each pump and alarm annunciation for the

following process variables:

1. Pump discharge pressure - - low

2. Storage tank level - - high and low

3. Liquid nitrogen temperature -- high, measured in the storage tank.

Local indicators are provided for each of the parameters listed above. The

above process variables are multiplexed to provide a digitized common trouble

alarm signal transmitted via the Data Management Subsystem (DMS)

communication network to the main control room.

9.1.2.3.5 Design Evaluation

9.1.2.3.5.1 Failure Modes and Effects

9.1.2.3.5.1.1 Loss of a Pump or a Recondenser

Each pump and recondenser in each LNS train can be isolated individually

without affecting the operation of the other components. This provides a

high degree of operating reliability and flexibility. Thus the failure of a

pump or a recondenser, or a combination of any one pump and a recondenser,

will not affect the LNS performance because each pump and each recondenser is

rated at full capacity for each train. A similar failure during

depressurization of a reactor module will not affect the performance because

the pumps and ILN2 storage tanks are designed for the increased load.

9.1.2.3.5.1.2 Loss of Both Pumps or Both Recondensers of One LNS Train

In this unlikely event, long-term unavailability of the LNS exceeding [TBD]

hour will require shutdown of the plant.
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9.1.2.3.5.2 Steady-State Performance

During normal operation, each train of the system circulates liquid nitrogen

at the rate of 1. 8 cu in/hr (8 gpm) by operating one pump to remove the

two-reactor module cooling load of 20 kW (0.07 x 10 6 Btu/hr). The liquid

nitrogen is supplied at between -90'C (-310'F) and -195.60G (-320'F).

9.1.2.3.5.3 Anticipated Operational Occurrence Performance

The LNS response to AO0s is listed in Table 9.1-10.

9.1.2.3.5.4 Design Basis Event Performance

The LNS response to DBEs is listed in Table 9.1-10.

9.1.2.3.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Liquid Nitrogen Subsystem are identified in Table 9.1-11,

which also includes a description of the interface and a quantitative

expression for the interface.

9.1.2.4 Reactor Plant Cooling Water Subsystem

9.1.2.4.1 Summary Description

The Reactor Plant Cooling Water Subsystem (RPCWS) removes heat from the

following reactor plant components:

1. Helium Purification Subsystem coolers and compressors

2. HPS regeneration coolers and compressors

3. Main helium circulator motor
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4. Moisture monitor compressor modules

5. Neutron control assemblies

6. Miscellaneous components

The RPCWS consist of a single cooling water loop which serves these

components of all four reactor modules. The system consists of two

100-percent (one backup) pumps, two 100-percent (one backup) heat exchangers,

one surge tank, and one water chemistry package (filter-demineralizer

train). The system is also equipped with the required instrumentation and

control. One RPCW pump circulates water through one RPCW heat exchanger and'

the rest of the system. The surge tank maintains the system pressure at 1.13

MPa (150 psig) corresponding to a saturation temperature of 1860C (366'F),

well above the peak temperature expected in the system. The chemistry

package maintains the purity of the water in the system. The heat removed by

the RPCWS is rejected to the Service Water Subsystem (SWS).

During normal operation, one pump and one heat exchanger will be operating

while one pump and one heat exchanger serve as backup or are out of service

for maintenance or repair.

9.1.2.4.2 Functions and 10CFR100 Design Criteria

9.1.2.4.2.1 Power Generation Functions

The primary power generation function of the RPCWS is to protect the

capability to maintain energy production, shutdown, refueling, and

startup/shutdown by cooling reactor plant components.

9.1.2.4.2.2 Radionuclide Contrcl Functions

The RPCWS does not have any radionuclide control function.
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9.1.2.4.2.3 Classification

The RPCWS is not safety related". Since the RPCWS does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However the system will have the appropriate reliability to

meet the user requirements.

For additional information related to this section, see the response to NRC

Comment 4-22.

9.1.2.4.2.4 1CFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria apply to the RPCWS.

9.1.2.4.3 Radionuclide Control Design Requirements

No radionuclide control requirements apply because the RPCWS does not have

any radionuclide control function.

9-.1.2.4.4 Design Description

9.1.2.4.4.1 Subsystem Configuration

The RPCWS consists of one cooling water loop with two 100 percent capacity

pumps and two 100 percent capacity heat exchangers. Each of these pumps and

heat exchangers is equipped with all necessary valves, controls, and

instrumentation. The functional arrangement of the cooling loop is shown on

the system flow diagram, Figure 9.1-39. The overall plant cooling water

scheme and its relationship with the RPCWS are shown in Figure 9.1-23A.

During normal plant conditions, only one pump and one heat exchanger are in

operation at a time. This allows for the failure of a pump or a heat

exchanger without sustained loss of cooling and permits on-line maintenence

on a failed pump or heat exchanger. To provide reliability and flexibility,

the pumps and heat exchangers are connected in such a way that any one pump

and any on heat exchanger can provide the requisite cooling capability.

Each of the pumps is powered from an independent 480V bus.
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A surge tank is provided and connected at the pump suction to maintain
coolant pressure at 1.13 MPa (150 psig) and to accommodate anticipated system
thermal expansion without exceeding the design pressure limit of 1.48 MPa

(200 psig).

System pressure is automatically maintained by a helium blanket supplied from
the Helium Storage and Transfer Subsystem. A relief valve in the surge tank

provides overpressure protection.

Initial fill and makeup water are provided to the system via the surge tank.
Normal makeup and initial fill water are provided by the Demineralized Water
Makeup Subsystem via one supply line with a normally closed remotely operated

valve.

A normally isolated chemical control package is provided in parallel with the
RPCWS pumps. The package is designed to maintain water chemistry in
accordance with Table 9.1-12 and will function on a batch operation basis as

required

9.1.2.4.4.2 Subsystem Arrangement

All components of the RPCWS are located in the Nuclear Island Cooling Water
Building at grade elevation (see Figure 6.1-3). The piping is routed
throughout the Nuclear Island to supply cooling water to the various
components. The equipment of the RPCWS is arranged to facilitate ease of
installation, startup, operation, maintenance, testing, and inservice

inspection as required.

9.1.2.4.4.3 Subsystem Operating Modes

9.1.2.4.4.3.1 Normal Operation

During the normal plant operating mode, one pump of the RPCWS is operating
and handling 100 percent of the system heat load. The nonoperating pump is
normally placed on standby. RPCWS supply temperature is maintained within
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its programmed band by automatic regulation of the service water flow to the

RPCWS heat exchanger.

9.1.2.4.4.3.2 Shutdown

During this mode, both the pumps are turned off. The pump outlet isolation

valves are closed and the system is depressurized.

9.1.2.4.4.4 Instrumentation and Control

Primary control of the RPCWS is accomplished from a local panel. Each pump

can be started and stopped individually and each heat exchanger isolated

individually at this panel. The local panel provides status indication for

each pump and alarm annunciation for the following process variables:

1. Pump discharge pressure - - low

2. Exit temperature from each individual cooled component -- high

3. Surge tank pressure -- high and low

4. Surge tank level - - high and low

5. Water radiation level -- high

The above process variables will be multiplexed to provide a digitized common

trouble alarm signal to be transmitted to the main control room via the Data

Management Subsystem communication network.

Local indicators are provided for each of the process variables listed 
above.

The following automatic control functions are provided at the local panel:

1. Start of the backup pump on loss of an operating pump based on a low

flow signal from the common pump discharge header

2. Maintaining surge tank pressure by admitting or venting helium
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Normally one of the two 100-percent pumps is operating. During infrequent

periods, the RPCWS heat load will be very low, e.g., when two or more reactor

modules are shut down. During such periods the pump will operate at reduced

capacity.

9.1.2.4.5 Design Evaluation

The design evaluation of the RPCWS is given in the subsections below. For a

discussion of the RPCWS reliability see response to NRC Comment 9-6.

9.1.2.4.5.1 Failure Modes and Effects

The principal modes were analyzed and their effects are discussed in the.

following sections.

9.1.2.4.5.1.1 Loss of a Pump or a Heat Exchanger

Each pump and heat exchanger in the cooling loop can be isolated individually
without affecting the operation of the other components. This provides a

high degree of operating flexibility. Thus the failure of a pump or a heat

exchanger, or a combination of any one pump and a heat exchanger, will not

affect the RPCWS performance because each combination of one pump and one

heat exchanger is rated at 100-percent capacity. System performance is shown

on Figure 9.1-39.

9.1.2.4.5.1.2 Lss of Both Pumps or Both Heat Exchangers

In this highly unlikely event, the plant will be shut down.

9.1.2.4.5.2 Steady-State Performance

During all normal plant operating modes, the RPCWS operates in its normal

mode of operation. During normal power operation, the total maximum heat

load serviced by RPCWS is 3 W (10 x 10 6 Btu/hr). The cooling oop

circulates 170 cu in/hr (750 gpm) with a total dynamic head (TDH) of 36.6 m

(120 ft). Each pump is rated at 170 cu in/hr (750 gpm) and 36.6 in (120 ft)
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TDH. The cooling water is cooled from 600C (1400F) to 43.30 C (110'F). The

RPCWS rejects its heat to the SWS, raising service water temperature from

33.30C (92'F) to 500C (122@F).

During the reactor pressurized cooldown mode, the performance is essentially

the same as for normal power operation. During the reactor depressurized

shutdown mode, the heat load is reduced by about a factor of two, and the

system operates at reduced capacity. The service water flow is controlled so

that the RPCWS cold leg temperature is maintained at 43.30C (110'F).

9.1.2.4.5.3 Anticipated Operational Occurrence Performance

The RPCWS response to A0s is listed in Table 9.1-13.

9.1.2.3.5.4 Design Basis Event Performance

The RPCWS response to DBEs is listed in Table 9.1-13.

9.1.2.4.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Reactor Plant Cooling Water Subsystem are identified in Table

9.1-14, which also includes a description of the interface and a quantitative

expression for the interface.

9.1.2.5 Helium Storage and Transfer Subsystem

9.1.2.5.1 Summary Description

The Helium Storage and Transfer Subsystem (HSTS) consists of two parts. The

first consists of nine high pressure storage tanks containing helium at 15.6

MPa (2,250 psig). These tanks provide makeup and purge helium at a rat of

1,216 kg per year (2,680 lb/year) to the various helium users, including

circulator bearing seals, analysis packages, and cooling system surge tanks.
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The second, larger part of the system provides for the low pressure storage

of 6,078 kg (13,400 lb) of primary coolant helium in 180 storage tanks at

7.0 M4Pa (1,000 psig). The system serves all four reactor modules.

The low-pressure storage part of the system receives helium from the

discharge of the Helium Purification Subsystem (HPS) and is activated during

depressurization and pumpup operations only. It is not required to operate

continuously. Storage capacity is provided for primary helium coolant from

two reactor modules. However, since depressurization and pumpup operations

are performed for only one reactor module at a time, two 50 percent capacity

low-pressure transfer compressors are provided having a total transfer

capacity of 340 am3/h (200 acfm) which is sufficient to service one
module. High pressure helium is supplied continuously to all four reactor

modules simultaneously from the high-pressure storage tanks. These tanks are

replaced periodically with fresh tanks.

The HSTS is similar to that of the Fort St. Vramn plant. It is not relied

upon to meet 10CFR100 requirements, and it does not initiate or aggravate any

Licensing Basis Event.

9.1.2.5.2 Functions and 1CFR100 Design Criteria

9.1.2.5.2.1 Power Generation Functions

The primary power generation functions of the HSTS are to assist in

maintenance of energy production, shutdown, refueling, and startup/shutdown

by performing the following:

1. Transfer and store helium when reactor vessels are depressurized

2. Transfer helium to reactor during pumpup

3. Supply high-pressure helium for various station uses
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9.1.2.5.2.2 Radionuclid Control Functions

The HSTS does not have any radionuclide control function.

9.1.2.5.2.3 Classification

The HSTS is not "safety related". Since the HSTS does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However the system will have the appropriate reliability to

meet the user requirements.

9.1.2.5.2.4 10CFR100 Design Criteria for Radionuclide Control

No 10CFRIOO Design Criteria apply to this subsystem.

9.1.2.5.3 Radionuclide Control Design Requirements

There are no radionuclide control design requirements as the system does not

have any radionuclide control function.

9.1.2.5.4 Design Description

9.1.2.5.4.1 Subsystem Configuration

The HSTS configuration is shown schematically in Figure 9.1-40. The

high-pressure system provides makeup and purge helium for various helium

users. The makeup helium is needed to compensate for NSSS leakages, leakage

past vessel penetrations (seals), analytical sampling leakages, etc. Typical

helium purge requirements include that for the helium purification

regeneration equipment (dryers and low temperature adsorbers), for the fuel

storage facility, etc. The low pressure storage of the reactor coolant

inventory accommodates the reactor pumpdown (or depressurization) and pumpup

(or repressurization) required during a refueling or maintenance outage.

The high-pressure part consists of nine high-pressure storage tanks and

associated piping, valves, controls, and instrumentation. Th storage tanks
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are 0.4 m (16 in.) in diameter and 6.1 m (20 ft) long. The storage tanks

satisfy the makeup and purge needs bth when the reactor modules are

operating or when depressurized for refueling or maintenance. The storage

tanks are replaced about once every 4 weeks when pressure drops to 7.0 MPa

(1000 psig). Eighteen additional tanks are provided in permanent storage as

a reserve 8-week supply in case the normal replacement service is cut off.

An adequate inventory is maintained in the high pressure storage tanks, and

the purge and makeup needs are supplied directly from the storage tanks

without the use of any compressor. The helium pressure required at the
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various points of use ranges from [TBD] to [TBD]. Differences in helium

pressure between the storage tanks and the points of use enable the system to
operate without any compressor. Properly sized pressure-reducing control
stations are used for each point of use. The system is sized so that the
purge and makeup needs for all four reactor modules can be supplied

simultaneously.

The low-pressure part of the HSTS consists of 180 low-pressure storage

tanks, two 50-percent capacity transfer compressors, and associated piping,
valves, controls and instrumentation. Each compressor is rated at
170 am3/h (100 acfm) and 7.0 MPa (1000 psig) discharge pressure, and each

storage tank is 0.61 m (2 ft) in diameter and 12.2 m (40 ft) long.

Pumpdown of the primary coolant to the storage tanks is carried out through
the Helium Purification Subsystem to reduce radioactive contaminants in
helium to acceptable levels prior to leaving the Reactor Building. First,
the primary coolant and storage tanks are equalized in pressure using a flow
control orifice which limits the volumetric flow to the storage tanks (to
prevent damage to HPS components). Finally, the reactor vessel is pumped
down by means of the transfer compressors. The residual radioactivity level
in the HSTS is low enough that atmospheric release of all helium would not
result in exceeding normal onsite or offsite dose limits. Pumpup of the

reactor is carried out in a reverse manner, i.e. , the storage tanks and
reactor vessel are first equalized in pressure (through the pressure reducing

stations, not through the Helium Purification Subsystem), and the remaining

pumpup is completed with the transfer compressors. Special instrumentation

and procedures are used for process control, including those which prevent

overfill/overpressurization of the reactor vessel.

The compressors are used to fulfill numerous functions. Both the pumpdown

and pumpup operations are performed by the same compressors since the two
operations are not required simultaneously. The compressors are sized to
serve one reactor module at a time. No standby or backup capacity is

provided. If one compressor is inoperative, the other can perform all
functions at a slower rate. Moreover, since the compressor functions are not
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very frequent, the compressors can be maintained in an operable condition

through periodic tests and preventive maintenance.

The storage pressure, which is the same as the compressor discharge pressure,

is established by the requirement to repressurize the reactor module at

somewhat less than the primary coolant operating pressure, 6.6 MPa (925

psig). The storage pressure is based also on the cost considerations of the

compressors and the storage tanks (determined by their size and pressure).

The storage pressure is thus selected to be 7.0 MPa (1000 psig).

The storage capacity requirements for the four-module complex is selected to

be two times the requirement for a single module inventory. A higher storage

capacity is not provided because it is unlikely that more than two modules

would be down for maintenance or refueling at the same time. If in an

unlikely event more than two modules need to be depressurized at the same

time, the excess helium may be released through the plant vent via the Helium

Purification Subsystem.

Each compressor is powered from an independent 480 V bus. All valves are

power-operated diaphragm actuated.

9.1.2.5.4.2 Subsystem Arrangement

All the major components of the HSTS are located in the Helium Storage

Structure. The structure is located at grade approximately 46 m (150 ft)

east of the Reactor Building-Reactor Auxiliary Building complex (for

component arrangement drawing, see Figure 6.1-3.)

The two compressors and the high pressure storage tanks occupy one part of

the structure, while the low pressure storage tanks occupy the other, larger

part of the structure. Each compressor assembly is placed on a separate pad

and is skid-mounted. Each compressor is located in a separate enclosure to

provide a clean environment.
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The storage tanks are assembled in horizontal steel rack structures. Each

rack holds nine storage tanks, three tanks wide by three tanks high. This

arrangement makes each rack shippable as a single shop-fabricated module.

Each rack measures 2.74 m x 2.74 m x 12.2 m (9 ft x 9 ft x 40 ft) long.

Twenty such racks are used for the low-pressure storage. For the

high-pressure storage, two racks are used for standby storage tanks, and one

rack with nine storage tanks is used for normal supply and is replaced once

every four weeks.

9.1.2.5.4.3 Subsystem Operating Modes

9.1.2.5.4.3.1 Normal Operation

In this mode, the high-pressure part supplies fresh helium continuously

during normal reactor operation. The low-pressure part remains on standby

condition.

9.1.2.5.4.3.2 Pumpup Operation

In this mode, the low-pressure part transfers helium from storage to the

reactor module during reactor startup operation. The high pressure part

continues to supply helium to the operating modules.

9.1.2.5.4.3.3 Pumpdown Operation (Depressurization)

In this mode, the low pressure part depressurizes the reactor module and

transfers helium from the module to storage. The high pressure part

continues to supply helium to the operating modules.

9.1.2.5.4.4 Instrumentation and Control

Control of the HSTS is accomplished from the main control room (MCR). A mode

selector allows manual selection of either the pumpdown, pumpup, or standby

operation of the HSTS. The mode selection aligns the correct valves to allow

equalization of pressure between the low-pressure storage tanks and the
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Reactor Coolant System. During normal plant operations, the mode selector is

in the standby position and all HSTS valves in the low-pressure storage part

are closed.

Each compressor can be started or stopped and isolated individually, and

power-operated valves can be opened or closed at the local control panel.

The following automatic control functions are provided:

1. During the pumpup mode, the compressors are started when the pressure

in the low-pressure helium storage tanks approaches equilibrium with

the reactor pressure. The compressors are stopped when the reactor

pressure reaches a preset value of approximately 6.6 MPa (925 psig).

2. During the pumpdown mode, the compressors are started when the

reactor vessel pressure approaches the pressure in the low-pressure

storage tanks. The compressors are stopped when the reactor pressure

reaches a preset value of approximately 108 kPa (1.0 psig).

3. Mode selection automatically provides proper alignment of the

required HSTS valves.

The local panel provides status indication for each compressor and valve, and

alarm annunciation for the following process variables:

1. Low-pressure storage tanks pressure low, measured in the common

header

2. High-pressure storage pressure low, measured in the common header

3. An individual flow high alarm in the helium supply line to each

system supplied from the HSTS

Local indicators are provided for each of the process variables listed above.
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The above process variables are multiplexed to provide a digitized common

trouble alarm signal transmitted via the Data Management Subsystem

communication network to the main control room. Local pressure indicators

are provided at the low-pressure and high-pressure storage tanks and at the

inlet and discharge of each compressor.

9.1.2.5.5 Design Evaluation

9.1.2.5.5.1 Failure Modes and Effects

The principal failure mode of the HSTS is the failure of one or both

compressors. The failure of one compressor will cause the pumpdown operation

to function at a slower rate, and it will take approximately 30 hours for

complete depressurization of one reactor module (it takes 20 hours when both

the compressors are used).

In the unlikely event of failure of both the compressors simultaneously,

depressurization cannot be completed until at least one compressor is brought

on line.

9.1.2.5.5.2 Steady-State Performance

The high-pressure storage tanks are supplied at 15.6 MPa (2250 psig) from

offsite sources (supply trucks/trailers). The storage tanks are supplied

prefilled and mounted on a trailer. The trailer is parked and tied down in

the helium storage structure. During normal operation, these tanks supply

fresh helium to the various high-pressure users through pressure-reducing

control valves. The total helium requirement is 1516 kg/year

(2,680 lb/year). The storage tanks have a total capacity of 7.07 cu m (250 cu

ft). The tanks are replaced once every 4 weeks. The pressure in the tanks

drops to about 7.0 MPa (1000 psig) between replacements.

The low-pressure helium transfer part of the system is inactive during normal

power operation. During depressurization of a reactor module for refueling

or maintenance operations, the system is activated. The first step in the
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pumpdown procedure is to open the valve in the pumnpdown line that contains

the flow-restricting orifice. The storage tanks contain helium at 0.31 MPa

(30 psig) before the reactor pumpdown starts. After the pressure ratio

(reactor vessel to storage) across the orifice drops below critical, the

valve in the bypass line is opened to increase the flow. After the pressures

in the Reactor Coolant System and the storage tanks have equalized, the

valves in the blowdown line are closed and the remaining helium is pumped

into storage at 7.0 MPa (1000 psig) using the compressors. The

depressurization procedure is completed in 20 hours.

The first step in the procedure to return the helium inventory to the reactor

is to open the valve that allows the pressures in the storage and Reactor

Coolant System to equalize. After pressure equalization, the valve positions

are changed to allow the compressors to pump the remainder of the helium into

the Reactor Coolant System. The pumpup procedure is completed in 5 hours.

9.1.2.5.5.3 Anticipated Operational Occurrence Performance

The HSTS is not required to respond to these transients. However, for the

various events, the HSTS operates in the modes indicated in Table 9.1-15.

9.1.2.5.5.4 Design Basis Event Performance

The HSTS is not required to respond to these transients. However, for the

various events, the HSTS operates in the modes indicated in Table 9.1-15.

9.1.2.5.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Helium Storage and Transfer Subsystem are identified in

Table 9.1-16, which also includes a description of the interface and a

quantitative expression for the interface.
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9.1.2.6 Decontamination Service Subsystem

9.1.2.6.1 Summary Description

The Decontamination Service Subsystem (DSS) provides services for general

radioactive decontamination, drying, and vacuuming of equipment in the

reactor equipment service facility (RESF) and at the site fuel-handling area

in the Reactor Service Building.

The Decontamination Service Subsystem consists of two independent

decontamination equipment skids, each including:

1. One decontamination pump

2. One chelant tank

3. One detergent tank

4. One detergent activator tank

5. One steam eductor

6. One in-line mixer

7. One breathing air unit

8. One drying air unit

9. One vacuum unit

10. Piping, valves, instrumientation, and controls necessary to control

the functions

The entire plant, consisting of four reactor modules, is serviced by the two

decontamination skids.
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The DSS is similar to that of the Fort St. Vrain plant. It is not relied

upon to meet lOCFRlOO requirements and it does not initiate or aggravate any

Licensing Basis Events.

9.1.2.6.2 Functions and OCFR100 Design Criteria

9.1.2.6.2.1 Power Generation Functions

The DSS has no power generation function.

9.1.2.6.2.2 Radionuclide Control Functions

The DSS serves to control personnel radiation exposure by reducing the level

of radioactive contamination of the reactor servicing and fuel-handling

equipment.

9.1.2.6.2.3 Classification

The DSS is not safety related'. Since it does not perform any 10CFR100-

related radionuclide control functions, no special classification is applied

to it. However the system will have the appropriate reliability to meet

other Top-Level Regulatory Criteria and user requirements.

9.1.2.6.2.4 10CFR100 Design Criteria for Radionuclide Control

No OCFR100 Design Criteria apply to this subsystem.

9.1.2.6.3 Radionuclide Control Design Requirements

Routine offsite radionuclide releases are to be limited as necessary to meet

the numerical dose guidelines of 1CFR50, Appendix I. Specific allocation of

release limitations to the various radionuclide source points and release

paths will be made as the design is further developed.

For the purpose of occupational radiation control, radiation levels in the

generally accessible areas of the RSB are to b limited to no more than
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1. 0 mR/hr during all modes of normal plant operation to permit access for at
least 40 hours per week. (The subject of occupational radiation protection

is dealt with in detail in Chapter 12.)
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9.1.2.6.4 Design Description

9.1.2.6.4.1 Subsystem Configuration

The Decontamination Service Subsystem is illustrated schematically on

Figure 9.1-41.

The major equipment receiving decontamination services include:

1. For the Site Fuel-Handling System:

a. Fuel sealing and inspection equipment

b. Site fuel handling equipment

C. Fuel shipping cask components

2. For the reactor equipment service facility:

a. Main circulator handling equipment

b. Shutdown circulator, loop shutoff valve, and handling equipment

C. Grapple of the auxiliary services cask

d. Portable decontamination equipment

Treated water from the Liquid Radioactive Waste Subsystem is pressurized by

the decontamination pump and is supplied to the spray nozzle header at the

decontamination facility. The flow rate of the water is varied according to

the decontamination task. The additions of chelant, detergent, detergent

activator, and steam to the water streams are also controlled in accordance

with the decontamination task. In-line mixers are provided to ensure that a

homogeneous mixture is supplied to the spray-nozzle headers at the

decontamination facilities. The decontamination facilities drain into the
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waste collection tank of the Liquid Radioactive Waste Subsystem for

disposal. Air-drying and vacuuming are performed as necessary. The

vacuuming unit discharges the airborne contaminants to the Gaseous

Radioactive Waste Subsystem and the liquid contaminants to the waste

collection tank of the Liquid Radioactive Waste Subsystem.

All decontamination functions are controlled at the decontamination control

panels provided at both the RESF and site fuel-handling area.

Breathing air is provided to both the RESF (if needed) and the site fuel

handling area decontamination facilities. The breathing air unit is mounted

on the decontamination skid and supplies dry, clean air for the operators

performing the decontamination operations.

Steam is provided for the Decontamination System from the Auxiliary Boiler

Subsystem as indicated on Figure 9.1-41. The steam is delivered through

carbon steel piping to a steam eductor and is automatically controlled when

used to decontaminate equipment.

The tanks for adding chemicals and preparing wash water are conveniently

small, .07m (42 in.) diameter by 0.97m (38 in.) high. The detergents are

drawn in by waterjet supplied by a centrifugal pump which delivers the

washwater through carbon steel pipe and a steam eductor to the equipment to

be decontaminated. Processed water from Liquid Radioactive Waste Subsystem

is used.

Air for drying is free of oil and dirt and is supplied from the Service Air

Subsystem. The pressure is controlled by a self-actuated pressure-reducing

valve, and the flow is delivered to the drying air unit mounted on the

decontamination skid.

Each decontamination skid is powered from an independent 480 V bus.
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9.1.2.6.4.2 Subsystem Arrangement

A total of two decontamination skids are provided in the Reactor Service

Building. One skid is located in the vicinity of the site fuel-handling

area. The other skid is located adjacent to the reactor equipment service

facility.

All the decontamination equipment is mounted on skids. Each decontamination

area is surrounded by a curb to contain used water, and the floor area inside

the curb is sloped to a drain, which connects to the Liquid Radioactive Waste

Subsystem.

9.1.2.6.4.3 Subsystem Operating Modes

The system operates intermittently when decontamination services are needed.

Typical operating schedules include periods after refueling of reactor

modules, reactor module shutdown for scheduled maintenance, and fuel

inspection and offsite shipping.

9.1.2.6.4.4 Instrumentation and Control

Control of the Decontamination System is accomplished from a local panel.

Operation of the system is intermittent and entirely manual. There are no

automatic control functions (with the possible exception of maintaining exit

temperature from the in-line mixer by control of steam flow to the eductor).

The following parameters have dedicated alarm annunciation on the local

panel:

1. Exit temperature from in-line mixers - - high

2. Pump discharge pressure -- high and low

3. Gaseous effluent radiation level--high
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4. Liquid effluent radiation level -- high

Local indicators are provided for each of the parameters listed above.

9.1.2.6.5 Design Evaluation

9.1.2.6.5.1 Failure Modes and Effects

The principal failure modes are loss of the pump, vacuum unit, drying unit,

breathing unit, effluent drain. In these modes, the decontamination service

cannot be performed until the failed equipment is brought back to service.

The loss of the DSS may have a minor impact on plant availability.

9.1.2.6.5.2 Steady-State Performance

During decontamination operation, the system provides steam, wash water,

rinse water, and drying air in the amounts shown in Table 9.1-17.

9.1.2.6.5.3 Anticipated Operational Occurrence Performance

The DSS is not operational in case of loss of offsite power (AOO-1). The DSS

does not respond to the other A0s.

9.1.2.6.5.4 Design Basis Event Performance

The DSS is not operational in case of loss of offsite power (DBE-1) and in

case of a large earthquake (DBE-5). The DSS does not respond to the other

DBEs.

9.1.2.6.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Decontamination Services Subsystem are identified in

Table 9.1-18, which also includes a description of the interface and a

quantitative expression for the interface.
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9.1.2.7 Helium Purification System

9.1.2.7.1 Summary Description

The Helium Purification System (HPS) for each reactor module consists of a

specific sequence of gas processing components, plus related piping, valves,

controls, and instrumentation. This system purifies a helium side stream

from the Primary Coolant System at a rate of 850 lb/hr for each reactor

module during normal full-power operation. The HPS removes chemical

impurities in order to maintain their concentration in the primary coolant

helium within prescribed limits, and removes the gasborne activity contained

in the sidestream flow. This is accomplished by retaining radionuclides

removed from the process helium in the train components during normal

operation, principally by retaining Kr and Xe noble gas radionuclides on the

low temperature adsorber. Radionuclides removed from the train components

are later transferred to the HPS regeneration section, and then vented or

drained to the radwaste systems for holdup, decay, and subsequent release.

The resulting purified, activity-free helium is used for purging various

reactor vessel penetrations, and for purging shaft seals on primary coolant

circulators. Excess flow is returned to the primary system or transferred to

storage as appropriate.

A simplified HPS flow schematic for each reactor module is shown in

Figure 9.1-42, along with an indication of the primary function for each

principal component in a helium purification train. Also shown in

Figure 9.1-42 is the separate regeneration train used to regenerate the

dryers and low temperature adsorbers in the HPS. One regeneration train

services two reactor modules.

9.1.2.7.2 Functions and OCFR100 Design Criteria 

9.1.2.7. 2-1 Power Generation Functions

During normal plant operation, the HPS processes a helium side stream from

the primary coolant to accomplish the following functions to protect the
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capability to produce energy, by removing chemical impurities, and thereby

maintain their concentration in the reactor coolant helium sufficiently low

to protect both core and metallic materials from degrading chemical

reactions.

9.1.2.7.2.2 Radionuclide Control Functions

The radionuclide control functions for the HPS are to control direct

radiation and to control transport of radioactive material.

9.1.2.7.2.3 Classification

The HPS is not "safety related". Since the HPS does not perform any

10CFR100-related radionuclide control functions, no special classification is

applied to it. However, the HPS will have the appropriate reliability to

meet other Top-Level Regulatory Criteria and user requirements.

9.1.2.7.2.4 IOCFR100 Design Criteria for Radionuclide Control

No IOCFR100 Design Criteria apply to the HPS.

9.1.2.7.3 Radionuclide Control Design Requirements

The HPS shall control the transport of radioactive material by removing and

retaining essentially all radionuclide activity from processed helium drawn

from the Primary Coolant System for HPS flow rates up to 1455 kg/hr (3200

lb/br) (i.e., initial stage of normal plant depressurization). The HPS must

also accommodate flow rates down to 0 kg/hr (i.e., helium purification out of

service for isolated radionuclide decay prior to regeneration). The HPS

shall process a normal train flow rate of 386 kg/(hr (850 lb/hr).
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9.1.2.7.4 Design Description

9.1.2.7.4.1 System Configuration

The HPS for each reactor module consists of a single helium purification

train of gas-processing components, with standby components provided where

needed, plus a shared regeneration train which removes and processes the

adsorbed impurities from saturated adsorption beds to restore their

capacity. Regeneration gases are purged to the Gaseous Radioactive Waste

System, while liquid waste condensate is drained to the Liquid Waste System.

One regeneration train services two reactor modules.

The HPS consists of filters, a multiplicity of adsorbers, oxidizers, coolers,

heaters, and compressors, plus associated piping, valves, controls, and

instrumentation. These components are assembled into distinct modular units

which are located within the Reactor Building in close proximity to the

reactor vessel. Those components which require radiation shielding are

shielded either individually or modularly, as appropriate. The helium

purification train is assembled into six modular units, while the

regeneration train is assembled into three modular units.

A similar approach is used for the regeneration equipment (i.e., the first

regeneration train, including a spare regeneration compressor, is installed

for the first reactor module and also serves the second reactor module during

its operation). A second regeneration train is installed and employed

identically for the third and fourth reactor modules.

Helium purification components normally operate from about 6.03 MPa (875

psia) to 6.38 MPa (925 psia), and are specified to the reactor vessel design

pressure, with allowance for the additional pressure rise across the purified

helium compressor.

The relative orientation of the individual train components is shown in

Figure 9.1-42. Contaminated helium leaving the vessel passes through the

high-temperature adsorber and filter units where iodine is held up, and

9.1-107



HTGR-86-024 0

metallic fission products and particulates are removed. These units are

arranged in parallel to accommodate maintenance (filter replacement) without

removing the train from service. Trace amounts of O, H20, and some

methane (CH4) are then oxidized in the next component, with the effluent

gas being cooled to about 380C (100'F) for entry to the dryer units. Both

C02 and H20 residuals are removed in the ceramic dessicant dryers. These

units are arranged in parallel to permit frequent off-line regeneration while

maintaining full-train helium flow. Final purification of the helium occurs

in the cryogenic low-temperature adsorbers which remove N2, Kr, Xe, H4 ,

and other gaseous impurities. These units contain liquid nitrogen cooled

charcoal beds, and operate in conjunction with an economizer heat exchanger

to enhance train operating efficiency. The purified activity-free helium

effluent is then routed to a recirculator/compressor for return to the plant

users. When the purification train is being used to depressurize the vessel,

the helium is directed to storage upstream of the compressor.

If a vessel must be depressurized at a time when the HPS is not available

(failed valve, plugged component, etc.) a normally closed cross connect has

been provided which allows vessel depressurization through the HPS of an

adjacent module.

The regeneration train is also shown in Figure 9.1-42. The process dryer

units and low-temperature adsorber beds are periodically regenerated to

restore their retentive capacities. A recirculating helium stream is heated

and passed through the adsorbent medium of the train components to drive off

the contaminants and transfer them to the dryer unit in the regeneration

train (CO2 and H20), or otherwise vent the desorbed gases to radwaste.

Residual methane gas driven off the low temperature adsorber is oxidized to

C02 and water in the regeneration oxidizer unit. Upon cooling the

regeneration gas stream, much of the desorbed water is condensed for later

transfer to the Liquid Waste System. Following a low temperature adsorber

regeneration, residual contaminated helium in the train is purged to gas

waste.
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9.1.2.7.4.2 System Arrangement

The components of the HPS are located below grade in the reactor building

adjacent to the reactor vessel area. The components are separated into

modular units which are installed in concrete cubicle areas with sufficient

space for operation and maintenance activities, Shielding will be provided

by the cubicle walls, or by local means as necessary to allow for personnel

access.

The regeneration section is located approximately midway between two adjacent

reactor modules so that access to the purification trains from both modules

is simplified.

9.1.2.7.4.3 System Operating Modes

The HPS purifies a side stream of helium flow from the primary coolant, and

removes gasborne chemical impurities and radioactive species. The purif ied

helium is returned to the primary coolant as a purge gas for selected vessel

penetrations and for the main and shutdown helium circulators. Any excess

purified helium is returned either to the reactor vessel or to helium

Storage. The HPS also compresses helium which is recycled from the Shutdown

Circulator Service System, and purifies helium before it is transferred to

the Helium Storage System. During normal operation, the HPS provides

purified helium to users, as shown in Table 9.1-19.

During normal operation, the HPS purifies helium at essentially a constant

volumetric flow rate. The system is designed to operate over the full

pressure range of 0 to 6.38 MPa (925 psia), with actual mass flow throughput

being a function of primary coolant pressure. The adsorber beds within the

HPS are regenerated at a frequency of about 12 days for a helium purification

dryer and approximately 180 days for a low temperature adsorber.

During depressurization of the reactor vessel for refueling or maintenance,

the train purifies the discharging helium as described above. During

depressurization, the maximum actual volumetric flow rate through the

9.1-109



HTGR-86-024/0)

adsorber beds is limited to no more than four times normal to prevent

degradation of the adsorber materials. If a planned depressurization cannot

be accomplished through the normal HPS for a particular module, connection

can be made to perform the depressurization through the HIPS of an adjacent

module.

Following depressurization, and as required for refueling and selected

maintenance operations, the reactor vessel will be maintained slightly

subatmospheric by the HPS. Helium removed from the vessel is transferred to

HSTS via either the purification system compressor or the helium transfer

compressor. This is to ensure that any gas leakage consists of air inflow

into the reactor vessel, and not contaminated helium leakage from the reactor

vessel.

Regeneration of a helium purification dryer is carried out as follows.

Residual Kr and Xe contaminants are purged from the train dryer into the low

temperature adsorber. Access valves are then opened between the purification

dryer and the regeneration train. Interlocks prevent opening the access

valves to the regeneration train unless the purification dryer isolation

valves in the train are closed. Regeneration gas (helium) is heated to about

3430 C (650'F) by the regeneration heater, and then passed through the

purification dryer in the reverse direction relative to normal flow. The gas

is then returned to the regeneration equipment where any excess moisture is

condensed in the regeneration cooler, and any remaining H20 and G02 are

adsorbed on the regeneration dryer. A pressure control valve downstream from

the regeneration dryer controls regeneration pressure by venting excess gas

to the Gaseous Radioactive Waste System. After the 316 0G (600'F) thermal

front has fully penetrated the purification dryer, a hot purge is performed,

after which the regeneration heater is turned off, and gas flow is continued

to cool the purification dryer to its 380G (100'F) operating temperature.

Following cooldown, the regenerated purification train dryer is placed in

standby, and is available for use when needed.

Regeneration of a low-temperature adsorber is carried out as follows: A

spent low-temperature adsorber is isolated for a period of at least two days

9.1-110



HTGR-86-024 &

before regeneration in order to permit decay of accumulated short-lived

activity. The adsorber is maintained at its normal temperature of -1960 C

(-320'F) by continuing liquid nitrogen cooling during the isolated decay

period. Access valves are then opened between the low-temperature adsorber

and the regeneration train, with interlocks provided to prevent opening these

valves until low-temperature adsorber isolation valves in the train are

closed. Liquid nitrogen refrigeration is shut off, and the regeneration

heater is turned on to heat the recirculating regeneration gas to about 1770G

(3500 F).

Initially, 40 percent of the heated gas is routed to the low temperature

adsorber, and 60 percent of the heated gas is mixed with the -960C (-3200F)

effluent returning from the low-temperature adsorber to raise this gas

temperature to a level of 380C (100'F) which is more compatible with

regeneration components. After the 150'C (300 0F) thermal front has fully

penetrated the adsorber, 100 percent of the regeneration flow is routed

through the adsorber. The gas species desorbed from the low temperature

adsorber include N2 , Kr, Gil4 , and Xe. The CH4 is oxidized by the

regeneration oxidizer to C 2 and H20; these reaction products are

subsequently adsorbed on the regeneration dryer. Residual N2 , Kr, and Xe

gases in the absorber and the regeneration train are then hot purged to the

gas waste system, the regeneration heater is turned off, and gas circulation

is continued to cool the adsorber to 380C (100'F). Liquid nitrogen cooling

is then restored to cool the adsorber to its -1960C (-320 0F) operating

temperature, after which the adsorber is ready for return to service.

Regeneration procedures for the regeneration dryer are essentially the same

as those described above.

9.1.2.7.4.4 Instrumentation and Control

The majority of instrumentation included in the HPS is associated with

process monitoring of pressures, temperatures, and flows. Volumetric flow

discharging from the train compressor is controlled to prevent dead-heading

the compr ssor. Condensat collection in the train cooler is monitored by
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level indications to provide information to the plant operator for draining

this unit. Water accumulation at this point in the train is only expected to

occur following a significant moisture ingress to the primary system. Delta

P indicators oriented across the various filter units provide guidance for

scheduling cartridge replacements.

The regeneration section contains a pressure control system by which desorbed

gases, which would otherwise pressurize the closed loop, are vented to gas

waste. This feature allows the regeneration process to proceed at a constant

pressure. In addition to the normal regeneration heater controls, a

temperature control system is provided to bypass a portion of heated

regeneration gas back into the returning gas stream from the LTA during a

charcoal bed regeneration. In the initial stages of the LTA regeneration,

these gases are very low in temperature (-1840G) (-300'F) and would otherwise

damage the oxidizer and cooler components.

Purging of train components during the regeneration procedure is performed by

flow control of a purge stream provided from the Helium Storage System.

Valve position interlock logic is provided between the train components

(dryers and LTAs) and the regeneration section to prevent inadvertent cross

connection between these systems while a purification train is in normal

use. The train component must be isolated before it is opened to the

regeneration section.

Normal process operation of the various train components is monitored with

analytical instruments capable of detecting trace amounts of radionuclide and

chemical impurities. Appearance of these contaminants downstream of the

adsorber units indicates the need for transferring service to the standby

unit and taking the saturated unit off-line for regeneration.
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9.1.2.7.5 Design Evaluation

For additional information related to this section, see the response to NRC

Comment 9-7. 

9.1.2.7.5.1 Failure Modes and Effects

9.1.2.7.5.1.1 System Failure

The purification train functions primarily as a plant auxiliary service

system whose output product is used as a buffer gas to the main and shutdown

circulator shaft seals, or for purge/pressurization functions at various

reactor vessel penetrations. Loss of flow capability from the HPS would have

no operational effect on the purified helium users. If the HPS were

unavailable at the time of a planned vessel depressurization, a cross connect

is provided such that the HPS of an adjacent module could be used to effect

the depressurization. This would result in a temporary HPS flow interruption

at the adjacent module. The duration of time over which purified helium

could be unavailable, and the procedural response to be followed in these

cases, are described in the plant technical specifications and system

operating procedures. The HPS is designed to accommodate all temperature and

pressure ranges over which the primary coolant system is expected to

operate. Should excessive temperatures occur during a conduction ooldown

event, the HPS could be isolated, if necessary, to prevent thermal damage.

Loss of the HPS function has no appreciable effect on the relative

concentration of circulating radionuclides in the primary coolant. HPS

operation is not intended to control these concentrations. Loss of

capability to maintain flow through a purification train would preclude

vessel depressurization.

9.1.2.7.5.1.2 Component Failure

Loss of train compressor function would prevent supplying the users with

purified helium, but would not preclude vessel depressurization. This

situation would not immediately affect plant operation.

9.1-113 Amendment 5



HTGR-86-024

Loss of train flow control needed to maintain proper compressor operation

would result in a compressor shutdown and therefore loss of compressor

function.

Helium leakage from the train is terminated by isolating the train from the

primary coolant system and from the users.

An operational failure in the regeneration section has no effect on train

operation. Loss of regeneration flow would temporarily terminate an

in-process regeneration but would have no other impact. A valve interlock

failure which would allow a cross connect between an operating train

component and the regeneration section could cause an upset in train flow,

but would not result in loss of train function. The regeneration section is

designed to accommodate full vessel pressure.

Development of an unlimited purge flow to the regeneration section from

helium storage due to a controller failure would result in an increased

transfer of inventory to gas waste via normal functioning of the regeneration

section pressure control system. During normal plant operation, the maximum

amount of helium available for transfer is limited to the contents of the

high pressure supply tanks in the Helium Storage System.

9.1.2.7.5.2 Steady-State Performance

The HPS is designed to satisfy the operating requirements for steady-state

full-load and part-load energy production operations, plus shutdown

pressurized and depressurized maintenance and refueling operations.

Steady-state performance requires the availability of a source of helium from

the vessel, followed by the normal passive functions associated with the

individual train components. Nrmal compressor operation provides a constant

volumetric throughput, with discharge to the various users. The regeneration

section is operated independently as required to periodically regenerate

dryers and low-temperatuare adsorbers.
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9.1.2.7.5.3 Anticipated Operational ccurrence Performance

Of the As described in Section 11.6, the HPS is called upon only during

AOO-5, which considers the sequence of events following the development of a

small primary coolant leak. During this event, an automatic vessel

depressurization is assumed to commence.

The HPS is designed for a maximum throughput of 1455 kg,/hr (3200 bm/hr).

This flow rate occurs during the initial stages of a vessel pumpdown (or

depressurization) during which the entire primary coolant inventory is

processed through the HPS and transferred to storage. Upon the onset of a

primary coolant leak, an immediate vessel depressurization is started in

order to limit the amount of contaminated helium that is released to the

atmosphere. The effectiveness of this depressurization procedure depends on

the relative size of the primary coolant leak.

9.1.2.7.5.4 Design Basis Event Performance

The Helium Purification System is not required to operate during any of the

DBEs. However, following a primary coolant moisture ingress, the Helium

Purification System will be utilized to remove residual moisture prior to

resumption of power operation, and following a small primary coolant leak,

the HPS automatically depressurizes the primary system by pumping helium to

Storage.

9.1.2.7.6 Interfaces

Interface requirements imposed on other systems or subsystems by the HPS are

identified in Table 9.1-20, which also includes a description of the

interface and a quantitative expression for the interface.

9.1.3 Mechanical Service

9.1.3.1 Nuclear Area Fire Protection
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9.1.3.1.1 Summary Description

The function of the Nuclear Island (NI) portion of the Plant Fire Protection

Subsystem (PFPS) is to protect all areas of the NI by providing the means to

control and extinguish all types of fires and to minimize their effect. The

system responds to early warning of an incipient fire and extinguishes it

automatically or operators respond to extinguish it manually. In the event

of a fire, the subsystem ensures that undue risk to the health and safety of

the public or plant personnel will not occur. The subsystem provides the

following:

1. Water for the fire hydrants, water spray, deluge and et pipe

sprinkler systems, and wet standpipe service fire hose stations

located throughout the buildings

2. Portable fire extinguishers located throughout the NI buildings

3. A Halon system to protect the electrical panel areas

9.1.3.1.2 Functions and 1CFRIOO Design Criteria

9.1.3.1.2.1 Power Generation Functions

The primary power generation functio n of the NI portion of the PFPS is to

prot ct the capability to maintain energy production, shutdown, refueling, and

startup/shutdown by protecting NI systems, structures, and components from

fire.

9.1.3.1.2.2 Radionuclide Control Functions

The NI portion of the PFPS has the function to protect the capability to

control personnel radiation exposure by serving to control the release of

radionuclides that may be caused by fire in components handling radioactive

materials. The system also serves to protect the systems, structures, and

components (SSCs) that do not contain radioactive materials but which

otherwise perform functions necessary to control personnel radiation exposure.
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9.1.3.1.2.3 Classification

The NI portion of the PFPS is not "safety related". Since it does not

perform any 10CFR100-related radionuclide control functions, no special

classification is applied to it. However, the system will have the

appropriate reliability to meet other top-level regulatory criteria and user

requirements.

9.1.3.1.2.4 IOCFR100 Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria apply to this subsystem.

9.1.3.1.3 Radionuclide Control Design Requirements

To acceptably limit the radiological risk from fire, the system shall provide

the capability to control and extinguish all types of fire in the areas

around those NI SSCs that perform functions necessary to control the release

of radionuclides to meet the top-level regulatory criteria drawn from

100FR20, and 10CFR50, Appendix I.

9.1.3.1.4 Design Description

9.1.3.1.4.1 Subsystem Configuration

The Nuclear Island area is provided with a network of fire water supply

inside the NI buildings as well as in the yard.

Detection systems (provided as part of Fire Detection and Alarm Subsystem,

Section 7.4.5) consisting of thermal, ionization, smoke, or flame detectors

actuate the appropriate automatic fire extinguishing systems located

throughout the area, with dedicated audible and visual alarms in the local

zone panels and zone alarms in the main control room.

In selected areas [TBD], roof vents or fans can be actuated to relieve the

area of smoke, heat, and gases to assist in fire control operations.
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High pressure Halon systems are provided for the electrical panel areas and

local control rooms.

In addition to these Fire Protection Systems, all buildings are supplied with

portable dry chemical fire extinguishers.

9.1.3.1.4.2 Subsystem Arrangement

The Fire Protection Systems for the NI facilities are selected and arranged

based upon the equipment to be protected and the potential impact of

inadvertent operation on the plant.

The Nuclear Island is encircled by an underground fire water loop to supply

yard fire hydrants, building standpipes, and the various fixed fire

suppression systems as shown in Figure 9.2-2. Two branches are run from the

loop to each building to supply its water spray, sprinkler, and standpipe

systems.

Fire suppression and detection systems are provided as shown in Table 9.1-21.

9.1.3.1.4.3 Subsystem Operating Modes

The NI portion of the PFPS has two modes - Standby and Activated.

During the Standby mode the system is maintained in a ready-to-operate

condition.

Th system is in the Activated mode when there is a fire. In this mode,

parts of the system are activated depending on the type, intensity, and

location of the fire.

9.1.3.1.4.4 Instrumentation and Controls

Primary control and monitoring of the NI PFPS is from the local system and

f ire zone panels located n ar the water and halon syst ms and at the exit of
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the zones they control and monitor. The fire zone panels monit r inputs from

the thermal, photoelectric, ionization, smoke, flame detectors, and easily

accessible manual pull switches located in plant areas and HVAC ducts. Local

dedicated audible and visual alarms identify the zone of the building and the

detector which triggered the alarm. Local system panels communicate with the

fire zone panels for automatic actuation of the water and halon systems upon

detection of a fire. Continuous monitoring of the fire suppression status

such as fire water branch and halon header pressure and equipment status is

also provided for logging. Graphic displays of the Nuclear Island fire

suppression systems and building fire zone arrangement are provided on CRTs

in the main control room. Printers provide logging of data for report

purposes. Provision is made for data to be relayed to the appropriate fire

station via a telephone/modem link. Section 7.4.5 contains additional

information on fire detection and alarm.

9.1.3.1.5 Design Evaluation

The design evaluation of the NI FPS is given in the subsections below. For a

discussion of its reliability see response to NRC Comment 9-8.

9.1.3.1.5.1 Failure Modes and Effects

The principal failure modes fall into the followirng categories:

1. Loss of fire water supply

2. Malfunction of portable fire extinguishers

3. Malfunction of the F-alon system

The NI portion of the PFPS is not normally operating, but it is always

maintained in a ready standby condition through periodic testing and

inspection. Thus the failure of the system concurrent with a fire is highly

unlikely. But in the event of a coincidental failure and a fire in vitalO areas containing 10CFRIOO-related components, the plant will shut down, and

backup fire protection services and equipment will be utilized. Effects of

failure modes will be evaluated later.
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9.1.3.1.5.2 Steady-State Performance

The PFPS is in the Standby mode during all normal plant operations. During a

fire, the system is activated to extinguish the fire by one or a combination

of the following fire suppression methods:

1. Automatic sprinklers

2. Preaction sprinklers

3. Hose stations

4. Halon (portable or fixed)

5. Dry chemicals

9.1.3.1.5.3 Anticipated Operational Occurrence Perfor ance

Operation of the fire protection and operation of the reactor modules are

functionally independent and the operation or failure of the PFPS is not

assumed for the transients presented in this PSID. However, the Fire

Protection System is highly reliable and is available during an AOO event.

It is provided with a backup independent source of motive power (diesel

engine) and a backup ac power supply from the station backup generators so

that the system is available even when there is no ac power supply (see

Section 9.2.4).

9.1.3.1.5.4 Design Basis Event Performance

Operation of the fire protection and operation of the reactor modules are

functionally independent and the operation or failure of the PFPS is not

assumed for the transients presented in this PSID. However, the Fire

Protection System is highly reliable and is available during a DBE event. It

is provided with a backup independent source of motive power (diesel engine)

and a backup ac power supply from the station backup generators so that the
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system is available even when there is no ac power supply (see

Section 9.2.4).

9.1.3.1.6 Interfaces

Interface requirements imposed on other systems or subsystems within oth r

systems by the NI Plant Fire Protection Subsystem are identified in Table

9.1-22, which also includes a description of the interface and a quantitative

expression for the interface.

9.1.3.2 Heating, Ventilation, and Air Conditioning

9.1.3.2.1 Summary Description

The NI portion of the Heating, Ventilating, and Air-Conditioning (HVAC)

Subsystem provides the following:

1. Once-through conditioned supply air and monitored/filtered exhaust,

supplemented by local cooling, for Reactor Auxiliary Buildings and

Reactor Buildings to maintain appropriate environmental conditions

for equipment and personnel as follows:

a. Reactor cavity - purge air during shutdown, when needed*

b. Steam generator cavity - continuous operation of unit cooler and

once-through air during shutdown

c. Accessible levels - continuous once-through air cooling

2. Once-throughi conditioned supply air to the Reactor Service Building

to ensure equipment operability and personnel comfort with

monitored/filtered exhaust from potentially radioactive areas

3. Ventilation and heating for the reactor maintenance enclosure to

maintain personnel comfort for refueling and maintenance operations
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4. Onc -through conditioned supply air to the Personnel Service Building0

for personnel comfort and monitoring/filtering of the air exhausted

from potentially radioactive rooms

5. Ventilation and heating for the NI Cooling Water Building, liquid

nitrogen enclosures, and helium storage structure to ensure equipment

operability and personnel comfort

6. Conditioned supply air and monitored/filtered exhaust for the

Radioactive Waste Management Building (RWMB) to maintain ambient

environmental conditions at acceptable levels for component operation

and protection, and personnel habitability during normal modes of

plant operation

9.1.3.2.2 Functions and 1CFR100 Design Criteria

9.1.3.2.2.1 Power Generation Functions

The primary power generation function of the HVAC Subsystem is to maintain

energy production, shutdown, refueling, and startup/shutdown by conditioning

the environment in the various NI buildings.

9.1.3.2.2.2 Radionuclide Control Functions

Th NI portion of HVAC serves to control personnel radiation exposure by

controlling the radiation transport from process and storage systems.

9.1.3.2.2.3 Classification

The NI portion of the VAC System is not "safety related". Since the HVAC

system does not perform any 10CFR100-related radionuclide control functions,

no special classification is applied to it. However the system will have the

appropriate reliability to meet other Top-Level Regulatory Criteria and user

requirements.
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- 9.1.3.2.2.4 10CFR100 Design Criteria for Radionuclide Control

No l0CFRIOO Design Criteria apply to this subsystem.

9.1.3.2.3 Radionuclide Control Design Requirements

Routine offsite radionuclide releases are to be limited to meet the numerical

dose guidelines of 1CFR50, Appendix I. Specific allocation of release

limitations to the various radionuclide source points and release paths will be

made as the design is further developed.

For the purpose of occupational radiation control, radiation levels in the

generally accessible areas of the plant are to be limited to no more than

1.0 mR/hr during all modes of normal plant operation to permit access for at

least 40 hours per week. (The subject of occupational radiation protection is

dealt with in detail in Chapter 12.)

For requirements for filtration equipment, see response to NRC Comment 9-9.

9..1.3.2.4 Design Description

9.1.3.2.4.1 Subsystem Configuration

A composite flow diagram for the NI portion of the HVAC System is shown on

Figure 9.1-43.

One air-handling unit with redundant fans supplies conditioned ventilation air

to two Reactor Buildings. A similar air-handling unit services the other two

Reactor Buildings. The reactor and steam generator cavities are isolated from

each other, from the atmosphere, and from the rest of the Reactor Building

during normal operation and are cooled by local unit coolers during shutdown

conditions. The steam generator cavities are also cooled by unit coolers

during power operation to cool concrete and supports. The ventilation air

transfers from areas of low radioactivity to areas of high radioactivity before

it is discharged from a monitored stack. If the stack radiation detectors

indicate an unacceptable level of radioactive particles in the exhaust, the air

is routed through filter trains before release to the atmosphere.
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During shutdown, both supply fans and both f iltration fans can be operated,

and the cavity isolation valves can be opened to purge the reactor and/or

steam generator cavities.

One air-handling unit supplies conditioned air to the low radioactivity rooms

in the Reactor Service Building. Part of the air is recirculated (summer) or

discharged to the maintenance enclosure (winter). Air transferred to

potentially radioactive areas is monitored and discharged to the atmosphere.

If the stack monitors detect radioactive particles in the exhaust, normal

ventilation will be discontinued and the source of radioactivity

investigated. If necessary, contaminated air is routed through a filter

train before release.

The maintenance enclosure, NI Cooling Water Building, liquid nitrogen

enclosures, and helium storage structure are cooled by outdoor air supplied

through wall louvers and exhausted by power roof ventilators. In the winter,

supplemental heating is provided by unit heaters supplied with hot water, and

infiltration is reduced by closirng wall-mounted dampers. Capacity control is

accomplished by cycling the fans and dampers with space thermostats.

The Personnel Service Building is air conditioned by a supply air handling

unit supplying the controlled area, laboratory, and lockers. Air transferred

to potentially radioactive rooms is monitored and, if necessary, filtered

before release into the atmosphere.

The rooms containing "safety-related' and other electrical equipment

significant to the protection of public health and safety are normally cooled

by unit coolers using chilled water. On loss of the unit coolers, the heat

from these equipment transfers to the concrete structure, and the temperature

of the environment does not exceed 40'C (1040F) after 60 minutes following

the loss. Battery rooms hav2 highly reliable exhaust fans powered from

separate electrical channels.

Coolers serving local control rooms have humidifiers to maintain a maximum

50 percent relative humidity.
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Where dual fans are used, each fan is powered from an independent 480V bus.

The Radioactive Waste Management Building is air conditioned by two supply air

handling units supplying conditioned air to the office, lab, compactor, and

general areas of the building. The air supply system consists of an air

preheat coil with roll filter, two half-size air-conditioning units, each

consisting of a prefilter, cooling coil, heating coil, and centrifugal fan and

associated ductwork dampers and controls. The ar exhaust system consists of

one full-size bypass centrifugal fan, one full-size filter exhaust fan, a

filter bank consisting of a prefilter and a high efficiency particulate air

filter (HEPA), a lavatory exhaust fan, associated ductwork, and controls.

The RWMB HVAC System transfers air from areas with less potential for

radiation contamination into areas with greater potential for radiation

contamination, and exhausts air from the latter. This is performed to control

and minimize the spread of radioactive materials to the general areas of the

building. The exhaust air is continuousv monitored for radioactivity.

For additional information related to this section, see the response to NRC

Comment 9-10.

9.1.3.2.4.2 Subsystem Arrangement

The Reactor Building and the Reactor Auxiliary Building supply air-handling

units, exhaust fans and filtration trains are located at elevation -6.1 m

(-20 ft) of the Reactor Auxiliary Buildings.

The Reactor Building unit coolers are located in accessible rooms having low

radiation levels throughout each Reactor Building.

The RSB and PSB air handling and exhaust units are located above the Washdown

Bay and Personnel Service Building at elevation 4.57 m (15 ft).

The reactor maintenance enclosure unit heaters are located in the truss area

above the bridge crane, and on the perimeter walls.
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The PPIS room air conditioners in the Reactor Building adjacent to PPIS

equipment and the battery/inverter room exhaust fans are located in the

Reactor Service Building.

The RWMB air-handling units, exhaust fans, and filter bank are located in the

Radioactive Waste Management Building at elevation 6.1 m (20 ft) and 10.52 m

(34.5 ft).

For HVAC equipment arrangement see the building drawings presented in

Section 6.1, Figures 6.1-2, 6.1-4, 6.1-6, 6.1-9, and 6.1-10.

9.1.3.2.4.3 Subsystem Operating Modes

The HVAC Subsystem has essentially one mode of operation. It is operational

at all times when there is electrical power available. However, when the

reactor is shut down, once-through air is passed through the reactor cavity

if access is required. During power operation, the reactor cavity is sealed

and is not cooled by the HVAC Subsystem.

9'.1.3.2.4.4 Instrumentation and Controls

Primary control of the NI HVAC Subsystem is from the main control room.

Local control can be accomplished from HVAC control panels located near the

fans. Each local panel has a signal processor to allow multiplexing of the

signals going to and from the control room via the Data Management Subsystem

communication network (Section 7.3.4).

The fans, dampers, and air conditioners are energized by placing the

respective hand switches in the "run" or automatic' mode. If excessive

radioactivity in a building exhaust is detected/alarmed, the airflow is

automatically switched from the normal exhaust fan to the exhaust filtration

train serving the building. The RWMB exhaust is continuously exhausted

through a prefilter and HEPA filter. If excessive radioactivity is

detected/alarmed in the exhaust, the system is isolated. The fans, dampers

and isolation valves are manually started and stopped to provide cavity

purging and shutdown for testing and maintenance.
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The following automatic control functions are provided:

1. Reactor Building exhaust is diverted from normal exhaust to filtered

exhaust on detection of high radioactivity ( [TBD]Ci/cc).

2. The temperature of the air discharged from air handling units is

maintained by throttling the chilled water and the hot water flow

through the coils.

3. Automatic changeover to a standby fan (if any) is initiated by

failure of the primary fan to start, or by insufficient airflow.

4. Unit coolers are shut down by thermostats when the return air

temperature drops below 21'C (70'F).

5. Power roof ventilators, wall-mounted dampers, and unit-heater fans

are cycled by space thermostats to maintain desired temperatures.

6. Loss of airflow through a filter train automatically stops the

associated supply fan(s).

7. PPIS room temperature and humidity is maintained by unit coolers

which utilize chilled water control valves and pan-type humidifiers.

8. There is automatic changeover to the backup power supply for the

battery room exhaust fans and the PPIS unit coolers.

9. Negative pressure control is achieved by manual adjustment of the

inlet guide vanes supplied with the exhaust fans which serve

potentially contaminated spaces.

The following automatic equipment protection functions are provided:

1. Shutdown each air-handling unit when the air temperature downstream

of the heating coil is below 4.40G (40'F)
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2. Shutdown each air-handling unit supply fan, building exhaust fan and

filtration fan on low airflow downstream of the fan

3. Shutdown each fan and compressor on current overload to the motor

Actuation of any of the above features is indicated and alarmed in the CR

and at the local HVAC control panel.

In addition to the above features, the following HVAC parameters are

displayed and alarmed in the CR and on the local panels:

1. Supply air temperature to the Reactor Buildings, Reactor Service

Building and Radioactive Waste Management Building; high-temperature

alarm

2. Space temperature of cells containing equipment necessary for power

generation or shutdown; high-temperature alarm

3. Fan operation; failure-to-start alarm

4. Pressure differential between potentially contaminated areas in the

RB, RSB, PSB, RWMB, and the reactor maintenance enclosure;

low-pressure differential alarm

5. Filter pressure differential; high-pressure differential alarm

6. Reactor cavity and steam generator cavity duct isolation valve

position; valve-failed-open alarm

7. PPIS room humidity; low and high relative humidity alarm
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9.1.3.2.5 Design Evaluation

The design evaluation of the NI HVAC is given in the following subsections.

For a discussion of its reliability, see response to NRC Comment 9-9.

9.1.3.2.5.1 Failure Modes and Effects

9.1.3.2.5.1.1 Failure of Exhaust Filtration Trains

The RB exhaust filtration trains operate only if radiation is detected in the

RB exhaust stack. Upon failure of an RB exhaust filtration train, the

redundant filtration train can be started. In the unlikely event that both

RB filtration units should fail during a release, then the Reactor Building

served would be isolated and the reactors would be shut down.

In the unlikely event that either the RSB or the PSB exhaust filtration

tr. ins failed during an airborne release, then the affect'-3d building would be

isolated and its functions interrupted.

94..3.2.5.1.2 Failure of E Electrical Equipment Rooms HVAC

The E electrical equipment rooms in the RSB are normally cooled by an air

handling unit with redundant active components. If the primary fan fails,

the standby fan starts automatically. Likewise, the automatic temperature

controls can be switched to manual chilled water flow control. The battery

room exhaust fans automatically switch to the standby fan if the primary fan

fails.

In the unlikely event that two fans, two flow control valves or a passive

component should fail, then the plant would be shut down.

The unit coolers serving the RB electrical equipment rooms containing PPIS

panels operate during normal conditions. If one unit cooler fan fails, the

second fan starts automatically. In the unlikely event that both fans or a

passive component fails, then the associated reactor would be shut down.
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9.1.3.2.5.2 Steady-State Performance

The HVAC design conditions are listed in Table 9.1-23. The actual condition

in an area is maintained within the maximum and minimum design conditions and

is dependent on the outdoor ambient condition.

9.1.3.2.5.3 Anticipated Operational Occurrence Performance

The HVAC components which serve rooms containing "safety-related" electrical

equipment will continue to operate following an AOO. Unit coolers and fans

serving the PPIS rooms, head access areas, battery room, and E electrical

rooms are provided with backup power supply from the backup generators. All

active components are redundant, and automatic changeover controls are

provided for the fans.

9.1.3.2.5.4 Design Basis Event Performance

The HVAC components which serve rooms containing "safety-related" electrical

equipment will continue to operate following a DBE because these components

are provided with backup power supply from backup generators. However,

following a large earthquake, the HVAC is assumed to be not available

requiring a plant shutdown.

9.1.3.2.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Heating, Ventilating and Air-Conditioning Subsystem are

identified in Table 9.1-24, which also includes a description of the

interface and a quantitative expression for the interface.

9.1-130



HTGR-86-024/

TABLE 9.1-1
IDENTIFICATION OF INTERFACE REQUIREMENTS FOR THE CORE REFUELING SUBSYSTEM

Interfacing System Nature of Interface Interface Requirement

Reactor System Standard alignment and handling Grappling and handling devices must mate with
features of elements. element pickup and alignment features.

The element identification features The identification must be unique and have
for remote viewing, readability characteristics of [TBD].

Vessel System Structural support and alignment The neutron control assembly penetrations shall
features, support [TBD] loads and shall ensure alignment

of equipment within tolerances of [TBD].

Biological shielding. The vessel (and building structure) shall limit
dose rates on the refueling floor.

Helium Transport Atmosphere during refueling. A subatmospheric pressure of [TBD] psia shall be
Subsystem maintained in the vessel during refueling.

Evacuation service. The capacity to remove [TBD] cfm of air and/or
helium from the refueling equipment or
facilities shall be provided.

Helium supply. A source of [TBD] cfm clean helium shall be
provided for backfill after evacuation.

Reactor Service Storage, service, and maintenance Storage space with dimensions of [TBD] shall be
Equipment Subsystem of equipment. provided for storage, service, and maintenance of

portable fuel handling equipment.

Remote handling of neutron control The ASC and transporter assembly shall
assemblies and FTC grapple guide remove/install a guide sleeve or neutron control
sleeve, assembly in less than 20 minutes to facilitate

Irefueling operations.
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TABLE 9.1-1 (ont.)

Interfacing System Nature of Interface Interface Reguirement

Heat Transport System Gore gas temperatures during The helium flow to and through core shall maintain
refueling, the inlet temperature below 115.60C (2400F).

Shutdown Cooling Gore gas temperatures during The helium flow to and through core shall maintain
System refueling, the inlet temperature below 115.6 0G (2400F).

Miscellaneous Control Radiation monitoring. Radiation monitoring of inhabited areas shall be
and Instrumentation provided during all core refueling operations.
Group

Buildings, Structures, Equipment support from Refueling floor must have capacity to support
and Building Services refueling floor. FHESS and equipment to be mounted on it, [TBD] kg
Group (TBD lb).

Removal/installation of floor Floor hatches to be removed/installed in less than
hatches before/after refueling. [60] minutes using the building crane.

House fuel handling control Reactor Service Building shall house the FHGS and
station, provide required ambient conditions and following

features: [TBD].

Support rails for fuel handling Reactor Building to support refueling equipment
equipment positioner. weight of [TBD] during refueling.

Electrical Group Power to equipment. The electrical power-requirements of the subsystem
are:
Gomnonent Volts Power
[TBD] [TBD] [TBD]
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TABLE 9.1-2

SITE FUEL HANDLING SYSTEM
PERFORMANCE

Affected
SFHS Average Max. Requires by Reactor
Mode Rate Rate FSIF Operator

New Fuel 65 elements Est. 200 No No
Receiving per month elements
Inspection per month
and Storage

Preparation for 65 elements 2 per hour Yes No
Gore Refueling per month

Packaging Spent 27 per month 4 per day Yes No
Reflector
Elements

Packaging Spent 65 elements 10 per day Yes No
Fuel Elements per month (after cooling

period)

Spent Fuel 65 elements 160 elements Yes No
Shipping per month per month
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TABLE 9.1-3

IDENTIFICATION OF INTERFACES FOR TE SITE FUEL HANDLING SYSTEM

Interfacing System Nature of Interface Interface Requirement

AC Power Supply Electrical Power Provide [TBD] kW 480V to

Subsystem operate the Site Fuel

Handling System equipment

AC Power Supply Instrument & Control Provide [TBD] kW 120V ac

Subsystem Power power for instruments and

controls

Hot Service Facility Decontamination Decontaminate SFHS equipment

as required

Reactor Service Housing Provide housing for SFHS

Building components, structures, and

subsystems; including the

FSIF and new fuel storage

Gaseous Radioactive Process Gases Receive air or helium

Waste Subsystem evacuated from the SFHS

components

Reactor Building, Housing and Provide space and rail

Auxiliary Building Arrangement systems to permit operation

and Maintenance of FHEP

Enclosure
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TABLE 9.1-3 (Cont'd)

Interfacing System Nature of Interface Interface Requirement

Liquid Radioactive Process Effluent Receive liquid effluent

Waste Subsystem from the FSIF cell.

Gore Refueling System Spacial Arrangement Align with SFHS Access Zones

Auxiliary Handling Spacial Arrangement Align with SF1H5 Access Zone

Cooling System

Nuclear Island Spacial Arrangement NI bridge crane must access

Bridge Crane spent fuel cask transporter

and SFHS cask handling

location.
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TABLE 9.1-4

SFCS WATER CHEMISTRY REQUIREMENTS

Normal Operations

Chloride 100 ppb max.

Conductivity 1.0 mhos/cm max.i1 )

Oxygen 100 ppb max.

pH (NH3 Controlled) 10.0 - 10.5(1)

Suspended Solids 250 ppb max. (by weight)

Suspended Solid Particle Size 0.5 mm (0.02 in.) max.

Initial Fill &Makeup

Chloride 100 ppb max.

Conductivity 1.0 mhos/cm max.i1 )

Oxygen 100 ppb max.

pH (NH3 Controlled) 5.8 - 8.0(1)

Suspended Solids 250 ppb max. (by weight)

Suspended Solid Particle Size 0.5 mm (0.02 in.) max.

(1) Measured at 250C (770F)
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TABLE 9.1-5

FAILURE MODES AND EFFECTS MATRIX

Fuel Failure Modes Max. Heat

Elements Failure of one pump or one Failure of both Load, MW
heat exchanger, or one pumps of one pool

in the pump and one heat exchanger or both heti (Btu/Hr)
combined exchangers"~

Pools__ _ _ _ _

Loop Pool SWS(2 ) Loop Pool

Flow, Exit Exit Flow, Reaches

cu rn/hr Temp. Temp. cu rn/hr Boiling

(gpm) 'C Max 'C Max (gpm) in (hrs):

(0F Max) (0F Max)

Spent Fuel

Elements 68 54.4 50 0 52 0.9

Without An (300) (130) (122) (3.OxlO6)

Additional

Gore

Spent Fuel

Elements 68 56.2 51.7 0 44 1.0

Plus An (300) (133) (125) (3 .4xl06)

Additional

Core

(1) The parameters reflect conditions in the affected poo1 when both its
pumps fail. They reflect conditions in both pools when both heat
exchangers fail.

(2) SWS - - Service Water Subsystem
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TABLE 9.1-6

SPENT FUEL COOLING SUBSYSTEM RESPONSE T As AND DBEs

AO0 SFCS SFCS

Number Anticipated Operational Occurrence Operating Mode Performance

AOO-l Main loop transient with forced Passive Backup Refer to

core cooling Table 9.1-5

AOO-2 Loss of main and shutdown cooling Normal Refer to

loops Figure 9.1-23

AOO-3 Control rod group withdrawal with Normal Refer to

scram Figure 9.1-23

AOO-4 Small steam generator leak Normal Refer to

Figure 9.1-23

AOO-5 Small primary coolant leak Normal Refer to

Figure 9.1-23

DBE

Number Design Basis Event

DBE-1 Loss of HTS and SCS cooling Passive Backup Refer to

Table 9.1-5

DBE-2 HTS transient without control Normal Refer to

rod trip Figure 9.1-23

DBE-3 Control rod withdrawal without Normal Refer to

HTS cooling Figure 9.1-23

DBE-4 Control rod withdrawal without Normal Refer to

HTS and SCS cooling Figure 9.1-23
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TABLE 9.1-6 (ont.)

DBE SFCS SFCS

Number Design Basis Event Operating Mode Performance

DBE-5 Large earthquake with SCS cooling [TBD]

DBE-6 Moisture inleakage with SS Normal Refer to

cooling Figure 9.1-23

DBE-7 Moisture inleakage without SS Normal Refer to

cooling Figure 9.1-23

DBE-8 Moisture inleakage with moisture Normal Refer to

monitor failure Figure 9.1-23

DBE-9 Moisture inleakage with isolation Normal Refer to

and failure to reclose the dump Figure 9.1-23

system

DBE-10 Primary coolant leak with HTS Normal Refer to

cooling Figure 9.1-23

DBE-11 Primary coolant leak without Normal Refer to

HTS and SCS cooling Figure 9.1-23
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TABLE 9.1-7

IDENTIFICATION OF INTERFACES FOR THE SPENT FUEL COOLING SUBSYSTEM

Nature of Interface

Interfacing System Interface Requirement

AC Power Supply Provide Provide 5.6 kW 480V bus

Subsystem Electrical to operate Power the SFCS

pumps - - each pump motor

connected to one of the two

480V buses

AC Power Supply Provide Provide TBD] kW @

Subsystem Instrument and 120V ac

Control Power

Service Water Subsystem Cooling Water Supply 51 cu in/hr (225 gpm)

cooling water

Demineralized Water Fill and Provide 9 cu in/hr (40 gpm) of

Makeup Subsystem Makeup Water periodic makeup water to the

storage pools. The maximum

amount transferred is limited

to 1900 cu m (500,000 gallons)

of initial fill water.

Reactor Service Housing Provide housing and

Building supports for the SFCS heat

exchangers , water purity

control package, associated

piping and valves, and local

control panel.
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TABLE 9.1-7 (Cont.)

Nature of Interface

Interfacing System Interface Requirement

Reactor Auxiliary Housing Provide space for pumps and

Building associated piping and valves

Gaseous Radioactive Process Contaminated Receive air from

Waste Subsystem Air either storage pool

when high radiation

level is alarmed.

Liquid Radioactive Process Contaminated Receive pool water

Waste Subsystem Water via the SFCS

drain pumps when

high radiation

level is alarmed.

Main Control Room Space Provide space for SFCS

Allocation instrumentation (alarm).
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TABLE 9.1-8
IDENTIFICATION OF INTERFACE REQUIREMENTS FOR TE REACTOR SERVICE EQUIPMENT SUBSYSTEM

InterfacinR System Nature of Interface Interface Reguirement

Reactor System Standard alignment and handling Grappling and handling devices must mate with
features of elements. element holes and alignment features.

Handling and alignment features The storage wells support surfaces and alignment
of the neutron control assemblies, features must mate with the corresponding control

assembly features.

Reactor Vessel Support and alignment for the main The vessel support surfaces and alignment
features

circulator and shutdown circulator must mate with those of the circulator service
service equipment. casks.

Fuel Handling and Support, transport, and control of The FHM must be compatible with the core service
Storage System the core service tools. tools used within the reactor and the control

station must provide instrumentation and control.

Heat Transport System Core gas temperature. The HTS must maintain gas temperature below
115.60C (2400F) in core inlet plenum during

in-vessel operations.

Handling and alignment features of Circulator attachment and alignment features
the main circulator. must mate with cask features of the main grapple

adapter features.

Shutdown Cooling Core gas temperature. The SCS must maintain gas temperature below
System 115.60C (2400F) in core inlet plenum during

in-vessel operations.

Handling and alignment features Circulator attachment and alignment features
of the shutdown circulator. must mate with handling adapter features.
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TABLE 9.1-8 (Cont.)

Interfacing- System Nature of Interface Interface Requirement

Miscellaneous Control Radiation monitoring. Monitoring of all operations with radioactive
and Instrumentation components to ensure dose to individual operators
Group is maintained as low as is reasonably achievable.

Helium Transfer Helium purge and supply. Helium Transfer Subsystem must evacuate
Subsystem potentially contaminated gas from RESF equipment

and replace with pure helium or air.

Solid Radioactive Disposal of spent control rods, Subsystem shall be capable of handling [TBD] cu ft
Waste Subsystem filters, adsorbers, detectors, and [TBD] lb of waste per year.

and other radioactive components
collected in the reactor equipment
service facility.

Buildings, Structures, Support for equipment. Refueling floor and reactor building must provide
and Building Service support [TBD] lb weight for portable equipment.
Group

Crane for equipment movement. Crane must be capable of supporting and moving
[TBD] lb equipment between [TBD] and TBD]
at a speed of [TBD] along 3 axes with an
accuracy of [TBD].

Electrical Group Provides electrical power for Power required via flexible cables for: ASC and
drives, transporter - [TBD], other service casks - [TBD],

in-reactor manipulator - [TBD], instrumentation
and controls - [TBD].
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TABLE 9.1-9

IDENTIFICATION OF INTERFACES FOR THE HOT SERVICE FACILITY SUBSYSTEM

Nature of Interface

Interfacing System Interface Reguirement

AC Power Supply Electrical Provide [TBD] kW 

Subsystem Power 480V to operate the

Hot Service Facility

equipment

AC Power Supply Instrument Provide [TBD] kW 120V

Subsystem & Control ac power for instru-

Power ments and controls

Grounding, Lighting Provide lighting for

Lighting, Heat viewing inside the

Tracing and Cath- shielded chamber

odic Protection

Subsystem

Decontamination Decontami- Decontaminate the

Service Subsystem nation portable decontamination

equipment

Reactor Service Housing Provide 1.2 m (4 ft)

Building shielded housing for the Hot

Service Facility

Gaseous Radio- Process Receive air from

active Waste Contaminated the facility

Subsystem Air
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TABLE 9.1-9 (Cont.)

Nature of Interface

Interfacing System Interface Requirement

Liquid Radio- Process Receive liquid

active Waste Effluent effluent from the

Subsys tern facility

H-VAC Air supply Maintain negative pressure

and exhaust and filter the exhaust,

if needed

2 of 2



HTGR-86-02 )

TABLE 9.1-10

LIQUID NITROGEN SUBSYSTEM RESPONSE T As AND DBEs

AOO LNS LNS

Number Anticipated Operational Occurrence operating Mode Performance

AOO-1 Main loop transient with forced Fails to operate

core cooling

AOO-2 Loss of main and shutdown cooling Normal Refer to

loops Figure 9.1-38

AOO-3 Control rod group withdrawal with Normal Refer to

scram Figure 9.1-38

AOO-4 Small steam generator leak Normal Refer to

Figure 9.1-38

AOO-5 Small primary coolant leak Pumpdown Refer to

Figure 9.1-38

DBE

Number Design Basis Event

DBE-1 Loss of HTS and SCS cooling Fails to operate

DBE-2 HTS transient without control Normal Refer to

rod trip Figure 9.1-38

DBE-3 Control rod withdrawal without Normal Refer to

HTS Cooling Figure 9.1-38
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TABLE 9.1-10 (ont.)

DBE LNS LNS

Number Design Basis Event Operating Mode Performance

DBE-4 Control rod withdrawal without Normal Refer to

HTS and SCS Cooling Figure 9.1-38

DBE-5 Large earthquake with SCS cooling Fails to operate Refer to

Figure 9.1-38

DBE-6 Moisture inleakage with SCS Normal Refer to

cooling Figure 9.1-38

DBE-7 Moisture inleakage without SCS Normal Refer to

cooling Figure 9.1-38

DBE-8 Moisture inleakage with moisture Normal Refer to

monitor failure Figure 9.1-38

DBE-9 Moisture inleakage with isolation Normal Refer to

and failure to reclose the d ump Figure 9.1-38

system

DBE-10 Primary coolant leak with TS Normal Refer to

cooling Figure 9.1-38

DBE-11 Primary coolant leak without Pumpdown Refer to

HTS and SCS cooling Figure 9.1-38
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TABLE 9.1-11

IDENTIFICATION OF INTERFACES FOR THE LIQUID NITROGEN SUBSYSTEM

Nature of Interface

Interfacing System Interface Requirement

AC Power Supply Electrical Supply 215 kW at

System Power 480 V for each of

the nitrogen recondensers

Supply 0.75 kW at 480 V

for each of the L2Pms

AC Power Supply Control Supply [TBD] kW for

Subsystem Power control and instrumen-

tation

Chilled Water Cooling Supply 13.6 cu in/hr (60 gpm)

Subsystem Water water for recondensers

cooling

Instrument Valve Provide 0.8 MPa (100 psig) air

Air Actuation

Subsytem Air
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TABLE 9.1-12

REACTOR PLANT COOLING WATER SYSTEM WATER CHEMISTRY REQUIREMENTS

Water at the RPCWS heat exchanger inlet shall conform to the following

requirements:

Cooling Water

Suspended solids 100 ppb max (50 1im, max particle size, none

visible)

Chloride~1 ) 50 ppb max.

Oxygen 50 ppb max.

pH (2) 10.0 - 10.5 (NH3 controlled)

Hydrazine (catalized) 200 ppb min.

Conductivity(2 ) 1.0 mhos/cm max (after cation column)

Initial Fill Water Condition

Conductivity(2 ) 2.0 mhos/cm max.

Chloride~1 ) 50 ppb max.

Oxygen 100 ppb max.

pH(2) ~~~7.0 - 10.0

Suspended solids 250 ppb max. (none visible)

(1) Chloride content in cooling water and at initial fill should be as far

below 50 ppb as practical.

(2) Measured at 250C (770F). pH adjustment and oxygen scavenging shall

commence within 12 hours of fill completion and no more than 24 hours

from start of fill. Makeup water shall be the same as or better than the

quality of the initial fill water.
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TABLE 9.1-13

REACTOR PLANT COOLING WATER SYSTEM RESPONSE TO As AND DBEs

AOO RPCWS RPCWS

Number Anticipated Operational Occurrence Operating Mode Performance

AOO-l Main loop transient with forced Shutdown Refer to

core cooling Figure 9.1-39

AOO-2 Loss of main and shutdown cooling Shutdown Refer to

loops Figure 9.1-39

AOO-3 Control rod group withdrawal with Normal Refer to

scram Figure 9.1-39

AOO-4 Small steam generator leak Normal Refer to

Figure 9.1-39

AOO-5 Small primary coolant leak Normal Refer to

Figure 9.1-39

DBE

Number Design Basis Event

DBE-1 Loss of HTS and SCS cooling Shutdown Refer to

Figure 9.1-39

DBE-2 HTS transient without control Normal Refer to

rod trip Figure 9.1-39

DBE-3 Control rod withdrawal without Normal Refer to

HTS cooling Figure 9.1-39

DBE-4 Control rod withdrawal without Normal Refer to

HTS and SCS cooling Figure 9.1-39

DBE-5 Large earthquake with SCS cooling Shutdown Refer to

Figure 9.1-39

DBE-6 Moisture inleakage with SCS Normal Refer to

cooling Figure 9.1-39
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TABLE 9.1-13 (Cont.)

DBE RPCWS RPCWS

Number Desig~n Basis Event Operating Mode Performance

DBE-7 Moisture inleakage without SS Normal Refer to

cooling Figure 9.1-39

DBE-8 Moisture inleakage with moisture Normal Refer to

monitor failure Figure 9.1-39

DBE-9 Moisture inleakage with isolation Normal Refer to

and failure to reclose the dump Figure 9.1-39

system

DBE-10 Primary coolant leak with HTS Normal Refer to

cooling Figure 9.1-39

DBE-11 Primary coolant leak without Normal Refer to

HTS and SCS cooling Figure 9.1-39
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TABLE 9.1-14

IDENTIFICATION OF INTERFACES FOR THE REACTOR PLANT COOLING WATER SUBSYSTEM

Interfacing Nature of

System Interface Interface Requirement

AC Distribution System Electrical power Provide 45 kW (60 hp) 

480 V to each pump

AC Power Supply Subsystem Instrument and Provide [TBD] kW power for

Control Power instruments and controls

Service Water Subsystem Cooling water Remove a heat load of 3 MW

supply (10 x 106 Btu/hr)

Demineralized Water Makeup Fill and makeup Provide [TBD] gallons of

Subsystem water periodic makeup water to the

pressurizer.

Reactor Service Building Housing Provide housing and supports

(Nuclear Island Cooling for the heat exchangers,

Water Building) RPCW pumps, water purity

control package, an d

associated piping and valves.

Gaseous Radioactive Waste Process Receive gas from the surge

System potentially tank.

activated gas

Liquid Radioactive Waste Receive Receive [TBD] gallons when

System potentially RPCWS is drained

contaminated

waste water

Main Control Room Space allocation Provide space for RPCWS

instrumentation and controls.

Helium Storage and Transfer High pressure Provide helium from the high

Subsystem helium supply pressure section of the HSTS.
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TABLE 9.1-15

HELIUM STORAGE AND TRANSFER SUBSYSTEM RESPONSE TO As AND DBEs

AOO HSTS HSTS

Number Anticipated Operational Occurrence Operating Mode Performance

AOO-l Main loop transient with forced Normal Refer to

core cooling Figure 9.1-40

AOO-2 Loss of main and shutdown cooling Normal Refer to

loops Figure 9.1-40

AOO-3 Control rod group withdrawal with Normal Refer to

scram Figure 9.1-40

AOO-4 Small steam generator leak Normal Refer to

Figure 9.1-40

AOO-5 Small primary coolant leak Pumpdown Refer to

Figure 9.1-40

DBE

Number Design Basis Event

DBE-1 Loss of HTS and SCS cooling Failure to

Operate

DBE-2 HTS transient without control Normal Refer to

rod trip Figure 9.1-40

DBE-3 Control rod withdrawal without Normal Refer to

HTS cooling Figure 9.1-40

DBE-4 Control rod withdrawal without Normal Refer to

HTS and SCS cooling Figure 9.1-40

DBE-5 Large earthquake with SCS cooling [T.BD]

DBE-6 Moisture inleakage with SCS Normal Refer to

cooling Figure 9.1-40
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TABLE 9.1-15 (Cont.)

HSTS RESPONSE TO As, AND DBEs

DBE HSTS HSTS

Number Design Basis Event Operatingz Mode Performance

DBE-7 Moisture inleakage without SS Normal Refer to

cooling Figure 9.1-40

DBE-8 Moisture inleakage with moisture Normal Refer to

monitor failure Figure 9.1-40

DBE-9 Moisture inleakage with isolation and Normal Refer to

failure to reclose the dump system Figure 9.1-40

DBE-10 Primary coolant leak with HTS Normal Refer to

cooling Figure 9.1-40

DBE-11 Primary coolant leak without Pumpdown Refer to

HTS and SCS cooling Figure 9.1-40
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TABLE 9.1-16

IDENTIFICATION OF INTERFACES FOR THE HELIUM STORAGE AND TRANSFER SUBSYSTEM

Interfacing Nature of

System Interface Interface Requirement

AC Power Supply Subsystem Electrical Power Supply 130 kW (174 hp) at

4 8 0V f or each of the

low-pressure transfer

compressors

AC Power Supply Subsystem Control Power Supply [TBD] kW for controls

and instrumentation

Service Water Subsystem Cooling Water Supply 2. 3 cu in/hr (10 gpm)

water for compressor cooling
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TABLE 9.1-17

DECONTAMINATION QUANTITIES

Service Flow Temperature Pressure

Steam 1100 kg/hr 181 0C 1.14 MPa

(40 lb/min) (358 0F sat.) (150 psig)

Detergent wash 2.27 cu rn/hr 82.2 0C 0.79 MlPa

water (10 gpm) (1800F) (100 psig)

Rinse water 2.27 cu rn/hr 48.90G 1.48 MPa

(10 gpm) (1200F) (200 psig)

Drying air 85 sm3/hr 65.6 0C 0.2 MPa

(50 scfm) (1500 F) (15 psig)

Vacuum 255 am3/hr Ambient 152.4 mm

(150 acfm) (60 in.)

Water age

suction

Wash water is prepared using one or more of the following detergents:

-Detergent Manufacturer

Triton X-102 Rohm and Haas

Triton X-100 Rohm and Haas

Igepal CO-710 General Analine and Film

Wash water contains 0.5 percent detergent by weight.

1 of 1



HTGR-86-024/C0

TABLE 9.1-18

IDENTIFICATION OF INTERFACES FOR THE DECONTAMINATION SERVICES SUBSYSTEM

Interfacing Nature of Interface

System Interface Requirement

AC Power Supply Power Electrical Provide 1 kW @

Sub sys tern 480V to operate

decontamination pumps

AC Power Supply Instrument and Provide [TBD]

Subsystem Control Power kW Power

Instrument & Air Supply Supply 85 sm3/hr (50

Service Air scfm) air for drying

Subsystem operation for each skid

f or e ac h

decontamination

operation. Supply

[TBD] scfm breathing

air

Instrument air Provide 170 sin3 (100

scfm) valve actuation

air

Auxiliary Boiler Heating steam Supply 40 lb/mmn

Subsystem saturated steam at

11.35 kPa (150 psig)

f or each skid for

decontamination

operation

Reactor Service Housing Provide housing

Building and supports for the

decontamination skids
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TABLE 9.1-18 (Cant.)

Interfacing Nature of Interface

System Interface Reguirement

Gaseous Process Air Receive air from

Radioactive Waste either

Subsystem decontamination

'location

Liquid Radioactive 1. Processed water 1. Supply 2.3 cu in/hr

Waste Subsystem supply (10 gpm) rinse water at

1.48 MPa (200 psig) for

each decontamination

period

2. Process effluent 2. Receive liquid

ef fluent from the

decontamination area
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TABLE 9.1-19

PURIFIED HELIUM DISTRIBUTION FROM THE HELIUM PURIFICATION SYSTEM

OF ONE REACTOR MODULE DURING NORMAL OPERATION

Total Purified

Number Helium Flow Rate

User of Users (kg/hr) MAOhr'

Main circulator 1 80 (176)

Shutdown circulator 1 96 (211)

Reactor vessel 2 43 (94)

Pressure relief

Valve penetrations

Vessel Service System 0

Reserve 240 (527)(l)

458 (1008) (2)

(1) This is to provide for currently unidentified future requirements. Any

reserve not needed will be returned to the reactor vessel via the

pressure relief valve penetrations.

(2) This includes 386 kg/hr (850 lb/hr) helium purification flow from the

primary coolant plus 72 kg/hr (158 lb/hr) recycled from the Shutdown

Cooling Circulator Subsystem.
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TABLE 9.1-20

IDENTIFICATION OF INTERFACES FOR THE HELIUM PURIFICATION SYSTEM

Interfacing Systems Nature of Interface Interface Reguirements

Liquid Radwaste Piping connections to the Drain valve to be remotely operated.

oxidizer/cooler and to the Capacity of liquid waste system to

regeneration train cooler receive [TBD] 1 (gal.).

to drain liquid condensate.

Gaseous Radwaste Vent line from the Capacity to accept and store

regeneration train via [TBD] cu m (cu ft) per component

pressure control vent regeneration.
valve. Accept vent gases
from regeneration train.

Reactor Plant Cooling Provide process cooling Flow requirements of [TBD] cu rn/hr

Water System water to train components. (gpm), distributed to the train
cooler, train compressor, HTAs,

regeneration train cooler, and

regeneration compressor.

Liquid Nitrogen System Cooling jacket surrounding Provide [TBD] cu in/hr (gpm) liquid

the LTAs to provide nitrogen to the LTAs.

cryogenic cooling of the

adsorber beds.

Helium Storage and Piping connection just Piping capacity to flow up to

Transfer System upstream of the HPS train 1455 kg/hr (3200 lbm/hr) into

compressor to accommodate the HSTS.

vessel depressurization.

Analytical Instrumentation Piping connections at Remote manual valve operation to

System various locations around allow transfer of sample flows into

the HPS for impurity the AI system.

sampling.
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TABLE 9.1-20 (Cont.)

Interfacing Systems Nature of Interface Interface Rectuirements

Vessel System Piping connections at the Piping capacity to flow up to
vessel nozzle required to 1455 kg/hr (3200 lbm/hr) primary
transfer primary coolant coolant into the HPS.
helium into the HPS.

Pressure Relief Subsystem Piping connection at the Piping capacity to flow [TBD] kg/hr
vessel system pressure (lbm/hr) processed helium into the
relief nozzle to provide primary coolant system.
for return of excess HPS
flow. Check valve to prevent backflow into

the HPS when relief system operates.

Main Circulator Subsystem Piping connections at main Capacity to flow [TBD] kg/hr
circulator housing to (lbm/hr) buffer purge flow to the
provide for shaft seal circulator shaft seal.
buffer gas and motor
housing purge flow. Capacity to receive [TBD] kg/hr

(lbm/hr) buffer vent flow from the
circulator housing.

Shutdown Circulator Piping connections at the Capacity to flow [TBD] kg/hr
Subsystem circulator housing to (lbm/hr) buffer purge flow to the

provide for shaft seal circulator shaft seal.
buffer gas and motor
housing purge flow. Capacity to receive [TBD] kg/hr

(lbm/hr) buffer vent flow from the
circulator housing.

Plant Non-1E Electric Power to operate Specific loads [TBD].
Power System compressors and

regeneration heater.
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TABLE 9.1-21

FIRE SUPPRESSION SYSTEMS FOR THE NUCLEAR ISLAND BUILDINGS

Building/Area Type of System

Reactor Building

Control Rod Assembly Room Halon

Reactor Cavity [TBD]

Steam Generator Cavity Preaction sprinkler

with deluge valves

Shutdown Cooling Circulator Preaction sprinkler

Room with deluge valves

SCS Panel Room Halon

Steam Generator Dump Tank Automatic sprinkler

Room

Operating Floor Hose stations

Helium Purification Areas Portable dry chemicals,

automatic sprinklers

Spent Fuel Storage Areas Hose stations

Electrical Panel Areas Halon

Reactor Service Building

Reactor Equipment Svc. Areas Automatic sprinklers

Fuel Handling Areas Automatic sprinklers

Switchgear Areas Portable Halon

Electrical Panel Areas Portable Halon, Dry

Chemicals

Battery Room Portable Halon, Dry

Chemicals
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TABLE 9.1-21 (ont.)

Building/Area Type of System

Reactor Auxiliary Building Portable dry chemicals

and automatic sprinklers

H-eliumn Storage Structure Hose stations and yard

hydrant

Personnel Service Building Automatic sprinklers

and hose station

All cells

Portable fire extinguishers will be provided throughout the NI buildings for

use on small fires as required.
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TABLE 9.1-22

IDENTIFICATION OF INTERFACES FOR THE NCLEAR ISLAND

PLANT FIRE PROTECTION SUBSYSTEM

Interfacing Nature of

System Interface Interface Requirement

AC Power Supply Electrical Provide 100 kW 480V

Subsystem power electrical power for

fire protection loads.

Nuclear Island Housing Provide housing and

Buildings supports for the hose

stations, standpipes,

sprinklers, Halon systems,

portable extinguishers,

detectors, local fire

control panels, piping, and

valves.

Instrument Air Valve Provide 0.8 MPa (100 psig)

Subsystem Actuating air

Air
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TABLE 9.1-23

HEATING, VENTILATING, AND AIR-CONDITIONING SUBSYSTEM

DESIGN PARAMETERS

Summer Winter

Design, Max. Design, M.

Building/Area 0C (F)/% R..1 0C (F)/% R.H.(1)

Reactor Building/Reactor Aux. Bldg.

Accessible Equipment Areas 35 (95) 15.6 (60)

Enclosed (Radioactive) Equip. Areas 40 (104) 15.6 (60)

Electrical Equip. Areas 40 (104) 15.6 (60)

Pipeways, Tank Rooms 48.9 (120) 10 (50)

Steam Generator Cavity 48.9 (120) 10 (50)

Maintenance Enclosure 43.3 (110) 10 (50)

Flash Tank Enclosure 43.3 (110) 10 (50)

Reactor Service Building

NSSS Equip. Areas 40 (104)/5O 10 (50)/lO

Enclosed (Radioactive Equip. Areas 40 (104) 15.6 (60)

Fuel Handling Control Area 32.2 (90)/5O 15.6 (60)/5O

Access Corridors 32.2 (90) 15.6 (60)

Electrical Equip. Areas 40 (104) 15.6 (60)

Battery Areas 26.7 (80) 15.6 (60)

Personnel Service Building

Locker Rooms 26.7 (80) 21.1 (70)

All Other Areas 23.9 (75) 21.1 (70)

NI Cooling Water Building 43.3 (110) 10 (50)

Helium Storage Structure 43.3 (110) 10 (50)

Nitrogen Equipment Area 43.3 (110) 10 (50)

(1) R.H. - Relative Humidity

R. H. is controlled only in the areas indicated.
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TABLE 9.1-24

IDENTIFICATION OF INTERFACES FOR THE HEATING, VENTILATING

AND AIR-CONDITIONING SUBSYSTEM

Interfacing Nature of

System Interface Interface Requirement

AC power Supply Electrical Provide 240 kW 480V electrical

Subsystem power power for HVAG loads

Demineralized makeup Provide 0.03 cu in/hr (0.1 gpm)

Water Makeup water makeup water to the humidifiers of

Subsys tern the PPIS unit coolers

Central HTW Hot water Provide 50.5 L/sec (800 gpm) hot

Heating water for the various air-handling

Subsystem units, unit heaters and preheat

coils

Nuclear Island Housing Provide housing and supports for

Buildings the air handling units, exhause

units, unit coolers, roof

ventilators, packages air

conditioners, and ductwork

Instrument and Instrument Supply 8.0 MPa (100 psig) air to

Service Air air operate controls and actuators

Sub sys tern

Damper Provide 0.8 MPa (100 psig) air

actuation

air

Liquid Radioactive Equipment Provide drainage to radwaste

Radioactive drain system from unit coolers that trap

Waste Subsystem piping radioactive particles in the

condensate, if any

Wastewater Equipment Remove condensate from cooling

Treatment drain coils serving nonradioactive areas

Subsystem piping and pump to the equalization ponds

of the wastewater disposal system
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TABLE 9.1-24 (Cant.)

Interfacing Nature of

System Interface Interface Requirement

Chilled Water Chilled Provide 126.2 L/sec (2000 gpm)

Subsystem water chilled water for the various

air-handling units and unit

coolers.
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9.2 ENERGY CONVERSION AREA

9.2.1 Potable Water

9.2.1.1 Functional Description

The function of the Potable Water System is to supply and distribute potable

grade water to station plumbing fixtures, safety showers, and drinking water

coolers; and makeup water to ventilation evaporative coolers. The Potable

Water System is fed from the Raw Water Treatment System by pumps that

automatically fill a potable water storage tank. Potable water pumps take

suction from the potable water storage tank and supply water to a

hydropneumatic tank which, in turn, distributes water to the respective users

of the system. This water is free of pathogenic and other deleterious

materials, taste, and odor.

9.2.1.2 Interface With Nuclear Island

The Potable Water System interfaces with the Nuclear Island to provide

potable water for services located in the Personnel Service Building.

9.2.1.3 Safety Evaluation of Interface

The Potable Water System is not "safety-related" and does not perform any

radionuclide control functions; therefore, the failure of the system would

have no effect on the safety of the plant. The potable water supply to the

Nuclear Island could be lost without causing any hazards to plant operation

or personnel. In case of a component failure (piping or valve), localized

spraying or flooding could occur. However, proper equipment arrangement and

adequate drainage are provided to compensate for loss of interface or

component failure.

9.2.2 Storm Drainage

9.2.2.1 Functional Description

The function of the Storm Drainage System is to collect storm water from

9.2-1
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Plant drains consisting Of yard surface drains, roof drains, and4foncontaminated floor and equipment drains, and to deliver the storm water to
a oint of disposal. Storm water is impounded by gravity runoff into
strategically located catch basins where the flow is directed by gravity to a
sediment-detention 

basin prior to treatment and disposal. The systemconsists f iping, culverts, catch basins, and ditches, as required, tocontrol storm runoff on the plant site.

9.2.2.2 Interface With Nuclear Island

The Storm Drainage System interfaces with the Nuclear Island to collect and
receive storm drainage via gravity flow lines from building roof drains andyard surface drains located on the Nuclear Island.

9.2.2.3 Safety Evaluation of Interface

The Storm Drainage System is not "sft-rltd 
and does not perform any

radionuclide control functions. In case of loss of the interface, temporaryyard flooding could occur. Yard grading and drainage are designed to accountfor this event; therefore, no impact on the safe operation of the plant isanticipated.

Building roof drainage is accomplished by external drain spouts connected to
the Storm Drainage System. The design of the Plant Drains Subsystem preventsthe inadvertent transfer of contamhinated fluids from within the buildings tothe Storm Drainage System (see Section 9.2.10).

9.2.3 Saniftar riaeanramn

9.2.3.1 Functional Description

The function of the Sanitary Drainage and Treatment System is to treat
sanitary waste waters collected by the Sanitary Drainage System to an
acceptable level required for offsite discharge. The system consists of
sanitary drainage collection iping which collects all sanitary waste wateroriginating at the employee facilities located in the operations center,

9.2-2
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Maintenance Building, and Personnel Service Building for discharge to the

Sanitary Treatment System. A gravity system is used for collection of all

sanitary waste water through a network of ductile-iron piping which

originates at the employee facilities, Maintenance Building, and Personnel

Service Building. A packaged system is provided for treatment f sanitary

wastes. Testm consists of a comminutor/bar 
screen chamber, equalization

tank, flow splitter box, aeration tank, clarifier, sludge holding tank and

chlorine contact unit.

9.2.3.2 Interface with Nuclear 
Island

The Sanitary Drainage and 
Treatment System interfaces 

with the Nuclear Island

to collect, via gravity 
lines, all sanitary flows from the Personnel Service

Building.

9.2.3.3 Safety Evaluation of 
Interface

The Sanitary Drainage and Treatment 
System is not "safetyrelated" and does

not accomplish any radionuclide control function. Loss of the interface,

causing temporary blockage of sanitary drains, would have no impact on the

safety of the plant.

Separate drainage areas are located in the Personnel Service Building. The

contaminated stream is directed to the Liquid Radioactive Waste System and

the uncontaminated stream to the Sanitary Drainage and Treatment System.

This design prevents inadvertent transfer of contaminated fluids to a

noncontaminated drainage 
system for disposal.

9.2.4 Pat Fr Prtcin

9.2.4.1 Functional Description

The function of the Plant Fire Protection System is to prevent fires from

starting, to rapidly detect, control, and promptly extinguish those fires

that do occur, and to provide protection for structures, systems, and

9.2-3
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components important to safety, such that a fire that starts in spite of thefire prevention program does not prevent essential plant safety functions
from being performed.

The specific requirements of the Plant Fire Protection System are such that asingle fire would not cause an unacceptable risk to the public health andsafety, would not prevent the performance of necessary safe shutdownfunctions, would not increase the risk of radioactive release to theenvironment, and would not adversely impact plant investment requirements.

Once a fire is detected, the Plant Fire Protection System is designed tosuppress and extinguish the fire automatically and/or manually. The Plant
Fire Protection System consists of the following subsystems:

1. Water

2. Carbon dioxide

3. Halon

The Plant Fire Protection Water Subsystem consists of two fire water storagetanks, two fire pumps (electric motor and diesel) and controllers, a PressureMaintenance System, a Yard Hydrant and Hose House System, distribution pipingto an underground yard piping loop, and piping to the several fire protectionsystems within the plant's structures. System design and layout,incorporating isolating post indicator valves, provide for maintenance orfuture loop extension without interrupting existing protection. Theconfiguration of the Plant Fire Protection Water Subsystem is shown on
Figures 9.2-1 through 9.2-6.

The Plant Fire Protection Carbon Dioxide Subsystem consists of one carbondioxide refrigerated storage tank, piping, nozzles, and controls for masterand selection valves, and detection and audio alarms. The system deliverscarbon dioxide to the turbine-generators bearing and enclosure areas. Fireprotection is accomplished by total flooding with carbon dioxide to thedesign concentration of the zone where the fire is detected. The system is

9.2-4
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designed for double-shot 
capability.

The Plant Fire Protection Halon 1301 Subsystem consists of a number of

manifolded, high pressure systems with dedicated main and connected 
reserve

cylinder banks, piping, and controls for detection and audio alarms. The

main/reserve supply arrangement provides for a double-shot discharge

capacity. The system supplies halon through a fixed piping distribution

system with applicator nozzles located throughout fire hazard zones in the

operations center and Reactor Building. The configuration of the Plant Fire

Protection Halon Subsystem 
is shown on Figure 9.2-7.

Portable fire extinguishers are located throughout the plant to immediately

extinguish limited fires. Dry chemical, pressurized water units, and

portable halon extinguishers 
are provided, as required.

9.2.4.2 Interface With Nuclear Island

The Plant Fire Protection System directly 
interfaces with the Nuclear Island

to provide fire suppression capability 
to all buildings and structures 

on the

Nuclear Island. An underground fire water 
loop, which encircles the Nuclear

Island, is directly connected to, and fed by, the energy conversion yard 
main

which receives its water from the two fire water storage tanks. The Nuclear

Island fire water loop supplies yard fire hydrants, building 
standpipes, and

various fixed fire suppression systems. 
A further description of 

the Nuclear

Island portion of the Plant Fire Protection System is provided in

Section 9.1.3.1.

9.2.4.3 Safety Evaluation of Interface

The Nuclear Island portion of the Plant Fire Protection System and its

interface with the energy conversion area (isolation valves) do not perform

any radionuclide control functions and are not considered "safety-related".

No single active failure in the system will result in a complete loss of

protection of both the primary 
and backup fire suppression 

capability.

Total reliance for fire protection is not placed on a single automatic fire

9.2-5
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suppression system. Appropriate backup fire suppression capability isprovided by fire hose stations, portable fire extinguishers, and yardhydrants. Standpipes and hose stations for "safety-related" buildings areconnected to the yard main, independent of the connection to a fixed watersuppression system serving the same fire area. In addition, post indicatorvalves are provided at the interface connections for sectional control ofunderground fire water loops.

A further description of the safety evaluation of the Nuclear Island portionof the Fire Protection System is provided in Section 9.1.3.1.

9.2.5 Waste Water Treatment

9.2.5.1 Functional Description

The function of the Waste Water Treatment System is to neutralize theregenerant waste waters produced by the Condensate Polishing System and theRaw Water Treatment System. Acid and caustic waste water is generated withinthe Condensate Polishing and Raw Water Treatment Systems during the normaloperation of these systems. The Waste Water Treatment System is used tobring this waste water to a neutral pH acceptable for offsite discharge.

9.2.5.2 Interface with Nuclear Island

There are no interfaces between the Waste Water Treatment System and the
Nuclear Island.

9.2.5.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no
safety considerations.

9.2-6
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S ~~9.2.6 Au-xilia-ry-B-oil'e-r-Sem's

9.2.6.1 Functional Description

Thefuntion of the Auxiliary Boiler System is to supply auxiliary steam to

The startu deea~ oices edwater temperature 
to levels necessary

for plant startup. While not being usdfrplnotrtpnh 
a~inga

Boiler System rovides sufficient steam capacity to satisfy statio hleatig

requirements during a plant shutdown. The system includes one eeti

auxiliary boiler, two condensate transfer pumps, two boiler feedwater pumps,

a deaerator, a blowdown tank, a blowdown condenser, and controls located in

the Makeup Water Treatment 
and Auxiliary Boiler 

Building.

9.2.6.2 Interface With Nuclear 
Island

There are no interfaces between the Auxiliary Boiler 
Systems and the Nuclear

Island.

9.2.6.3 Safety Evaluation of 
Interface

There are no interfaces with the Nuclear sland; therefore, there are no

safety considerations.

9.2.7 Raw Water Treatment

9.2.7.1 Functional Description

The functions of the Raw Water Treatment 
System are to provide clarified 

and

filtered water for domestic use and demineralized water 
for steam generator

makeup, demineralizer 
regeneration, and condensate 

polisher regeneration.

The Pretreatment System 
consists of a clarifier and three 

50-percent filters

to produce domestic water and feedwater to the demineralizers. The

Demineralizer System 
consists of two 50-percent trains, each consisting of a

strong acid cation, 
strong base anion, and mixed bed vessel. 

A common vacuum

deaerator serves both trains. Chemical feed equipment for clarifier

9.2-7
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operation and demineralizer regeneration, and a sludge thickener and belt6filter press for rocessing clarifier underflow are also included.

9.2.7.2 Interface With Nuclear Island

There are no interfaces between the Raw Water Treatment System and theNuclear Island.

9.2.7.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are nosafety considerations.

9.2.8 Intuen n Srie Air

9.2.8.1 Functional Description

The function of the Instrument and Service Air System is to providesufficient compressed air of suitable quality and pressure for allinstrumentation, controls, and services required by the plant. Air suppliedto instrument control is filtered to remove 40 micron and largerparticulates, and dried to a -20'C (-40F) dewpoint. The system consist oftwo instrument air compressors, two service air compressors, air dryers,aftercoolers, and air receivers. To improve plant operability following aloss of power, electric power is available for a compressor from thestation's "nnaeyrltd standby power generator.

9.2.8.2 Interface With Nuclear Island

The Instrument and Service Air System interfaces with all buildings andstructures on the Nuclear Island. Instrument air iping connections arelocated in the Reactor and Reactor Service Buildings to provide air forcontrol instruments. Service air iping connections are located in allNuclear Island buildings to provide service air to utility stations.

9.2-8
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9.2.8.3 Safety Evaluation of Interface

The Instrument and Service Air System is not "1safety related" and does not

perform any radionuclide control functions; therefore, no impact on plant

safety is anticipated because of a loss of instrument air since loss of

instrument air eventually leads to a safe shutdown of the plant. Loss of

service air does not have any impact 
on the safe operation of the plant.

For additional information related to this section, see the response to NRC

Comment 9-12.

9.2.9 Central Hot Water Heating System

9.2.9.1 Functional Description

The function of the Central Hot Water (HTW) Heating System is to provide hot

water to unit heaters and air-handling uaiit heating coils located throughout

the station to maintain ambient 
environments above minimum design 

temperature

requirements. The system consists of two steam-to-water heat exchangers,

with steam provided from the Auxiliary Steam System, and two supply pumps

which distribute hot water to various heaters and heating coils. Expansion

tanks accommodate water expansion from cold start to the system operating

temperature and for temperature fluctuations during normal operation. The

system operates at a pressure above that of the Auxiliary Steam System;

therefore, in the event of a tube leak in the steam-to-water heat 
exchangers,

water will flow out of the heating system, preventing contamination within

the Auxiliary Steam System from 
the Central HTW Heating System.

9.2.9.2 Interface With Nuclear Island

The Central HTW Heating System 
interfaces with the Nuclear Island to provide

hot water to various air-handling units and unit heaters in the Reactor,

Reactor Auxiliary, Reactor Service, and Personnel Service Buildings. The

interfacing piping connections are located in the HVAC equipment rooms and

unit heater locations within each of the resp 
ctive buildings.

9.2-9 Amendment 5
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9.2.9.3 Safety Evaluation of Interface

The Central HTW Heating System is not safety-related"f and does notaccomplish any radionuclide control functions. In case of loss of theinterface, temporary loss of hot water and space heating would occur withoutany impact on the safe operation of the plant. In case of a componentfailure (piping or valve), localized spraying or flooding could occur.Proper equipment arrangement and adequate drainage are provided to compensate
for these failures.

9.2.10 PaL2A~

9.2.10.1 Functional Description

The plant drains consist of Floor and Equipment Drainage Systems.Noncontaminated Floor and Equipment Drain Systems consist of sloped floors,sump pumps, and piping which discharge to the Wasle Water Treatment Systemwhere the discharge is collected and processed using oil water separators.

The otentially contaminated Floor and Equipment Drain Systems, located inthe Nuclear Island, consist of a network of drains and sumps that collect andtransfer drainage to the Liquid Radioactive Waste System. These drains arepiped for gravity flow to building sumps where the waste is collected andpumped to the liquid radioactive waste collector tanks for processing. TheNuclear Island buildings serve as a barrier to the inadvertent transfer ofthese drains into the Storm Drainage Subsystem.

9.2.10.2 Interface With Nuclear Island

The Plant Drain System interfaces with the Nuclear Island to provide sumps,sump pumps, and piping and supports in each of the Reactor Buildings, theReactor Service Building, helium storage facility, and Personnel ServiceBuilding. Besides electrical and central provisions, the system alsointerfaces with the Liquid Radioactive Waste System which, through collector
tanks, receives drain wat r from various building umps.
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9.2.10.3 Safety Evaluation of Interface

The Plant Drains System is not "safety-related" and does not perform any

radionuclide control functions. In case of loss of the interface, temporary

loss of plant drainage capability would result; however, there would be no

impact on the safe operation of the plant.

9.2.11 Heating. Ventilation, and Air-Conditioning (HVAC)

9.2.11.1 Control Room Area HVAC System

9.2.11.1.1 Functional Description

The function of the Control Room Area Heating, Ventilating, and Air-

Conditioning System is to condition the environment of the control, computer,

and mechanical equipment rooms to maintain plant performance capability. The

system is designed to maintain ambient environmental conditions (air quality,

temperature, humidity, pressure, and noise levels) to acceptable levels for

component operation and protection, and for personnel habitability during

normal plant modes of operation. In addition, personnel protection from

smoke/fumes and dust is provided.

The Control Room Area VAC System supplies conditioned air to the control,

computer, and mechanical equipment room areas of the operations center and

consists of two "nonsafety-related" 100-percent capacity air-conditioning

units, ductwork, dampers and controls, a return exhaust fan, kitchen exhaust

fan, and toilet room exhaust fan. Each air-conditioning unit consists of a

cooling coil, prefilter and roll filter, and a centrifugal supply fan.

Control room and computer room area heating is provided by electric heating

coils in the respective room air supply ductwork.

9.2.11.1.2 Interface With Nuclear Island

There are no interfaces between the Control Room Area HVAC System and the

Nuclear Island.
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9.2.11.1.3 Safety Evaluation of Interface4

There are no interfaces with the Nuclear Island; therefore, there are nosafety considerations.

9.2.11.2 Standby Power Building Heating and Ventilating System

9.2.11.2.1 Functional Description

The function of the Standby Power Building Heating and Ventilating (H&V)System is to condition the Standby Power Building environment to maintainplant performance capability. The Standby Power Building H&V System suppliesventilation to each of the backup generator rooms to maintain ambientenvironmental conditions (air quality, temperature, and humidity) atacceptable levels for component operability during normal and transient modesof plant operation.

Each backup generator area is provided with normal and tandby ventilationwhich is designed to maintain space temperatures and humidity levels withinacceptable limits during normal and transient modes of plant operation.

A "nonsafety-related,, 
normal ventilation exhaust system, provided for eacharea when the backup generator is not operating, consists of a vaneaxial fan,ductwork, dampers, and controls. Electric unit heaters are provided in eacharea to maintain minimum design temperatures when the backup generators arenot operating.

A "nonsafety-related,, 
Standby Ventilation System, provided for each area whenthe backup generator is operating, consists of two 5 -percent capacityvaneaxial supply fans, ductwork and dampers, and controls. To improve systemreliability, each Standby Ventilation System receives emergency power fromthe electrical bus that is supplied by the corresponding backup generator,therefore ensuring the removal of heat generated by backup generatoroperation. 

921
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9.2.11.2.2 Interface With Nuclear Island

There are no interfaces between the Standby Power Building H&V System and the

Nuclear Island.

9.2.11.2.3 afety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

"safety-related" considerations.

9.2.11.3 Turbine Building HVAC System

9.2.11.3.1 Functional Description

The function of the Turbine Building HVAC System is to condition the Turbine

Building environment to maintain plant performance capability. The system

maintains ambient environmental conditions (air quality, temperature, and

humidity) at acceptable levels for component operation and protection during

normal modes of plant operation.

To maintain space temperatures at acceptable limits, the Turbine Building

HVAC System supplies conditioned air to all levels of the Turbine Building by

removing heat generated within the building by equipment and other sources.

The "nonsafety-related" Turbine Building HVAC System consists of four

evaporative spray cooling units. Each unit consists of two vaneaxial supply

fans, roll filter, evaporative cooler, spray pump, and distribution ductwork

and dampers. The system delivers outdoor air, conditioned by the evaporative

coolers, to the respective areas in the building and exhausts the inside air

through power roof ventilators. These roof exhaust fans operate in sequence

with the supply fans and return air dampers to modulate the return, and

exhaust air to give a mixed air temperature above a minimum setpoint when the

evaporative coolers are not required. Heating for the Turbine Building is

provided by hot water unit heaters; separate exhaust fans are provided for

the lube oil conditioning room and battery rooms.
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9.2.11.3.2 Interface With Nuclear Island

There are no interfaces between the Turbine Building HVAC System and the

Nuclear Island.

9.2.11.3.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

9.2.11.4 Makeup Water Treatment and Auxiliary Boiler Building HVAC System

9.2.11.4.1 Functional Description

The function of the Makeup Water Treatment and Auxiliary Boiler Building HVAC

System is to condition the Makeup Water Treatment and Auxiliary Boiler

Building to maintain plant performance capability. The system maintains

ambient environmental conditions (air quality, temperature, and humidity) at

acceptable levels for component operation and protection, and personnel

habitability during normal and startup modes of plant operation. In

addition, personnel protection from toxic gases, smoke/fumes, and dust is

provided.

The Makeup Water Treatment and Auxiliary Boiler Building HVAC System supplies

ventilation to the general areas and to the auxiliary boiler area of the

building, and conditioned air to the office and laboratory areas of the

building.

The general area of the makeup water treatment section of the building is

ventilated by a "nonsafety-related" supply and exhaust system consisting of

one 100-percent capacity vaneaxial supply fan, one 100-percent capacity

vaneaxial exhaust fan, and one evaporative cooler with prefilter, ductwork,

dampers, and controls. Heating is provided to the general area by hot water

unit heaters to maintain the area above minimum design temperature.
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The auxiliary boiler area is ventilated by a "nonsafety-related" system which

operates primarily during auxiliary boiler operation during the startup mode

of plant operation. The system consists of a motorized air intake louver,

filters, ductwork, two roof exhaust fans, and controls. Heating is provided

by hot water unit heaters to maintain the area above minimum design

temperature.

The office and laboratory area is conditioned by one package air-conditioning

unit, ductwork, dampers, and controls. Heating is provided by an electric

heating coil in the room's air supply ductwork.

9.2.11.4.2 Interface With Nuclear Island

There are no interfaces between the Makeup Water Treatment and Auxiliary

Boiler VAC System and the Nuclear Island.

9.2.11.4.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.
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CHAPTER 10

STEAM AND ENERGY CONVERSION SYSTEMS

10.1 FEEDWATER AND CONDENSATE SYSTEM

10.1.1 Functional Descri~tion

The Feedwater and Condensate System originates at the condensers associated

with each turbine-generator set and provides a means of delivering feedwater

to the steam generator in each of four reactor modules. In normal operation,

condensate pumps take suction from the condenser hotwell and discharge

through a polishing demineralizer to adjust chemistry, and then through a

series of feedwater heaters and into the deaerator to achieve proper

temperature. Feedwater pumps take suction from the deaerator storage tank

and discharge feedwater at a specified pressure and flow rate to the steam

generators. The configuration of the Feedwater and Condensate System is

shown on Figures 10.1-1 through 10.1-5.

The Feedwater and Condensate System contains suitable storage and branch

connections to permit operation through plant transients and to supply

condensate to other systems.

10.1.2 Interface With Nuclear Island

The Feedwater System interfaces with the Nuclear Island Systems at the steam

generator. This interface acts in conjunction with the Main Steam and Bypass

System to convey thermal energy from the steam generator.

10.1.3 Safety Evaluation of Interface

No safety considerations have been identified with this interface. The

system performs no 10CFR100-related radionuclide control functions. This

system will have the appropriate reliability to meet user requirements.

10.1-1
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10.2 HEATER DRAINS AND CONDENSATE RETURNS

10.2.1 Functional Description

The Heater Drain System returns cascaded drains from the second, third, and

fourth point feedwater heaters to the condenser in accordance with the

established thermal cycle. The heater drains originate from extraction steam

that has condensed in the shell side of the feedwater heaters.

The Condensate Returns System collects condensate from the Auxiliary Steam

System and returns the drains to the Condensate Returns System.

10.2.2 Interface With Nuclear Island

There are no interfaces between the Nuclear Island and the Heater Drains and

Condensate Returns System.

10.2.3 Safety Evaluation of the Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.2-1
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10.3 CONDENSATE POLISHING SYSTEM

10.3.1 Functional Description

The function of the Condensate Polishing System is to remove suspended and

dissolved impurities from the condensate and maintain the required quality

feedwater, steam generator water, and steam purity conditions.

10.3.2 Interface With Nuclear Island

There are no interfaces between the Condensate Polishing System and the

Nuclear Island.

10.3.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.3-1
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10.4 STEAM VENTS AND DRAINS

10.4.1 Functional Description

The Steam Vents System conveys steam and noncondensible gases to the

atmosphere or appropriate terminal points, as determined by the thermal

cycle. Typical vent systems include safety and relief valve piping to the

atmosphere and feedwater heater shell piping which conducts noncondensible

gases to the condenser.

The Drains System conveys high temperature water to the condenser to maintain

the inventory of secondary fluid.

10.4.2 Interface with Nuclear Island

There are no interfaces between the Nuclear Island and the Steam Vents and

Drains System.

10.4.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.4-1





HTR86 .02/0j

10.5 TURBINE PLANT SAMPLING

10.5.1 Functional Description

The function of the Turbine Plant Sampling System is to monitor the chemical

makeup of condensate, feedwater, steam generator water, turbine plant closed

cooling water, circulating water, and steam conditions. The turbine plant

samples are analyzed during normal operation and plant startup/shutdown to
maintain appropriate chemical and electrical properties.

Two turbine plant sample sinks are provided for remote sample collections for
each turbine generator unit. All equipment associated with the Turbine Plant

Sampling System is located in the Turbine Building.

10.5.2 Interface With Nuclear Island

There are no interfaces between the Turbine Plant Sampling System and the

Nuclear Island.

10.5.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.5-1
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10.6 TURBINE-GENERATOR AND AUXILIARIES

10.6.1 Functional Description

The function of the turbine-generator is to convert thermal energy from steam

produced by the steam generators) to electrical energy and to provide

extraction steam for regenerative heating and deaeration of condensate and

feedwater.

The function of the turbine-generator auxiliaries is to complement, support,

and assist in the operation of the turbine-generator to ensure high

reliability and availability of the turbine-generator and the Power

Conversion System.

10.6.2 Interface with Nuclear Island

An interface between the turbine-generator and the Nuclear Island could occur

if the turbine-generator controls failed to check turbine overspeed. if

turbine overspeed is not checked, turbine missiles could be generated which

could strike the Nuclear Island.

10.6.3 Safety Evaluation of Interface

The probability of a turbine missile strike on critical, safety-related areas

of the Nuclear Island is a function of the energy and direction of an ejected

missile, and the orientation of the turbine with respect to these critical

areas. The turbine-generator is arranged so that the planes of rotation of

the turbine discs do not intersect any "safety-related" structures, systems,

or components, thus minimizing the probability of adverse effects from a

turbine missile. The orientation of the turbine meets the intent of

Regulatory Guide 1.115. (Ref. 1)

10.6-1
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REFERENCES - SECTION 10.6

1. U.S. Nuclear Regulatory Commission. Protection Against Low-Trajectory

Turbine Missiles, Regulatory Guide 1.115, Revision 1, Washington, D.C.

July 1977.

10.6-2
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10.7 CHEMICAL FEED SYSTEM

10.7.1 Functional Descriptio

The functions of the Chemical Feed System are to adjust condensate pH using

ammonia and to remove oxygen from the feedwater using hydrazine.

10.7.2 Interface With Nuclear Island

There are no interfaces between the Chemical Feed System and the Nuclear

Island.

10.7.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.7-1
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10.8 MAIN AND BYPASS STEAM SYSTEM

10.8.1 Functional Description

The Main Steam System interconnects the four steam generator/reactor modules

with two turbine-generator sets. The Main Steam System conveys superheated

steam to the turbines which drive the generators. The Bypass Steam System

provides a means of controlled heat release from the steam generators during

periods of electrical load rejection. The Main and Bypass Steam System also

provides steam for various auxiliary services including turbine gland

sealing, feedwater heating during startup and cooldown, Auxiliary Steam

System, and a flowpath for residual heat removal. The configuration of the

Main and Bypass Steam System is shown on Figures 10.8-1 through 10.8-3.

10.8.2 Interface With Nuclear Island

The Main Steam System interfaces with the Nuclear Island at the steam

generator to convey thermal energy from the steam generator. This interface

acts in conjunction with the Feedwater and Condensate System to convey

thermal energy from the steam generator.

10.8.3 Safety Evaluation of Interface

No safety considerations have been identified with this interface. The

system performs no 10CFR100-related radionuclide control functions. This

system will have the appropriate reliability to meet user requirements.

10.8-1
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10.9 DEMINERALIZED WATER MAKEUP

10.9.1 Functional Description

The functions of the Demineralized Water Makeup System are to provide
demineralized water for makeup of flushing activities to various plant
systems and processes, and to supply demineralized water to various hose
connections located throughout the plant.

The Demineralized Water Makeup System is a storage and distribution system
which receives demineralized water from the Raw Water Treatment System and
distributes it to various users throughout the plant. The system, shown on
Figure 10.9-1, includes one demineralized water storage tank, two
demineralized water transfer pumps and associated piping, valves, and hose
connections.

10.9.2 Interface With NuclearIsan

The Demineralized Water Makeup System directly interfaces with the Nuclear
Island to provide makeup water to the Nuclear Island cooling water systems
and demineralized water for various reactor services and processes. In
addition, hose connections are located throughout the Nuclear Island to aid
distribution to the various users.

10.9.3 Saet Evaluation of Interface

The Demineralized Water Makeup System is not required to control radionuclide
release and does not have any radionuclide control function that affects the
offsite radiological dose. Therefore, the failure of the system would not
affect the safety of the plant. In case of a component or interface failure
(piping or valve), localized spraying or flooding could occur. However,
proper equipment arrangement and adequate drainage are provided to compensate
for the loss of the interface or component. This system will have the
appropriate reliability to meet user requirements.

10.9-1
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10.10 EXTRACTION AND AUXILIARY STEAM SYSTEM

10.10.1 Functional Description

The Extraction Steam System conveys steam from extraction points on the

turbine to the feedwater heaters. The system provides regenerative heating

of feedwater returning to the steam generators.

The Auxiliary Steam System distributes steam throughout the Energy Conversion

Area for auxiliary services.

The Extraction and Auxiliary Steam System is suitably manifolded to assure
distribution of steam during all modes of normal plant operation.

10.10.2 Interface With Nuclear Island

There are no interfaces between the Nuclear Island and the Extraction and

Auxiliary Steam System.

10.10.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.10-1
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10.11 CIRCULATING WATER

10.11.1 Functional Description

The functions of the Circulating Water System are to remove waste heat from

the condenser and Turbine Building component cooling water heat exchangers by

delivering circulating water at the specified temperature, pressure flow

rate, and chemistry; and to convey waste heat to the station cooling tower.

The Circulating Water System consists of two independent oops to remove

waste heat from the Turbine Building Cooling Water System and from the

condensers associated with each turbine generator set. In normal plant

operation, circulating water is pumped from the cooling tower basin through

th condensers and heat exchangers, and back to the cooling tower where the

waste heat is released to the atmosphere via mechanical draft cooling

towers. The system consists of two flow paths with two 50-percent capacity,

vertical pumps associated with each path.

10.11.2 Interface With Nuclear Island

There are no interfaces between the Circulating Water System and the Nuclear

Island.

10.11.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there are no

safety considerations.

10.11-1
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10.12 TURBINE BUILDING CLOSED COOLING WATER

10.12.1 Functional Description

The functions of the Turbine Building Closed Cooling Water System are to

remove waste heat from the turbine-generator auxiliary equipment located in

the Turbine Building and to convey the waste heat through the component

cooling water heat exchangers to the Circulating Water System.

The Turbine Building Closed Cooling Water System consists of two independent

closed flow paths which serve equipment associated with each respective

turbine-generator unit. Two 100-percent capacity pumps and two 100-percent

capacity heat exchangers are provided for each path to maintain 
a high degree

of reliability for the system. A surge tank is located at the high point of

each flow path to provide the required net positive suction head for proper

operation of the pumps and to allow for thermal expansion and contraction.

In addition, a component chemical addition tank is furnished to maintain

proper water chemistry.

10.12.2 Interface With Nuclear Island

There are no interfaces between the Turbine Building Closed Cooling Water

System and the Nuclear Island.

10.12.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there ar no

safety considerations.

10.12-1



F,
CA

I



HTGR- 86-02~/9

10.13 CIRCULATING WATER MAKEUP AND BLOWDOWN

10.13.1 Functional Description

The functions of the Circulating Water Makeup and Blowdown System are to

provide inventory control of the Circulating Water and 
Service Water Systems,

chemistry control of the Circulating Water and Service Water Systems, 
and to

furnish a source of supply to the Raw Water Treatment 
System.

10.13.2 Interface With Nuclear Island

There are no interfaces between the Circulating Water Makeup and Blowdown

System and the Nuclear Island.

10.13.3 Safety Evaluation of Interface

There are no interfaces with the Nuclear Island; therefore, there ar no

safety considerations.

10.13-1
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10.15 STARTUP AND SHUTDOWN SUBSYSTEM

10.15.1 Functional Descrivtion

The function of the Startup and Shutdown (SU/SD) Subsystem is to start up or

shut down one of the reactor modules or one of the turbine units while the

other modules and turbine units remain in operation, and to deliver feedwater

to the reactor modules and steam to the turbines at the specified fluid

temperature and pressure flow rate and chemistry. The SU/SD Subsystem

provides a smooth transfer from startup mode to power operation and from

power operation to shutdown. The configuration of the Startup and Shutdown

Subsystem is shown on Figures 10.15-1 and 10.15-2.

For additional information related to this section, see response to NRC

Comment 10-5.

10.15.2 Interface With Nuclear Island

The SU/SD Subsystem interfaces with the Nuclear Island both physically and

operationally. Part of the SU/SD Subsystem hardware (tanks and associated

piping) is located in the Reactor Building and provides an independent path

from the reactor modules to a heat sink (condenser) in the. energy conversion

area.

10.15.3 Safety Evaluation of Interface

The SU/SD Subsystem safety interface with the reactor modules has been

evaluated. Above 25 percent load, the SU/SD Subsystem is isolated from the

associated reactor module and performs no role in the reactor module

operation. Below 25 percent load, should the SU/SD Subsystem fail, other

systems (the Shutdown Cooling System and the Reactor Cavity Cooling System)

are available to provide core cooling.

10.15-1 Amendment 6
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10.16 STEAM AND WATER DUMP

10.16.1 Summary De-scri~tion

The Steam and Water Dump Subsystem serves to terminate ingress of water into
the primary coolant as a result of a steam generator tube leak or rupture.
This is accomplished by dumping the steam/water inventory of the steam
generator into the subsystem's dump tank. The subsystem dump action
minimizes possible damage to the reactor core by limiting the amount of water
made available for fuel hydrolysis and graphite oxidation.

When a high moisture level in the primary coolant is detected, the Plant
Protection and Instrumentation System (PPIS) initiates the steam and water
dump cycle. The subsystem is provided with sufficient redundancy to ensure
reliability of the dump and satisfactory operation. Figure 10.16-1 is a
conceptual schematic of the Steam and Water Dump Subsystem.

The Dump Subsystem bottles up the steam generator steam/water inventory,
including any inleakage from the primary coolant, for subsequent disposal
through the Gaseous and Liquid Radioactive Waste Systems. This ensures that
no primary coolant is released directly to the environment.

The Dump Subsystem serves each of the four steam generator modules
independently. The portion of the subsystem associated with each steam
generator consists of a dump tank, two trains of dump valves, a drain pump,
and interconnection piping and valves with the Gaseous and Liquid Radwaste
Subsystems. Isolation of the steam generator is accomplished by two
power-operated valves mounted in series on each inlet and outlet of the steam
generator. Dumping is executed by two parallel trains of dump lines, each
equipped with two dual-actuated motor-operated valves mounted in series. The
subsystem's dump and isolation valves are powered from a reliable power
source (normal power supply with backup standby power).

10.16-1
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10.16.2 Functions and 10CFR100 Design Criteria

10.16.2.1 Power Generation Function

The power generation function of the Steam and Water Dump System is to

protect the capability to maintain energy production by protecting the

capability to produce reactor energy.

10.16.2.2 Radionuclide Control Function

The Goal 3 radionuclide control function of the Steam and Water Dump System,

as shown in Figure 1.2-3, is to maintain control of radionuclide release by

controlling radiation transport from the primary circuit by isolating and

dumping the steam generator to limit chemical attack by limiting fuel

hydrolysis.

10.16.2 .3 Classification

The Steam and Water Dump Subsystem is not "safety related". Since this

.subsystem does not perform any 10CFRIOO-related radionuclide control

functions, no special classification is applied to it. However, this

subsystem will have the appropriate reliability to meet other Top-Level

Regulatory Criteria and user requirements.

10.16.2.4 1CFR100 Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria for radionuclide control apply to the Steam and

Water Dump Subsystem.

10.16.3 Radionuclide Control Design Reguirements

The Steam and Water Dump Subsystem requirement to control the primary coolant

radionuclide release is to design the dump tanks' safety valves' setpoint

0.4 MPa (60 psi) higher than the setpoint of the primary coolant safety

valves of the Pr ssure Relief Subsystem (Section 5.2.4).

10.16-2 Amendment 5
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10.16.4 Design Descrintion

10.16.4.1 Subsystem Configuration

The Steam and Water Dump Subsystem is shown in the M&ID flow diagram,

Figure 10.16-2.

The Steam and Water Dump Subsystem consists of four independent dump loops,

one for each steam-generator. Each oop taps the respective S feedwater

line downstream of the isolation valves and then branches into two parallel

trains, each containing two dual-actuator motor-operated valves, mounted in

series. The discharge flow from these two trains is collected in the dump

tank. Each train is sized for 100-percent capacity to pass the

steam-generator steam/water inventory up to the isolation valves.

The dump tank is 193 cm (6 ft - 4 in.) inner diameter x 701 cm (23 ft) long

and is built of carbon steel, A516, Grade 70, in accordance with

Section VIII of the ASME Boiler and Pressure Vessel Code. The tank has a

capacity of about 19,720 liters (5210 gal.). The tank is designed for a

pressure of 7.6 MPa (1100 psia) at 2910C (5560F). A tank initial water

inventory of about 6,245 liters (1650 gal.) at 37.80C (1000F) will

normally be maintained to quench the dumped fluid. In order to aid the

quenching, the tank is equipped with a sparger to mix the liquid inventory of

the tank with the entering fluid.

The dump tank is equipped with a 10 cm x 15.24 cm (4 in. x 6 in.) safety

valve set at 7.6 MPa (1100 psia). The safety valve is sized to protect the

tank from feedwater overpressurization, per paragraph UG-125 of ASME

Section VIII.

A vent line is provided from the tank to the Gaseous Radioactive Waste

Subsystem to permit processing and disposal of any primary coolant entering

the tank. The vent line is equipped with a pressure controller so that gas

is released from the tank at a rate not exceeding the capacity of the Gaseous

* ~Waste Subsystem.

10.16-3
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A liquid drain pump is provided to transfer the tank inventory after a dump

to the Liquid Radioactive Waste System. The pump has a capacity of

1.6 liters/sec (25 gpm) at a 7620-cm (250-ft) differential head and is driven

by a 5-hp electric motor.

10.16.4.2 Subsystem Arrangement

The components of the Steam and Water Dump Subsystem are housed in the

Reactor Building and located at the bottom of the reactor cavities. The dump

tank centerline is approximately 244 cm (8 ft) below the feedwater inlet to

the steam generator. The dump valves are located as near as possible to the

dump tank.

The subsystem components are located and arranged to satisfy the requirements

for maintenance, in-service inspection, and testing.

10.16.4.3 Subsystem Operating Modes

The subsystem enveloping operating modes are listed below and delineated in

Table 10.16-1. In these modes the steam generator steam/water inventory will

be emptied into the dump tank while the primary coolant conditions are as

follows:

1. Mode 1: Primary coolant pressurized at 6.4 MPa (925 psia) and in

the full power mode

2. Mode 2: Primary coolant pressurized at 4.3 MPa (622 psia) and in

the SU/SD mode.

3. Mode 3: Primary coolant depressurized and in the shutdown mode.

10.16.4.4 Instrumentation and Control

The steam and water dump is actuated by a signal from the PPIS. This signal

can result either from high moisture in the primary coolant or from manual

action by the operator.

10.16-4
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10.16.4.4.1 Instrumentation

The following instrumentation is provided for each of the four subsystem

loops at the system control station and in the main control room.

1. Dump tank pressure

2. Dump tank temperature

3. Dump tank level

4. Dump valve position (4)

5. Main steam isolation valve position (2)

6. Main feedwater isolation valve position (2)

7. Radiation monitor

10.16.4.4.2 Control

The four motor-operated dump valves, associated with each subsystem loop, are

powered by separate electric power supplies and are activated by the four

logic channels (A, B, C, and D) shown in Figure 10.16-3. The dual-actuator

valve configuration for the Dump Subsystem is designed to be single-failure

proof on valves opening or closing.

As stated above, the SG dump is initiated from the HPIS which also controls

the sequential opening and closing of the following valves, as shown in

Table 10.16-2:

1. Initiates closing the feedwater and main steam isolation valves

2. Initiates opening the dump valves after closure of the feedwater

isolation valve

3. Initiates closing the dump valves on termination of the SG dump.
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10.16.5 Design Evaluation

10.16.5.1 Failure Modes and Effects

The failure mode for the Steam and Water Subsystem is identified in DBE-9

(Section 15.10). During this event, the leaking steam generator is isolated

automatically, the dump valves open, and the water/steam inventory flows into

the dump tank where it is bottled up along with any entrained primary

coolant. On completion of the dump cycle, the dump valves fail to reclose.

Failure to reclose will not contribute to any radioactivity release to the

environment since the steam/water dump tank is capable of containing the full

steam-generator dump and the full pressure of the primary coolant.

10.16.5.2 Steady-State Performance

The Steam and Water Dump Subsystem minimizes the amount of water that can

leak into the primary coolant as a result of an steam-generator tube leak.

This is accomplished by dumping the inventory of the steam-generator

secondary coolant into the subsystem's dump tank. Table 10.16-1 summarizes

the secondary coolant inventory.

If a high primary coolant moisture concentration is detected, the Dump

Subsystem is actuated automatically by the PPIS or manually by the operator.

The dump cycle is provided with sufficient redundancy to ensure its reliable

and satisfactory performance in order to mitigate possible damage to the

reactor core due to a steam-graphite-fuel reaction.

Table 10.16-2 summarizes sequencing of the dump and isolation valves and

their characteristics. The PPIS initiates closing of the feedwater and main

steam isolation valves. After the feedwater isolation valves close, the dump

valves open. This arrangement eliminates feedwater bypass into the dump tank

and thus minimizes it size. The difference in closing time between the main

steam valves and the feedwater valves is approximately 2 seconds in order to

avoid bottling the steam generator up in the transition between the isolation

phase and the dumping phase.

10.16-6
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When the steam/water dump has progressed to the point where the steam

pressure has fallen below helium pressure, primary coolant will leak into the

dump tank via the rupture in the steam generator. This will result in a rise

in dump tank pressure, above the pressure which would be present if there

were no leak. With no helium leakage, the final dump tank conditions after

the dump would be below 2.4 MPa (350 psia).

The pressure of the primary coolant is the maximum pressure the dump tank

could reach. This condition determines the setpoint of the safety valves on

the dump tank, which is 0.4 MPa (60 psi) higher than the primary coolant

safety valve setpoint. The difference in safety valve setpoints will assure

no release of primary coolant to the environment through the dump tank.

Following completion of the dump and closing the dump valves, the operator

will remote-manually initiate depressurization of the tank to the Gaseous

Radioactive Subsystem. Excess water collected in the tank will be pumped to

the Liquid Radioactive Waste System for disposal.

10.16.5.3 Anticipated Operational Occurrence Performance

The Steam and Water Dump Subsystem is required to operate during AOO-4,

described in Section 11.6.4. This AOO is a steam-generator tube leak which

results in moisture ingress to the primary coolant. During this event, the

leaking steam generator is isolated automatically and dumped into the

associated steam/water dump tank, in order to terminate any further moisture

ingress.

As discussed in Section 10.16.5.2, the tank is designed to have the capacity

and design pressure to accept and bottle up the steam-generator dump along

with primary coolant entrained during the dumping process. This approach

precludes any primary coolant release to the environment through the Steam

and Water Dump Subsystem.
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10.16.5.4 Design Basis Event Performance

Of the DBEs described in Chapter 15, the Steam and Water Dump Subsystem is

called upon during DBEs-6, -7, -8 and -9. DBE-9 has already been addressed

in Section 10.16.5.1. The remaining DBEs address moisture inleakage to the

primary coolant. During these events, the leaking steam generator is

automatically (DBE-6 and -7) or manually (DBE-8) isolated and dumped into the

associated steam/water dump tank.

As discussed in the above section, due to the bottling up in the dump tank of

the steam-generator dump, along with primary coolant entrained during the

dumping process, no radionuclides are released to the environment during

these DBEs.

10.16.6 Interfaces

Interface requirements imposed on other systems or subsystems within other

systems by the Steam and Water Dump Subsystem are identified in Table

10.16-3, which also includes a description of the interface and a

quantitative expression for the interface.
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TABLE 10.16-1

STEAM GENERATOR SECONDARY COOLANT INVENTORY AND PLANT CONDITIONS

Average
Mass Temp Condition
kg (b) 0C (F) at t=O Primary Coolant

Steam Generator (Mode 1)

a. Water 5,679 (12,520) 288 (551) Full Power Pressurized

b. Steam 429 (946) 396 (745) Full Power 6.4 MPa (925 psia)

Steam Generator (Mode 2)

a. Water 11,249 (24,800) 124 (255) Startup/Shutdown Pressurized

b. Steam 0 NA Startup/Shutdown 4.3 MPa (622 psia)

Steam Generator (Mode 3)

a. Water 11,249 (24,800) <124 (<255) Shutdown Depressurized

b. Steam 0 NA NA NA

Feedwater Line Volume 363 (800) 10.8 (380) Full Power NA
SG to Isolation Valves

Main Steam Line Volume 281 (620) 28.3 (1000) Full Power NA
SG to Isolation Valves

1 of 
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TABLE 10.16-2

ISOLATION AND DUMP VALVES SEQUENCING

Closure or Sequence in Sec~1 )
Opening

Valve Time, Sec t 0 t 10 t - 12 t 20 t-30 t=40

Feedwater Isolation 10 3)SC Closed
25.4-cm (10-in.) Gate (5)(3

Main Steam Isolation 12 SCClosed
35.6-cm (14-in.) Y Globe 1()S

Dump Valves(2 ) 10 Closed so Open SC Closed
25.4-cm (10-in.) Gate (5)(3)

(1) Legend:
so Start to Open
SC Start to Close

(2) Dump valves begin to close after S-to-primary coolant pressure DP drops to 0.52 MPa (75 psid) differential

(3) All numbers in parentheses are the numbers used in the PSID; the numbers without parentheses are the numbers
proposed for future analysis

1 of 1
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TABLE 10.16-3

IDENTIFICATION OF INTERFACES FOR STEAM AND WATER DUMP SUBSYSTEM

Interfacing Systems Nature of Interface Interfacing Reguirements

Plant Protection and Logic signals PPIS shall provide the logic signals to initiate
Instrumentation System SG isolation and dump, and also terminate SG dump

Non-Class E AC Distribution Normal electric power Electric power of 25 hp will be provided to the ac
with backup dump valve motors

Non-Class E DC Power DC Power Electric power of 25 hp will be provided to the dc
dump valve motors

1 of 1
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CHAPTER 11

OPERATIONAL RADIONUCLIDE CONTROL

The information presented in this chapter includes the definitions of the

radionuclide inventories to be used in dose analyses of the Standard MHTGR

plant, the evaluations of the plant transients which result from anticipated

operational occurrences (AOOs), descriptions of the liquid, gaseous, and

solid waste systems, and an analysis of the doses from normal operation,

including A0s.

The amount of radioactivity generated during plant operation and its

potential for release during normal operation, As, and design basis events

(DBEs) are basic to dose evaluations of the Standard MHTGR. The sources of

these radionuclides, their distribution within the plant and their use in

dose analysis are described in Section 11.1.

The systems used to control and process the gaseous, liquid, and solid

radwaste are described and evaluated in Sections 11.2 through 11.4.

The As described in Section 11.6 are used in the evaluation of the adequacy

of the performance of the systems, structures, and components discussed in

Chapters 4 through 10. At this time, no As (or DBEs) have been identified

for the Radioactive Waste Systems or the Fuel Handling and Storage Systems,

and therefore dose contributions from events in these systems are not

included in the results given in this chapter or Chapter 15. As noted in the

Probabilistic Risk Assessment Report (Ref. 1), previous assessments strongly

suggest that releases from sources outside the Reactor Building will

contribute little to the standard MHTGR safety risk envelope. However, the

master logic diagram of Reference 1 includes a release group that gathers in

all release sources outside the Reactor Building, and appropriate evaluations

will be made as the design progresses. While some licensing basis events

involving these systems may be selected from these future analyses, it is

expected that the risk contribution will remain very small.
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Section 11.7 presents the evaluation of doses which result from normal plant

operation. These doses, together with the AO dose results from Section 11.6

and the DBE dose results from Chapter 15 are a complete set of analyses which

demonstrate that the Standard MHTOR meets all the Top-Level Regulatory Dose

Criteria.

11.1 RADIONUCLIDE DESIGN CRITERIA

The radionuclide design criteria are the allowable levels of radionuclide

accumulation in the primary coolant circuit which will permit the plant to

satisfy the radiological dose limits applied to normal plant operation and

postulated events. Once the radionuclide design criteria are established,

the fuel is designed to ensure that these levels will not be exceeded.

Factors considered for fuel design and the calculation of the radionuclide

design criteria are discussed in Sections 11.1.2 and 11.1.3, respectively.

Sections 11.1.1 and 11.1.2 describe the sources of radionuclides, as well as

the barriers to fission product release from the reactor core. Using the

radionuclide design criteria as a basis, estimates of the gaseous and liquid

radioactive discharges to the environment, and of the production of solid

radioactive wastes from the operation of the UCO and ThO2 fuel are provided

in Section 11.1.4.

11.1.1 Sources of Radionuclides

11.1.1.1 Fission Products

The dominant source of radioactivity in the primary coolant circuit of the

plant is the release of small quantities of radionuclides from the reactor

core. Most of the radionuclides in the core are produced directly by the

fission process, but some important radionuclides (e.g., Cs-134) are produced

by neutron activation of other fission products. For practical purposes,

these radionuclides may also be thought of as "fission products."
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11.1.1.2 Activation Products

Because the helium coolant is chemically inert, the primary circuit contains

nearly insignificant amounts of mobile, activated corrosion products.

However, irradiation of the core graphite does produce modest quantities of

H-3 and C-14. (See Section 11.1.3.) Also, neutron irradiation of metallic

components in the primary circuit induces radioactivity by the production of

radionuclides such as Cr-51, Fe-59, and o-60, but these are fixed in the

structural metals. Therefore, these fixed radionuclides may contribute to

local radiation levels but do not contribute to offsite doses. The induced

radioactivity is controlled by limiting the neutron flux and by limiting the

cobalt content of materials in high flux areas. The exposure to personnel is

limited by shielding and by restricting personnel access to radiation areas.

11.1.2 Barriers to Radionuclide Release from the ore

Typically, the two dominant sources of fission product release from the core

are heavy metal contamination of the fuel rods during manufacture (i.e. ,

heavy metal outside the coated particles), and particles whose coatings fail

in service. In addition, when exposed to sufficiently high temperatures for

sufficiently long times, the volatile metals (Cs, Ag, Sr) can diffuse through

the SiC coating and be released from intact TRISO particles.

There are multiple barriers to the release of fission products from the

core: the fuel kernel, the particle coatings, the fuel rod matrix, and the

fuel element graphite. The effectiveness of the individual barriers to

fission product release depends upon a number of factors including the

chemistry and half-lives of the various fission products, temperature, and

irradiation effects. These barriers are described briefly below.

The first barrier to fission product release is the fuel kernel itself.

Under normal oparating conditions, the kernel of a particle with failed

coatings still retains more than 95 percent of the radiologically important,

short-lived, fission gases such as Kr-88 and I-131; however, the

effectiveness of a UCO kernel for retaining gases can be reduced if the
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exposed kernel is hydrolyzed by reaction with trace amounts of water vapor
which may be present in the helium coolant. Exposed ThO2 kernels do not
hydrolyze, and their release characteristics are unaffected by the presence
of water. The resistance of the fuel kernels to the diffusion of long-lived,
volatile, fission metals such as Cs, Ag, and Sr is strongly dependent upon

the fuel temperature and burnup.

The primary barrier to fission product release from the core is the silicon
carbide and/or pyrocarbon coatings of each fuel particle. Both the SC and
outer pyrocarbon (OPyC) coatings provide a barrier to the release of fission
gases. The SiC coating acts as the primary barrier to the release of
metallic fission products because of the low diffusion coefficient of fission
metals in SiC. The OPyC coating is partially retentive of Cs at lower
temperatures, but provides little holdup of Ag and Sr.

The fuel rod matrix is rather porous and provides little holdup of the
fission gases which are released from the fuel particles. However, the
matrix is a composite material which has a high content of amorphous carbon.
This constituent of the matrix is highly sorptive of metallic fission
products, especially Sr. While the matrix is highly sorptive of metals, it
provides little diffusional resistance to the release of fission metals

because of its highly interconnected porosity.

The fuel element graphite, which is denser and has a more ordered structure
than the fuel rod matrix, is somewhat less sorptive of the fission metals
than the matrix, but it is much more effective as a diffusion barrier. The
effectiveness of the graphite as a release barrier decreases as the
temperature increases. Under typical core conditions, it is expected that
the fuel element graphite will attenuate the releases of Cs and Ag from the
core by more than an order of magnitude, and the Sr is essentially totally

retained.

The above discussion applies to the transport of fission products that are
produced in the kernels of fuel particles. Obviously, fission products
resulting from fissions in heavy-metal contamination outside of the particles
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are not att nuated by the kernels or coatings, nor are the fission products

produced in the kernels of failed particles appreciably attenuated by the

failed coatings. In these cases, the fission products must be controlled by

limiting the respective sources and by the fuel element graphite in the case

of the fission metals.

Once the fission products have been released from the core into the coolant,

they are transported throughout the primary circuit by the helium coolant.

The Helium Purification System (HPS) removes a small fraction of both gaseous

and metallic fission products from the circulating primary coolant at a rate

determined by the gas flow rate through the purification system. However,

for the condensible fission products, the dominant removal mechanism is the

deposition, or "plateout," on the various helium-wetted surfaces in the

primary circuit. The plateout rate is determined by the mass transfer rates

from the coolant to the fixed surfaces, by the sorptivities of the various

materials of construction fr the volatile fission products, and by the'

surface temperature.

The methods for modelling the fission product processes described above are

presented in Section 4.2.5.2.2.

11.1.3 Calculation of the Radionuclide Design Criteria

For additional information related to this section, see the responses to NRC

Comments 11-5 and 11-6.

11.1.3.1 Introduction and Background

In order to meet the dose limits for exposure of the general public and plant

workers, the amount of radioactivity plated out on the internal surfaces of

th primary system and circulating in the primary coolant must be limited.

For most of the radionuclides which contribute to dose calculations, the

sources are fissions in the fuel kernels and the small amount of heavy-metal

contamination in the fuel rod matrix, although in rare instances activation

of common nuclides may be significant contributors to d se; an xample of the

latt r is the production of Ar-41 in the cooling air passing through the RCCS

which is a significant contributor to the normal offsite dose.
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The primary means of controlling the plateout and circulating activities is
retention of the fission products in the fuel kernels and graphite fuel
blocks. The fuel is designed so that plateout and circulating activities are
always below levels which could lead to violation of a dose limit during
normal operation, As, and DBEs (see Section 1.1 for definitions). These
levels, which the circulating and plateout activities are not allowed to
exceed, are called radionuclide design criteria. Furthermore, because the
dose calculations for the assessment of performance during normal operation
and As are done using assumptions different from those for more
conservative analyses, two tiers of radionuclide design criteria are
specified. The two tiers are called "design" and "maximum expected."

"Design" criteria are those maximum radioactivity levels that are permitted
in the primary system and still enable the plant to meet the most restrictive
site boundary dose criteria, which are the user-imposed Protective Action
Guidelines (PAGs) dose limits. Core designers must ensure that the fuel

performance and core design are such that these "design" criteria are not

exceeded.

Because the fuel consists of millions of small coated particles bonded into
rods placed in graphite elements, fuel performance must be analyzed
statistically. For this reason, the actual requirement imposed. on the fuel

is that its predicted performance meet or exceed the "Design" criteria at the

upper 95 percent bound.

For the dose assessments of normal operation, As, and the realistic
evaluations of DBEs, best estimate (maximum expected" value) assumptions are
used. The "Maximum Expected" values are derived from the Design" criteria

by applying uncertainty factors. The uncertainty factors are derived from
data gathered during the past 15 years of an ongoing effort to quantify the
unc rtainties in fission product transport predictions. The objective of the

effort is to define the accuracies of the design methods and codes used to

predict fuel performance by comparing predicted results with fission product
transport data from Peach Bottom 1, Fort St. Vramn, and numerous fu 1

irradiation capsules and loop tests. From these data, a factor of 4 was
chosen for gas rel ases and a factor of 10 for metal releases. These factors
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were chosen so that when they are divided into the "design" criteria, the

results are a set of values for which there is at least 50 percent

probability that the values will not be exceeded. These values are called

the "maximum expected" criteria. (The terminology "maximum expected" is used

rather than simply "expected" for several reasons. First, these "maximum

expected" criteria must be met with at least a 50-percent probability,

implying a best-estimate value which is less than the "Maximum Expected"

criteria. Second, the "Maximum Expected" criteria are the accumulated core

releases over 40 years of plant operation, and for this reason will not be

achieved until the end of plant life.) After the "maximum expected" criteria

have been defined, it must be verified that the plant dose calculations

satisfy the applicable limits.

Research into fuel performance and fission product transport is continuing as

described in the Regulatory Technology Development Plan (Ref. 2). As work

progresses it should be possible to reduce significantly the uncertainties

and the associated design margins.

It must be stressed that the "design" and "maximum expected" criteria for

radionuclide levels discussed and tabulated in this section are not

calculated estimates of the radioactivity actually in the fuel or released

from the fuel. The "design" criteria are levels which the fuel releases must

not exceed if the plant is to meet the most restrictive dose limits. The

"design" criteria are calculated by working backwards from the allowable

doses. The "maximum expected" criteria are calculated from the "design"

criteria by applying uncertainty factors.

The back calculation of "design" criteria requires determination of both the

circulating and plateout levels of radionuclides. Calculating the

circulating activity requires assumptions concerning the fraction of

condensible activity that plates out after it is released to the coolant. In

effect, a partition coefficient between the coolant and the fixed surfaces is

needed. Alternately, a "plateout per pass" can be specified. "Plateout per

pass" is the fraction of the circulating activity which is removed by

plateout during each transit around the primary circuit. At equilibrium
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conditions in the primary system, a lower assumed value of plateout per pass
leads to higher circulating activity levels.

When calculating "design" circulating activity, a conservatively low value of
1 percent plateout per pass is used. Although it is believed that the
plateout per pass is actually much higher, this assumption allows for the
possibility of fission products being transported on circulating dust and for
the possibility that the plateout surfaces might reach their sorptive
capacity for the more volatile fission products. The assumed low value of
plateout per pass results in a conservatively high estimate of the
circulating activity, which in turn leads to conservatively high doses for
DBE evaluations.

The "maximum expected" circulating activity is calculated for an assumed
plateout per pass of 40 percent. This value is based on data from tests at
the Dragon Reactor. One exception to the 40-percent plateout assumption for
"maximum expected" criteria applies to the iodines. For iodines (the most
significant contributors to thyroid dose), a conservative value of 1 percent
plateout per pass is used for the "maximum expected" calculation.
Measurements in FSV and in in-pile loop tests suggest values significantly
higher than 1 percent for iodine, but the data are scattered, and a
conservative approach is chosen.

The total plateout activity does not depend strongly on the assumed plateout
per pass because nearly all the condensible radioactivity that is available
plates out, even at an assumed rate of 1 percent plateout per pass.
Therefore, for "design" plateout, it is conservatively assumed that all
condensible gases released are plated out. The cumulative values of plateout
depend primarily on the decay rates of their radionuclides and their release
rates to the coolant. Consistent with the design margins applied to the core
release rates, the "maximum expected" plateout is a factor of 4 below
"design" plateout for gases and 10 below "design" for metals.

In addition to their use in evaluations of normal operation, As, and DBEs,
"Maximum Expected" criteria are used for environmental impact reports, for
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planning component removal and maintenance procedures, and for all other

applications where "best estimate", numbers would be appropriate. "Design"

criteria are used for the conservative analyses of DBEs, sizing of the HPS

and Radwaste Systems, and the design of plant hardware such as service and

shipping casks.

11.1.3.2 alculational Bases for the Radionuclide Design Criteria

11.1.3.2.1 Reactor Operating Parmeters

The radionuclide design criteria are determined for a 350 MW(t) core

operating on the low-enriched (20 percent) uranium/thorium (LEU/Th) fuel

cycle. Nominal full-power plant conditions are assumed, except that core

thermal power is taken as 102 percent of nominal full power. The plant

lifetime is 40 years, the power density 5.9 W/cu cm, the capacity factor

("equivalent availability") is 80 percent, the maximum fuel element residence

time is 3.3 years, and the minimum is 1.65 years. The distribution of

fissions among the fissile nuclides (U-235, U-233, Pu-239, and Pu-241) is

representative of a 3.3-yr, equilibrium core. The total inventory of primary

coolant helium is approximately 2841 kg (6250 lbm), of which only 1621 kg

(3570 lbm) is in circulation. The HPS is sized such that the helium

purification constant is approximately 2.9 x 10 5/sec.

11.1.3.2.2 Fission Products

The fission product nuclides included in Tables 11.1-1 through 11.1-3 can be

circumscribed by two general criteria. First, only nuclides with a yield

from U-233, U-235, Pu-239, or Pu-241 greater than 0.1 percent and with a

half-life greater than 1 minute are included. Exceptions are the short-lived

noble gases Kr-90, Kr-91, Xe-139, and Xe-140 which have important daughters.

Second, for the calculation of equilibrium inventories, radionuclides with a

half-life longer than approximately 220,000 years are treated as stable

nuclides (this includes the radiologically important nuclide -129, which has

a 1.6 x 10~ year half-life).
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Fission product yields, branching ratios, and decay constants are obtained

from Ref. 3.

11.1.3.2.3 Activation Products

The important activation product nuclides produced in the reactor core are

also tabulated in the tables, Of the activation products, H-3, C-14, and

Ag-110m require special treatment.

There are multiple sources of H-3 production: ternary fission,

neutron-proton (n,p) reactions with the He-3 impurity in the primary coolant

helium, and neutron activation of the Li-6 impurity in the core structural

materials and the boron in the control materials. The dominant source of

circulating H-3 is the neutron-proton reaction with the He-3 impurity in the

primary coolant helium; the ratio of He-3/He-4 is taken as 2 x 0'7, and

the depletion of the He-3 by neutron absorption is conservatively neglected.

The release of tritium from fuel elements and from the control rods into the

helium coolant is treated conservatively by assuming that 5 percent of the

tritium produced by ternary fission plus all the tritium generated from Li

and B activation is released into the helium coolant. These assumptions give

conservatively high predicted levels of circulating tritium activity and

consequently high results for estimated releases to the environment.

However, when defining the fuel element tritium inventory to be used in waste

disposal evaluations, it is conservatively assumed that none of the tritium

generated in the fuel elements and control rods is released. This is

inconsistent with the assumption for calculating circulating tritium

activity, but gives conservatively high doses for waste disposal

considerations.

The major mode of -14 production in the fuel element is through

neutron-proton reactions with N-14 which exists as an impurity in the

graphite as a result of air sorbed by the graphite during fuel element

manufacture. A nitrogen impurity content of 100 ppm is conservatively

assumed. Because the -14 is trapped by the graphite matrix and only a

minute fraction of the core graphite is oxidized by the trace impurities in

11. 1-10



HTGR-86-024/

the helium c olant, the release of C-l4 into the h ium coolant is

negligible.

Th production modes of Ag-110m are low direct fission yield and neutron

activation of stable Ag-109 which is a higher yield fission product nuclide

resulting primarily from Pu fissions.

The other activation product nuclides included are Cs-134, Cs-136, Pm-148m,

Pm-148, Eu-152, Eu-154, and Eu-155. These nuclides are produced through the

neutron activation of other fission products. The release of these nuclides

from the fuel is determined on the same basis as the direct fission product

isotopes of that element (e.g., Cs-134 and s-136 are assumed to have the

same fractional releases as Cs-137).

11.1.3.2.4 Most Limiting Events and Operations

Fission gases, specifically radioiodines, are the dominant contributors to

the doses resulting from depressurization accidents. Therefore, the "design"

criteria for fission gases are based on dose consequences of a rapid

depressurization accident which releases the entire circulating inventory

plus a very small fraction of the plateout inventory. The doses calculated

are dominated by the contributions from -131 and Sr-90 plateout (the latter

primarily from release of its Kr-90 precursor).

The "'maximum expected" criteria for gases are derived from the "design"

criteria by dividing by a factor of four as discussed previously.

The most restrictive dose limit for fission metal releases comes from

limiting plateout on the steam generator. This limit is set such that

occupational exposure goals are satisfied. Quantitatively, the design"

criteria for fission metal releases are set such that the dose rates for a

feedwater tube plugging operation are no more than R/hr after 40 years of

operation. This definition results in "maximum expected' criteria which give

100 mR/hr when the "design' criteria are divided by the uncertainty factor of

10.
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It is assumed that the dose rates around the primary circuit from induced

radioactivity due to neutron activation are insignificant compared to the dose

rates due to fission product plateout. This assumption implies that the

cobalt content in structural materials exposed to significant neutron fluxes

must be low and/or that the graphite reflectors must be sufficiently boronated

to minimize the neutron fluxes.

For additional information related to this section, see the response to NRC

Comment 11-9.

11.1.3.3 Radionuclide Inventories

11.1.3.3.1 Design" Inventories for Equilibrium Core Activity

The third column of Table 11.1-1 lists the calculated equilibrium core

inventory of the fission products and activation products. The radionuclide

inventories are given in curies and the stable nuclide inventories in grams.

The inventories are based on the operating parameters given in Section

11.1.3.2.1. In addition, it is assumed that none of the fission products is

released from the fuel. (This is not a significantly conservative assumption

because much less than 1 percent of the fission products in the fuel actually

escapes.)

These calculated values are called the "designn inventories for the core. The

equilibrium core inventories are used for considerations related to fuel

disposal, shielding, and accidents.

11.1.3.3.2 Design" Inventories for Fuel Element Activity

The fourth column of Table 11.1-1 lists the calculated nuclide inventories of

an average fuel element which has operated for 2.64 years (80 percent of 3.3

years). Columns 5 through 7 give the nuclide inventories after 1, 10, and 100

days of decay, respectively. As with the core calculation, it is assumed that

none of the radionuclides had escaped.

These calculat d values are called design" inventories for the fuel lements.
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11.1.3.3.3 "Design" Criteria for Circulating Activity

Column 3 of Table 11.1-2 lists the steady-state "design" criteria for the

fission product and activation product nuclides in the primary coolant at

full power with normal operation of the purification system.

Column 4 of Table 11.1-2 lists the cumulative activities in the Helium

Purification System during the plant lifetime (40 years), assuming that all

collected nuclides are recycled to the HPS following component regenerations.

The only significant dose contributors from the circulating activity are

isotopes of Kr, Xe, I, and Te. The "design" steady-state core average

release fractions (release rate into coolant/birth rate in fuel) are 3.7 x

10-6 for Kr-85m and 2.7 x 10o7 for Xe-138. These values are used to

define the release fractions for other isotopes of krypton and xenon.

Because of similar chemical properties, isotopes of Br and Se are assumed to

have the same release characteristics as Kr, and isotopes of I and Te, the

same as Xe.

11.1.3.3.4 "Design" Criteria for Plateout Activity

The total primary circuit "design" criteria for plateout are given in Column

5 of Table 11.1-2. Columns 6 and 7 give corresponding values 1 and 10 days

after shutdown, respectively.

As discussed in Section 11.1.3.1, the total plateout inventory is calculated

independently by conservatively assuming that all the condensible

radionuclides that are released from the fuel elements plate out in the

primary circuit. Consequently, an exact mass balance is not preserved, i.e.,

the sum of the plateout inventory, the circulating inventory, and the

purification system inventory slightly exceeds the total core release.

The plateout inventories of the condensible fission gases were calculated

using the same core release fractions as were used to calculate their

circulating activities (Section 11.1.3.3.3). For the metals, the "design"
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fractional releases for silver, cesium, and strontium isotopes are

5 x 0-3, 6.7 x 0-5, and 3 x 10 7, respectively. Based upon their

relative volatilities (as inferred from their elemental boiling points), As,

Rb, and Cd isotopes are assumed to have the same release fractions as Cs; and

Eu, Sb, Ba, and Sm isotopes to have the same release fractions as Sr.

To account for possible heavy-metal contamination on the coolant channel

surfaces of the fuel elements during manufacture, a minimum design" release

fraction of 5 x 10 8 is used for all isotopes considered, both metals and

gases.

The 40-year total plateout values are given in the tables and any plateout

values for a shorter period of time are obtained by multiplying the 40-year

value by [1 - exp (- T)/[l - exp (- A40) ] (where X - decay constant of

the radionuclide of interest and T is in years).

11.1.3.4 "Maximum Expected" Criteria for Circulating Activity and Plateout

The "maximum expected" criteria for circulating and 40-year plateout values

of the fission product nuclides and activation product nuclides are given in

Table 11.1-3, along with the accumulated inventories in the HPS.

No maximum expected" core or fuel element activities are calculated because

fuel activities are used only for disposal, shielding, and accident

considerations for which only conservative (design") values are deemed

appropriate.

As explained in Section 11.1.3.1, the "maximum expected" release fractions

for gases are a factor of four lower than "design" release fractions; and the

"maximum expected" release fractions for metals, a factor of 10 lower.

As with the "design" criteria calculations, a minimum release fraction of

5 x 0-9 is used for all isotopes considered, metals and gases, to account

for heavy metal contamination of the fuel elements.
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11.1.3.5 Plateout Distributions

The "design' and maximum expected" plateout distributions of Sr-90, Ag-11rn,

I-131, s-134, Cs-137, and Ce-144 in the primary coolant circuit after 40

years of plateout operation are given in Figures 11.1-1 through 11.1-6,

respectively. The plateout distribution for -131 is valid for all other

iodine isotopes, and the Ce-144 distribution is valid for other condensible

fission products that do not have gaseous precursors. For fission products

which do have gaseous precursors (e.g., Ba-La-140), a uniform plateout

distribution in the primary circuit is used; the uniform specific activity

(Ci/sq cm) may be calculated by obtaining the total plateout inventory from

Table 11.1-2 ("design") or Table 11.1-3 ("maximum expected") and dividing it

by the total plateout surface area of 5.5 x 107 sq cm.

The "design" plateout distributions are represented by dashed lines in the

figures. The calculated, specific plateout activities (i/sq cm) vary around
the primary circ.it because the mass transfer rates vary (typically, they ae

highest where the heat transfer rates are highest) and because the

sorptivities of the plateout surfaces for the more volatile radionuclides

vary with temperature (the sorptivities are highest where the surface

temperatures are lowest). The uniform design" plateout distribution is also

shown by a dashed line in the figures. In order to account for the

possibility of fission product transport on dust and to ensure conservative

dose calculation results, the design" plateout activity at any location in

the primary circuit is taken as the maximum of the calculated and uniform

distributions. This procedure results in the integral of the "design"

plateout distributions given in the figures modestly exceeding the total

plateout inventory given in Table 11.1-2.

The maximum expected" plateout distributions are represented by solid lines

in the figures. They do not account for the possibility of fission product

transport on dust because FSV surveillance data indicate that very modest

quantities of dust are produced in an HTGR with a prismatic core.

The plateout distributions given in the figures are for 40 years of plant
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operation. The approximate distribution for a shorter period of time is

obtained by multiplying the 40-yr value by [1- exp (-IT)/[l - exp (-'k40)J

(where 'K - decay constant of the radionuclide of interest and T is in

years). Also, the specific plateout activities given for the replaceable

reflector elements are cumulative 40-year values. The activities on each set

of reflectors when they are replaced after 10 years of exposure should also

be calculated with the above formula.

11.1.4 Radioactive Effluents

11.1.4.1 Summary

The principal radioactive gaseous, liquid, and solid wastes produced by each

reactor module are presented in this section. These radioactive wastes are

described below and are summarized in Tables 11.1-4, 11.1-5, and 11.1-6.

The principal volumes of radioactive gaseous waste develop as a result of

regenerating components in the Helium Purification System. This gaseous

effluent is composed principally of Xe and Kr noble gases, which are assumed

to undergo a 48-hour decay period from the time the purification system

component is isolated for regeneration and the commencement of actual release

of these nuclides to the atmosphere.

About 200 curies per year of tritiumn will be introduced into the primary

coolant of each reactor module. About 7 percent of this production will

diffuse through the steam generator tube walls into the secondary coolant, be

converted to tritiated water by means of isotope exchange, and eventually be

released to the environment via air-ejector releases to the atmosphere, and

secondary coolant leakages via building sumps and cooling tower blowdown to

environmental ground waters. The remaining tritium will enter the Helium

Purification System in the forms of tritiated H2 and CH4 , and will be

converted to tritiated H20. This water. could be collected for disposal as

a solidified waste, but is assumed to be collected as condensate during

regeneration of the dryers, and later transferred to the Liquid Waste System.
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These radioactive waste activities are based upon the plant radionuclide

design criteria defined in Section 11.1.3.

11.1.4.2 Radioactive Gaseous Wastes

The activity inventories contained in these gaseous wastes will be vented to

the Radioactive Gas Waste System. This system is composed of two sections:

Radioactive Section. Gases which are normally radioactive are transferred

to the radioactive section. These gases are received in a vessel which is

maintained slightly below atmospheric pressure and are periodically

compressed and transferred to high-pressure storage tanks. Following an

appropriate decay period, the effluent gases are monitored and released to

the atmosphere.

Nonradioactive Section. Gases which are normally nonradioactive are

transferred to the nonradioactive section. These gases are simply monitored

to confirm that they are activity-free, and are then released to the

atmosphere. However, if the presence of radioactivity above preset levels is

detected, the gas is automatically diverted to the radioactive section until

radioactivity drops below the preset levels.

The principal sources of radioactive gaseous wastes are described below and

are summarized in Table 11.1-4.

11.1.4.2.1 Regeneration of Helium Purification Dryer

A saturated dryer is taken off line for regeneration during which a hot

helium purge is passed through the dryer in the reverse direction of normal

flow. The regeneration process is assumed to be carried out at a pressure of

690 kPa (100 psia). Trace amounts of Kr and Xe which are held up on the

dryer bed are released to the Nonradioactive Gas Waste System during this

regeneration. The effluent gases, consisting principally of H20 and GO2 ,

are transferred to the regeneration dryer. About 7 kg (15 lb) of helium gas

evolved during the purification dryer regeneration procedure is also released
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to the Nonradioactive Gas Waste System. About 30 train dryer regenerations

will be carried out per year per reactor module.

11.1.4.2.2 Regeneration of a Low-Temperature Adsorber

Gaseous effluent driven from the adsorber bed during regeneration is
transferred to the radioactive section. Each Helium Purification System
includes two low-temperature adsorbers in parallel. Low-temperature adsorber
regeneration is initiated following imminent breakthrough of the adsorber.
The resulting wastes include nitrogen and helium, plus substantial quantities
of Kr and Xe. A low-temperature adsorber is allowed to decay for at least 48
hours before being regenerated. Each purification train requires about two
regenerations per year.

11.1.4.2.3 Regeneration of the Regeneration Dryer, Following Process Dryer

Regeneration

Following a train dryer regeneration, the regeneration dryer is expected to
be essentially activity-free since only trace amounts of noble gas activity
are held up on the dryer bed. The gases evolved from the regeneration dryer
in this case will include both helium and C 2. About 1 kg (2.2 lb) of
water containing less than one Ci H-3 is released during the regeneration.
This water is condensed during the regeneration process and is later drained
to the Liquid Waste System.

Each regenerator train will require about 60 dryer regenerations per year.

11.1.4.2.4 Regeneration of the Regeneration Dryer, Following Low-Temperature

Adsorber Regeneration

The effluent gas is split between the radioactive section and the
nonradioactive section.

Following isolation, the regeneration dryer is depressurized and purged to
the radioactive section to collect the residual Kr and Xe activities. The
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resulting waste gas from each regeneration will include helium, plus trace

amounts of Kr and Xe.

After the regeneration dryer has been heated to 320*C (600'F), the remaining

gaseous residuals are transferred to the nonradioactive section. The

resulting waste gas from each regeneration will include, primarily, helium

and C 2. In the process of regeneration, about 1 kg (2 lb) H20 is

condensed, including less than one Ci H-3 in the form of tritiated water, and

later drained to liquid waste.

Each regenerator will require four regenerations per year.

11. 1.4.2.5 Analytical Instrumentation

Gases released from the Analytical Instrumentation System are transferred to

the radioactive section. The combined instrumentation flows are

approximately 30 gm (0.06 lb) He/hr, consisting mostly of prefiltered primary

coolant. Each reactor module produces gas waste from this source

continuously, represented by weekly accumulations of 5 kg (10 lb) helium

containing trace amounts of CH4 (tritiated), Xe, and Kr.

11.1.4.2.6 Steam Water Dump Tank

Following a steam generator dump, gas from the dump tank is transferred to

the radioactive section for a 48-hour decay period before release. Pressure

equalization between the primary coolant and the leaking steam generator

introduces primary coolant helium into the dump tank. The dump tank is

allowed to cool before venting, in order to minimize flashing. The waste gas

from each dump tank venting will include primary coolant helium, plus trace

amounts of Kr and Xe. Each reactor module will carry out one such transfer

for each steam generator dump.

11.1.4.2.7 Refueling Operations

Vent gas gen rated during refueling is transf rred to the nonradioactive
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section for release to the atmosphere. Gases evolved during each annual

refueling include air and He, plus trace amounts of Kr and Xe. This results

from evacuations of components and interspaces. Each reactor module will

transfer these quantities of gas waste during each refueling.

11.1.4.2.8 Heat Transport System

Vent gas from the main circulator is transferred to the nonradioactive

section for release to the atmosphere. It is expected that the main helium

circulators will feature magnetic bearings, and that their service system

will be water-free and will bathe the motor and related components in

helium. Each venting to the Gas Waste System will consist of helium, plus

trace amounts of Kr and Xe. Each reactor module will carry out one such

transfer per year.

11.1.4.2.9 Shutdown Cooling System

Vent gas from the shutdown circulator is transferred to the nonradioactive

section for release to the atmosphere. it is expected that the shutdown

helium circulators will feature magnetic bearings, and that their service

system will be water-free and will bathe the motor and related components in

helium. Each venting of the included inventory to the Gas Waste System will

consist of helium, plus trace amounts of Kr and Xe. Each reactor module will

carry out one such transfer per year.

11.1.4.2.10 Vents and Leakage

Other sources or potential sources of radioactive gas waste are generated

from certain balance of plant systems. This includes vents from the Shutdown

Cooling Water System, the Reactor Plant Cooling Water System, the Spent Fuel

Storage Cooling Water System, and the Decontamination System. However, the

activity contribution from these sources is expected to be very small (On

the order of 11 Ci/cc).
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11.1.4.3 Radioactive Liquid Wastes

The principal sources of radioactive liquid waste are described below and are

summarized in Table 11.1-5.

11.1.4.3.1 Helium Purification Cooler Condensate Following a Steam Generator

Tube Failure

Following a steam-generator tube failure, water vapor in the primary coolant

helium is condensed in the helium purification cooler and, in the process,

dissolves some of the accumulated plateout activity within the cooler. The

liquid waste following each steam-generator tube failure consists of about

400 1 (100 gal.) water and includes activity due principally to Cs-137 and

Ba-137m. Each reactor module will transfer this quantity of waste following

each steam-generator tube failure.

11.1.4.3.2 Regeneration Cooler Condensate, Following Regeneration of a

Helium-Purification Dryer

During regeneration of a helium-purification dryer, some of the accumulated

noble gas activities will be absorbed in the condensate within the

regeneration cooler, including most of the tritiated water. The resulting

liquid waste will include up to 100 liters (25 gal.) of water (usually about

6 liters), containing H-3 as tritiated water. Each reactor module will

require about 30 such transfers per year.

11.1.4.3.3 Regeneration Cooler Condensate, Following Regeneration of a

Low-Temperature Adsorber

During regeneration of a low-temperature adsorber, the accumulated tritiated

CH4 will be oxidized to yield tritiated H20 and C 2. Although most of

this tritiated H20 will be collected as condensate in the regeneration

cooler, this condensate will also absorb some of the noble gas activity. The

resulting liquid waste will consist of 30 liters (8 gal.) H20 including 16

Ci H-3 as tritiat d water. Each reactor module will require two such
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transfers per year.

11.1.4.3.4 Decontamination of Control Rod Drives

Of the 18 drive assemblies in each reactor module, it is assumed that three

assemblies will be decontaminated each year to facilitate drive overhaul,

this following 5 years service and 30 days of decay before decontamination.

The liquid waste from decontaminating each set of three drive assemblies will

consist of 200 liters (50 gal.) decontamination solution and 400 liters (100

gal.) of rinse solution containing various metallic fission products.

11.1.4.3.5 Decontamination of Main Helium Circulator

it is assumed that one main helium circulator will be decontaminated each

year to facilitate maintenance, this following 4 years service and 30 days of

decay before decontamination. The liquid waste from each such

decontamination will consist of 200 liters (50 gal.) decontamination solution

and 400 liters (100 gal.) rinse solution containing various metallic fission

products.

11.1.4.3.6 Steam Water Dump Tank

A steam generator tube failure, and subsequent dumping of the failed steam

generator transfers about 8000 liters (2100 gal.) of water to the steam water

dump tank. Pressure equalization between the vessel and the steam generator

introduces primary coolant helium into the dump tank and into the water. The

dump tank is allowed to cool for 50 hours before venting and draining to

minimize flashing. The liquid waste from each dump tank draining will

include dissolved Kr and Xe, plus various metallic fission products.

11.1.4.3.7 Miscellaneous Equipment Drains

Additional radioactive liquid effluents are generated from various sources

such as personnel and laundry drains, equipment and floor drains, and

laboratory drains. These effluents could approximate activity levels of
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i0o4 uCi/cc. Drain oil from the fuel handling auxiliary vacuum pump is

expected to yield about 1 Ci per year.

11.1.4.4 Radioactive Solid Wastes

The principal sources of Nuclear Steam Supply System (NSSS) radioactive solid
wastes are summarized in Table 11.1-6. Aside from the fuel and reflector

contributions, the remainder of the solid waste inventory represents a best

estimate for a Standard MHTGR plant based on current reactor operating

experience including information from Fort St. Vramn.
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TABLE 11.1-1 \Ak-T6, .- 19 0 I 6A-/O

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

H3 12.3-Y 1.33+04 2.55+01 2.55+01 2.54+01 2.51+01
C14 5730-Y 1.18+03 2.39+00 2.39+00 2.39+00 2.39+00
GE79 43.0-S 4.09+05 6.20+02 0.00 0.00 0.00
AS79 9.0-M 4.58+05 6.94+02 0.00 0.00 0.00
SE79M 3.89-M 4.58+05 6.94+02 0.00 0.00 0.00
*SE79 STABLE 1.39+02 2.81-01 2.81-01 2.81-01 2.81-01
SE80 STABLE 2.23+02 4.50-01 4.50-01 4.50-01 4.50-01
SE81 18.5-M 8.83+05 1.34+03 0.00 0.00 0.00
BR81 STABLE 2.75+02 5.55-01 5.55-01 5.55-01 5.55-01
SE82 STABLE 5.27+02 1.06+00 1.06+00 1.06+00 1.06+00
SE83M 70.-S 1.59+06 2.41+03 0.00 0.00 0.00
SE83 22.5-M 1.39+06 2.11+03 0.00 0.00 0.00
BR83 2.4-H 3.09+06 4.68+03 4.97+00 0.00 0.00
KR83M 1.86-H 3.09+06 4.68+03 2.00+01 0.00 0.00
KR83 STABLE 9.85+02 1.99+00 1.99+00 1.99+00 1.99+00
SE84 3.3-M 4.65+06 7.05+03 0.00 0.00 0.00
BR84 31.8-M 4.91+06 7.43+03 0.00 0.00 0.00
KR84 STABLE 1.67+03 3.37+00 3.37+00 3.37+00 3.37+00
BR85 2.87-M 6.54+06 9.90+03 0.00 0.00 0.00
KR85M 4.48-H 6.56+06 9.94+03 2.45+02 0.00 0.00
KR85 10.73Y 1.82+05 3.62+02 3.62+02 3.61+02 3.55+02
RB85 STABLE 1.74+03 3.55+00 3.55+00 3.55+00 3.56+00
KR86 STABLE 2.87+03 5.79+00 5.79+00 5.79+00 5.79+00
KR87 76.-M 1.21+07 1.84+04 3.63-02 0.00 0.00
RB87 STABLE 4.08+03 8.23+00 8.23+00 8.23+00 8.23+00
KR88 2.8-H 1.62+07 2.45+04 6.45+01 0.00 0.00
RB88 17.7-M 1.67+07 2.53+04 7.21+01 0.00 0.00
SR88 STABLE 5.65+03 1.14+01 1.14+01 1.14+01 1.14+01
KR89 3.16-M 1.64+07 2.49+04 0.00 0.00 0.00
RB89 15.2-M 1.91+07 2.89+04 0.00 0.00 0.00
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TABLE 11.1-1 (Continued) A ,Z- 1-6 4t1

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

SR89 50.5-D 1.92+07 2.90+04 2.87+04 2.53+04 7.36+03
Y89 STABLE 6.55+03 1.32+01 1.32+01 1.34+01 1.40+01
KR90 32.3-S 1.53+07 2.32+04 0.00 0.00 0.00
RB90M 4.28-M 6.69+06 1.01+04 0.00 0.00 0.00
RB90 2.7-M 1.42+07 2.16+04 0.00 0.00 0.00
SR90 29.-Y 9.67+05 1.94+03 1.94+03 1.94+03 1.93+03
Y90 64.-H 9.67+05 1.94+03 1.94+03 1.94+03 1.93+03
ZR90 STABLE 3.71+02 8.95-01 8.95-01 8.95-01 8.95-01
KR91 9.0-S 1.03+07 1.57+04 0.00 0.00 0.00
RB91 58.5-S 1.72+07 2.61+04 0.00 0.00 0.00
SR91 9.48-H 1.98+07 3.00+04 5.20+03 7.20-04 0.00
Y91 58.6-D 1.98+07 3.01+04 2.99+04 2.69+04 9.28+03
ZR91 STABLE 6.93+03 1.40+01 1.40+01 1.41+01 1.49+01
SR92 2.71-H 1.99+07 3.01+04 6.49+01 0.00 0.00
Y92 3.53-H 2.00+07 3.03+04 9.51+02 0.00 0.00
ZR92 STABLE 7.07+03 1.43+01 1.43+01 1.43+01 1.43+01
SR93 7.5-M 2.04+07 3.09+04 0.00 0.00 0.00
Y93 10.2-H 2.13+07 3.22+04 6.39+03 2.69-03 0.00
ZR93 STABLE 7.60+03 1.54+01 1.54+01 1.54+01 1.54+01
SR94 1.29-M 1.83+07 2.77+04 0.00 0.00 0.00
Y94 19.0-M 2.06+07 3.12+04 0.00 0.00 0.00
ZR94 STABLE 7.47+03 1.51+01 1.51+01 1.51+01 1.51+01
Y95 10.5-M 1.95+07 2.95+04 0.00 0.00 0.00
ZR95 65.5-D 1.97+07 2.99+04 2.96+04 2.69+04 1.04+04
NB95M 3.61-D 1.97+05 2.99+02 2.99+02 2.82+02 1.10+02
NB95 35.1-D 1.97+07 2.99+04 2.99+04 2.95+04 1.74+04
M095 STABLE 7.18+03 1.45+01 1.45+01 1.45+01 1.48+01
Y96 6.0-S 1.82+07 2.77+04 0.00 0.00 0.00
ZR96 STABLE 7.03+03 1.42+01 1.42+01 1.42+01 1.42+01
ZR97 16.8-H 1.80+07 2.73+04 1.01+04 1.37+00 0.00
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TABLE 11.1-1 (Continued) ~T I-9L-2A

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

NB97 73.6-M 1.80+07 2.73+04 1.09+04 1.47+00 0.00
M097 STABLE 6.72+03 1.36+01 1.36+01 1.36+01 1.36+01
NB98 51.0-M 3.01+05 4.56+02 1.45-06 0.00 0.00
M098 STABLE 6.66+03 1.34+01 1.34+01 1.34+01 1.34+01
NB99M 2.5-M 7.03+06 1.07+04 0.00 0.00 0.00
NB99 14.0-S 1.29+07 1.95+04 0.00 0.00 0.00
M099 66.02H 1.90+07 2.88+04 2.24+04 2.32+03 0.00
TC99M 6.02-H 1.67+07 2.54+04 2.15+04 2.25+03 0.00
TC99 STABLE 7.23+03 1.46+01 1.46+01 1.46+01 1.46+01
NB1OOM 7.0-S 1.01+07 1.54+04 0.00 0.00 0.00
NB100 2.9-M 1.01+07 1.54+04 0.00 0.00 0.00
M0100 STABLE 7.93+03 1.60+01 1.60+01 1.60+01 1.60+01
MOlol 14.6-M 1.82+07 2.76+04 0.00 0.00 0.00
TC101 14.2-M 1.82+07 2.76+04 0.00 0.00 0.00
RU101 STABLE 7.07+03 1.43+01 1.43+01 1.43+01 1.43+01
M40102 11.1-14 1.94+07 2.94+04 0.00 0.00 0.00
TC102M 4.3-M 1.94+07 2.94+04 0.00 0.00 0.00
RU102 STABLE 7.59+03 1.53+01 1.53+01 1.53+01 1.53+01
M40103 60.-S 2.06+07 3.13+04 0.00 0.00 0.00
RU103 39.6-D 2.11+07 3.19+04 3.14+04 2.68+04 5.55+03
RH103M 56.-M 2.09+07 3.16+04 3.11+04 2.66+04 5.50+03
RH103 STABLE 8.34+03 1.68+01 1.68+01 1.68+01 1.68+01
M40104 1.6-M4 2.05+07 3.11+04 0.00 0.00 0.00
TC104 18.-M 2.09+07 3.16+04 0.00 0.00 0.00
RU104 STABLE 8.33+03 1.68+01 1.68+01 1.68+01 1.68+01
TC105 8.0-M4 1.86+07 2.82+04 0.00 0.00 0.00
RU105 4.44-H 1.86+07 2.83+04 6.87+02 0.00 0.00
RH105 35.5-H 1.51+07 2.29+04 1.68+04 2.48+02 0.00
PD105 STABLE 7.52+03 1.52+01 1.52+01 1.52+01 1.52+01
RU106 369.-D 1.35+07 2.39+04 2.39+04 2.35+04 1.98+04
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TABLE 11.1-1 (Continued) A 6 - Y- oz4/1,

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

PD106 STABLE 5.81+03 1.30+01 1.30+01 1.31+01 1.42+01
RU107 4.2-H 1.58+07 2.39+04 0.00 0.00 0.00
RH107 21.7-H 1.58+07 2.40+04 0.00 0.00 0.00
PD107 STABLE 6.50+03 1.31+01 1.31+01 1.31+01 1.31+01
RU108 4.5-M 1.19+07 1.80+04 0.00 0.00 0.00
PD108 STABLE 4.42+03 8.73+00 8.73+00 8.73+00 8.73+00
RH109 1.5-M 6.83+06 1.04+04 0.00 0.00 0.00
PD109M 4.69-M 3.42+06 5.18+03 0.00 0.00 0.00
PD109 13.46H 6.84+06 1.04+04 3.02+03 4.48-02 0.00
AG109 STABLE 1.58+03 2.82+00 2.82+00 2.82+00 2.82+00

PD110 STABLE 1.50+03 3.02+00 3.02+00 3.02+00 3.02+00
AG110M 252.-D 1.38+04 2.34+01 2.34+01 2.28+01 1.78+01
RH111 63.-S 1.70+06 2.58+03 0.00 0.00 0.00
PD111 22.-H 1.72+06 2.61+03 0.00 0.00 0.00
AG111M 74.-S 1.72+06 2.60+03 0.00 0.00 0.00
AG111 7.47-D 1.73+06 2.62+03 2.38+03 1.03+03 2. 44-01

CD111 STABLE 7.10+02 1.42+00 1.42+00 1.43+00 1.44+00
PD112 20.1-H 7.01+05 1.06+03 4.64+02 2.70-01 0.00
AG112 3.13-H 7.01+05 1.06+03 5.49+02 3.20-01 0.00
PD113 1.5-H 4.42+05 6.69+02 0.00 0.00 0.00
AG113 5.3-H 3.98+05 6.03+02 2.62+01 0.00 0.00
CD113 STABLE 7.61-01 1.15-03 1.25-03 1.25-03 1. 25-03
SN119M 245.-D 1.48+03 2.50+00 2.49+00 2.43+00 1.88+00
SN119 STABLE 5.41+01 1.09-01 1.09-01 1.09-01 1.09-01
SN123 129.-D 2.04+04 3.21+01 3.19+01 3.04+01 1.88+01
SB123 STABLE 6.23+01 1.26-01 1.26-01 1.27-01 1.28-01
SN125 9.65-D 1.19+05 1.81+02 1.68+02 8.82+01 1.37-01
SB125 2.73-Y 1.32+05 2.52+02 2.52+02 2.51+02 2.37+02

TE125M 58. -D 2.96+04 5.67+01 5.68+01 5.69+01 5.55+01
TE125 STABLE 6.87+01 1.61-01 1.61-01 1.62-01 1.73-01
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TABLE 11.1-1 (Continued) R662

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

SN126 STABLE 3.91+02 7.90-01 7.90-01 7.90-01 7.90-01
SB126M 19.O-M 8.12+05 1.23+03 1.02-02 1.02-02 1.02-02
SN127M 4.4-M 3.34+05 5.05+02 0.00 0.00 0.00
SN127 2.12-H 1.24+06 1.89+03 7.37-01 0.00 0.00
SB127 3.8-D 1.70+06 2.58+03 2.19+03 4.24+02 3.15-05
TE127M 109.-D 2.67+05 4.14+02 4.13+02 4.00+02 2.27+02
TE127 9.4-H 1.69+06 2.57+03 2.41+03 7.89+02 2.22+02
I 127 STABLE 8.29+02 1.68+00 1.68+00 1.68+00 1.68+00
SN128 59.-M 1.88+06 2.85+03 1.28-04 0.00 0.00
SB128M 10.4-H 2.06+06 3.13+03 1.55-04 0.00 0.00
SB128 9.0-H 2.16+05 3.27+02 5.16+01 3.08-06 0.00
TE128 STABLE 1.13+03 2.28+00 2.28+00 2.28+00 2.28+00
SN129M 2.5-H 1.48+06 2.24+03 0.00 0.00 0.00
SN129 7.5-M 1.48+06 2.24+03 0.00 0.00 0.00
SB129 4.34-H 4.39+06 6.66+03 1.46+02 0.00 0.00
TE129M 33.4-D 9.08+05 1.38+03 1.35+03 1.12+03 1.73+02
TE129 70.-M 4.57+06 6.92+03 1.03+03 7.15+02 1.10+02
I 129 STABLE 2.43+03 4.90+00 4.90+00 4.90+00 4.91+00
SN130 3.7-M 3.76+06 5.70+03 0.00 0.00 0.00
SB130M 6.6-M 4.17+06 6.32+03 0.00 0.00 0.00
SB130 37.-H 2.04+06 3.09+03 0.00 0.00 0.00
TE130 STABLE 3.52+03 7.10+00 7.10+00 7.10+00 7.10+00
SN131 63.-S 4.02+06 6.09+03 0.00 0.00 0.00
SB131 23.-M 7.90+06 1.20+04 0.00 0.00 0.00
TE131M 30.-M 3.53+06 5.35+03 3.08+03 2.10+01 0.00
TE131 25.-H 8.89+06 1.35+04 5.62+02 3.82+00 0.00
I 131 8.041D 1.17+07 1.77+04 1.65+04 7.82+03 3.34+00
XE131M 11.99D 1.63+05 2.48+02 2.39+02 1.99+02 2.22+00
XE131 STABLE 5.87+03 1.19+01 1.19+01 1.19+01 1.20+01
SN132 40.0-S 2.60+06 3.94+03 0.00 0.00 0.00
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TABLE 11.1-1 (Continued) kT 6?-OI - 6 /t4

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

SB132M 4.1-M 3.53+06 5.35+03 0.00 0.00 0.00
SB132 2.1-M 6.50+06 9.84+03 0.00 0.00 0.00
TE132 78.-H 1.58+07 2.39+04 1.93+04 2.84+03 0.00
I 132 2.285H 1.64+07 2.48+04 1.99+04 2.92+03 0.00
XE132 STABLE 8.29+03 1.67+01 1.67+01 1.67+01 1.67+01
SB133 2.4-H 8.62+06 1.31+04 0.00 0.00 0.00
TE133M 55.4-H 1.17+07 1.77+04 2.69-04 0.00 0.00
TE133 12.5-H 9.63+06 1.46+04 4.52-05 0.00 0.00
I 133 20.8-H 2.10+07 3.18+04 1.47+04 1.10+01 0.00
XE133M 2.23-D 7.05+05 1.07+03 9.37+02 7.28+01 0.00
XE133 5.29-D 2.12+07 3.21+04 3.06+04 1.04+04 7.90-02
CS133 STABLE 1.08+04 2.18+01 2.18+01 2.19+01 2.20+01
TE134 42.-H 2.09+07 3.16+04 0.00 0.00 0.00
I 134M 3.6-H 3.47+06 5.25+03 0.00 0.00 0.00
I 134 52.6-H 2.34+07 3.54+04 9.27-04 0.00 0.00
XE134 STABLE 1.22+04 2.46+01 2.46+01 2.46+01 2.46+01
CS134 2.06-Y 1.06+06 2.00+03 2.00+03 1.98+03 1.82+03
I 135 6.585H 2.14+07 3.25+04 2.60+03 0.00 0.00
XE135M 15.3-H 5.10+06 7.72+03 3.97+02 0.00 0.00
XE135 9.17-H 2.81+06 4.26+03 6.58+03 9.91-04 0.00
CS135 STABLE 1.20+04 2.42+01 2.42+01 2.42+01 2.42+01
I 136 85.-S 1.14+07 1.72+04 0.00 0.00 0.00
XE136 STABLE 1.11+04 2.25+01 2.25+01 2.25+01 2.25+01
CS136 13.0-D 1.97+05 2.99+02 2.83+02 1.75+02 1.44+00
XE137 3.84-H 2.06+07 3.12+04 0.00 0.00 0.00
CS137 30.1-Y 9.26+05 1.86+03 1.86+03 1.86+03 1.85+03
BA137M 2.55-H 8.77+05 1.76+03 1.76+03 1.76+03 1.75+03
BA137 STABLE 5.41+02 1.31+00 1.31+00 1.31+00 1.31+00
XE138 14.2-H 1.95+07 2.95+04 0.00 0.00 0.00
CS138M 2.9-M 1.78+06 2.70+03 0.00 0.00 0.00
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TABLE 11.1-1 (Continued) Ffr6 X - - ZA/I

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

CS138 32.2-M 2.03+07 3.07+04 0.00 0.00 0.00
BA138 STABLE 1.09+04 2.20+01 2.20+01 2.20+01 2.20+01
XE139 39.7-S 1.57+07 2.38+04 0.00 0.00 0.00
CS139 9.3-M 1.91+07 2.90+04 0.00 0.00 0.00
BA139 83.3M 1.94+07 2.93+04 2.06-01 0.00 0.00
LA139 STABLE 1.03+04 2.09+01 2.09+01 2.09+01 2.09+01
XE140 13.6-S 1.14+07 1.72+04 0.00 0.00 0.00
CS140 63.8-S 1.74+07 2.63+04 0.00 0.00 0.00
BA140 12.79D 1.96+07 2.98+04 2.82+04 1.73+04 1.32+02
LA140 40.23H 1.97+07 2.99+04 2.95+04 1.98+04 1.52+02
CE140 STABLE 1.06+04 2.14+01 2.14+01 2.14+01 2.14+01
BA141 18.3M 1.94+07 2.93+04 0.00 0.00 0.00
LA141 3.87-H 1.98+07 3.00+04 4.42+02 0.00 0.00
CE141 32.53D 1.98+07 3.00+04 2.96+04 2.44+04 3.59+03
PR141 STABLE 1.07+04 2.17+01 2.17+01 2.19+01 2.26+01
BA142 10.7-M 1.86+07 2.82+04 0.00 0.00 0.00
LA142 92.4-M 2.02+07 3.06+04 6.99-01 0.00 0.00
CE142 STABLE 1.10+04 2.22+01 2.22+01 2.22+01 2.22+01
LA143 14.-M 1.79+07 2.72+04 0.00 0.00 0.00
CE143 33.0-H 1.80+07 2.73+04 1.66+04 1.78+02 0.00
PR143 13.580 1.80+07 2.73+04 2.70+04 1.82+04 1.84+02
ND143 STABLE 5.58+03 1.00+01 1.00+01 1.01+01 1.04+01
CE144 284.4D 1.33+07 2.28+04 2.27+04 2.22+04 1.78+04
PR144 17.28M 1.33+07 2.28+04 2.27+04 2.22+04 1.78+04
ND144 STABLE 7.66+03 1.68+01 1.68+01 1.68+01 1.68+01
CE145 3.3-M 1.19+07 1.80+04 0.00 0.00 0.00
PR145 5.98-H 1.19+07 1.80+04 1.13+03 0.00 0.00
ND145 STABLE 6.62+03 1.34+01 1.34+01 1.34+01 1.34+01
CE146 14.2-M 9.00+06 1.36+04 0.00 0.00 0.00
PR146 24.2-M 9.03+06 1.37+04 0.00 0.00 0.00
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TABLE 11.1-1 (Continued) w

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

ND146 STABLE 5.06+03 1.02+01 1.02+01 1.02+01 1.02+01
CE147 70.-S 7.07+06 1.07+04 0.00 0.00 0.00
PR147 12.-M 7.18+06 1.09+04 0.00 0.00 0.00
ND147 10.99D 7.18+06 1.09+04 1.02+04 5.80+03 1.99+01
PM147 2.623Y 1.30+06 2.12+03 2.13+03 2.16+03 2.09+03
SM147 STABLE 3.99+03 8.14+00 8.13+00 8.09+00 8.17+00
PR148 2.0-M 6.03+06 9.14+03 0.00 0.00 0.00
ND148 STABLE 3.43+03 6.93+00 6.93+00 6.93+00 6.93+00
PM148M 41.3-D 2.98+05 4.52+02 4.45+02 3.82+02 8.44+01
PM148 5.37-D 1.84+06 2.79+03 2.46+03 7.68+02 6.92-03
PR149 2.3-M 4.58+06 6.94+03 0.00 0.00 0.00
ND149 1.73-H 4.62+06 7.01+03 4.77-01 0.00 0.00
PM1149 53.1-H 4.52+06 6.85+03 5.18+03 3.09+02 0.00
SM149 STABLE 5.56+00 8.42-03 1.08-02 1.78-02 1.82-02
ND150 STABLE 2.18+03 4.40+00 4.40+00 4.40+00 4.40+00
ND151 12.4-M 2.83+06 4.30+03 0.00 0.00 0.00
PM1151 28.4-H 2.84+06 4.31+03 2.41+03 1.24+01 0.00
SM151 93. -Y 2.32+03 3.52+00 3.58+00 3.67+00 3.66+00
EU151 STABLE 4.70+01 7.12-02 6.86-02 6.54-02 6.56-02
ND152 11.5-M 2.23+06 3.38+03 0.00 0.00 0.00
PM1152 4.1-11 2.25+06 3.40+03 0.00 0.00 0.00
511152 STABLE 5.23+02 8.77-01 8.77-01 8.77-01 8.77-01
EU152 13.-Y 7.25-01 1.45-03 1.45-03 1.44-03 1.43-03
ND153 67.5-S 1.54+06 2.33+03 0.00 0.00 0.00
PM1153 5.4-11 1.66+06 2.52+03 0.00 0.00 0.00
SM1153 45.5-H 1.64+06 2.49+03 1.75+03 6.97+01 0.00
EU153 STABLE 3.55+02 5.86-01 5.87-01 5.91-01 5.91-01
ND154 7.73-D 9.73+05 1.47+03 1.35+03 6.01+02 1.88-01
PM1154 2.8-11 1.09+06 1.66+03 1.35+03 6.02+02 1.88-01
SM1154 STABLE 6.93+02 1.39+00 1.39+00 1.39+00 1.39+00
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TABLE 11.1-1 (Continued) T 9- 6- 14&

"DESIGN" INVENTORIES FOR CORE AND ELEMENT ACTIVITY (CURIES)

CORE AVERAGE POWER ELEMENT AFTER 3.300 YEARS OPERATION
NUCLIDE HALFLIFE EQUILIBRIUM INITIAL 1 DAY DECAY 10 DAY DECAY 100 DAY DECAY

EU154 8.6-Y 3.80+04 7.55+01 7.55+01 7.53+01 7.39+01
SM155 22.2-M 7.33+05 1.11+03 0.00 0.00 0.00
EU155 4.8-Y 1.22+04 2.39+01 2.39+01 2.39+01 2.30+01
GD155 STABLE 5.09+00 7.75-03 7.75-03 7.93-03 9.66-03
SM156 9.4-H 5.31+05 8.05+02 1.37+02 1.66-05 0.00
EU156 15.2-D 4.95+05 7.51+02 7.34+02 4.89+02 8.07+00
GD156 STABLE 3.02+02 6.03-01 6.03-01 6.08-01 6.17-01
SM157 83.-S 4.13+05 6.25+02 0.00 0.00 0.00
EU157 15.2-H 4.13+05 6.26+02 2.10+02 1.10-02 0.00
GD157 STABLE 3.99-01 6.04-04 7.84-04 8.75-04 8.75-04

TOTALS 1.61+09 2.45+06 6.47+05 3.66+05 1.28+05

*-STABLE NUCLIDES ARE GIVEN IN GRAMS
EXPONENTIAL NOTATION IS EMPLOYED (1.23+01 REPRESENTS 12.3)

9 of



TABLE 11.1-2 

"DSIN CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. ****** PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

H3 12.3-Y 2.40-01 4.26+03 0.00 0.00 0.00
C14 5730-Y 0.00 0.00 0.00 0.00 0.00
GE79 43.0-S 6.59-03 3.08-06 7.00-03 0.00 0.00
AS79 9.0-H 5.97+00 6.03-03 1.06+01 0.00 0.00
SE79M 3.89-H 1.84+00 2.45-03 4.32+00 0.00 0.00

*SE79 STABLE 1.62-07 9.01-05 1.76-01 1.76-01 1.76-01
SE80 STABLE 3.93-07 2.31-04 3.97-01 3.97-01 3.97-01
SE81 18.5-H 2.22-01 3.32-04 5.77-01 0.00 0.00
BR81 STABLE 5.83-07 3.45-04 5.91-01 5.91-01 5.91-01
SE82 STABLE 9.68-07 5.70-04 9.78-01 9.78-01 9.78-01
SE83M 70.-S 1.69-01 9.03-05 1.86-01 0.00 0.00
SE83 22.5-H 2.86-01 4.87-04 8.44-01 0.00 0.00
BR83 2.4-H 3.57-01 3.11-03 5.38+00 5.41-03 0.00
KR83M 1.86-H 7.21+00 8.34-01 0.00 0.00 0.00
KR83 STABLE 5.73-05 1.63+00 0.00 0.00 0.00
SE84 3.3-H 8.71-01 6.09-04 1.12+00 0.00 0.00
BR84 31.8-H 1.19+00 2.68-03 4.71+00 0.00 0.00
KR84 STABLE 1.03-04 2.98+00 0.00 0.00 0.00
BR85 2.87-H 1.15+00 7.73-04 1.44+00 0.00 0.00
KR85M 4.48-H 9.19+00 5.58+00 0.00 0.00 0.00
KR85 10.73Y 1.18-02 1.45+02 0.00 0.00 0.00
RB85 STABLE 1.15-06 7.71-04 1.16+00 1.16+00 1.16+00
KR86 STABLE 2.00-04 5.82+00 0.00 0.00 0.00
KR87 76.-H 1.19+01 2.25+00 0.00 0.00 0.00
RB87 STABLE 2.73-06 3.18-02 2.76+00 2.76+00 2.76+00
KR88 2.8-H 2.06+01 8.64+00 0.00 0.00 0.00
RB88 17.7-H 2.05+01 2.16+01 5.20+01 0.00 0.00
SR88 STABLE 1.28-07 1.18-01 3.01-01 3.01-01 3.01-01
KR89 3.16-H 4.97+00 3.92-02 0.00 0.00 0.00
RB89 15.2-M 5.64+00 9.83-02 1.31+01 0.00 0.00
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TABLE 11.1-2 (Continued) 0Z ,

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION

NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 
INITIAL 1 DAY DECAY 10 DAY DECAY

SR89 50.5-D 1.55-03 1.01-01 1.72+01 1.69+01 1.50+01

Y89 STABLE 3.48-09 2.05-06 9.83-02 9.84-02 9.84-02

KR90 32.3-S 2.20+00 2.95-03 0.00 0.00 0.00

RB90M 4.28-M 5.69-01 9.08-04 7.79-01 0.00 0.00

RB90 2.7-M 4.47+00 6.93-03 5.52+00 0.00 0.00

SR90 29.-Y 3.79-06 2.38-04 3.35+00 3.35+00 3.35+00

Y90 64.-H 1.06-04 6.84-04 3.38+00 3.38+00 3.35+00

ZR90 STABLE 1.96-10 2.49-06 1.91-02 1.91-02 1.91-02

KR91 9.0-S 7.60-01 2.84-04 0.00 0.00 0.00

RB91 58.5-S 2.42+00 1.05-03 2.63+00 0.00 0.00

SR91 9.48-H 6.35-02 1.50-03 3.40+00 5.89-01 8.15-08

Y91 58.6-D 1.14-04 4.50-04 4.17+00 4.14+00 3.73+00

ZR91 STABLE 4.31-09 5.07-06 2.79-02 2.79-02 2.79-02

SR92 2.71-H 5.19-02 4.56-04 7.83-01 1.69-03 0.00

Y92 3.53-H 4.35-02 9.16-04 1.57+00 3.18-02 0.00

ZR92 STABLE 4.72-09 7.86-06 1.35-02 1.35-02 1.35-02

SR93 7.5-H 5.09-01 4.75-04 8.40-01 0.00 0.00

Y93 10.2-H 2.54-02 9.77-04 1.70+00 3.35-01 1.41-07

ZR93 STABLE 5.06-09 8.53-06 1.48-02 1.48-02 1.48-02

SR94 1.29-H 7.30-01 4.00-04 8.12-01 0.00 0.00

Y94 19.0-H 6.07-01 9.04-04 1.69+00 0.00 0.00

ZR94 STABLE 8.57-09 8.26-06 1.50-02 1.50-02 1.50-02
Y95 10.5-H 4.59-01 5.00-04 8.77-01 0.00 0.00

ZR95 65.5-D 1.65-04 1.02-03 1.77+00 1.75+00 1.59+00

NB95M 3.61-D 1.93-05 1.53-05 2.64-02 2.49-02 1.80-02

NB95 35.1-D 2.03-04 5.19-04 2.66+00 2.65+00 2.48+00

H095 STABLE 5.18-09 6.10-06 2.09-02 2.09-02 2.09-02

Y96 6.0-S 8.10-01 1.43-04 8.17-01 0.00 0.00

ZR96 STABLE 9.89-09 3.86-06 1.00-02 1.00-02 1.00-02

ZR97 16.8-H 9.43-03 4.85-04 8.33-01 3.10-01 4.18-05
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TABLE 11.1-2 (Continued) ~ k T C g19-X& -cQ-/6

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

NB97 73.6-M 1.15-01 9.72-04 1.67+00 3.34-01 4.50-05
M097 STABLE 5.67-09 8.78-06 1.51-02 1.51-02 1.51-02
NB98 51.0-M 9.57-04 3.01-06 5.19-03 1.64-11 0.00
H098 STABLE 4.98-09 2.95-06 5.06-03 5.06-03 5.06-03
NB99M 2.5-M 2.48-01 1.61-04 3.01-01 0.00 0.00
NB99 14.0-S 5.51-01 1.64-04 5.62-01 0.00 0.00
H099 66.02H 4.85-03 8.32-04 1.74+00 1.35+00 1.40-01
TC99M 6.02-H 2.39-02 4.47-04 2.30+00 1.35+00 1.35-01
TC99 STABLE 5.45-09 5.87-06 2.07-02 2.07-02 2.07-02
NB100M 7.0-S 4.36-01 8.54-05 4.40-01 0.00 0.00
NB100 2.9-M 3.52-01 2.37-04 4.40-01 0.00 0.00
H0lC0 STABLE 7.62-09 4.69-06 8.25-03 8.25-03 8.25-03
H0l0l 14.6-H 3.25-01 4.22-04 7.35-01 0.00 0.00
TC101 14.2-H 4.75-01 8.43-04 1.47+00 0.00 0.00
RU101 STABLE 7.50-09 7.97-06 1.38-02 1.38-02 1.38-02
M0102 11.1-H 3.26-01 3.64-04 6.39-01 0.00 0.00
TC102M 4.3-M 7.03-01 7.17-04 1.28+00 0.00 0.00
RU102 STABLE 8.40-09 6.90-06 1.21-02 1.21-02 1.21-02
M0103 60.-S 4.70-01 2.41-04 5.10-01 0.00 0.00
RU103 39.6-D 2.01-04 5.45-04 1.03+00 1.01+00 8.67-01
RH103M 56.-H 8.84-02 8.40-04 1.54+00 1.01+00 8.59-01
RH103 STABLE 3.86-09 1.94-06 1.32-02 1.32-02 1.32-02
M0104 1.6-M 3.07-01 1.78-04 3.50-01 0.00 0.00
TC104 18.-H 2.63-01 3.88-04 7.15-01 0.00 0.00
RU104 STABLE 4.01-09 3.88-06 6.98-03 6.98-03 6.98-03
TC105 8.0-H 1.48-01 1.41-04 2.50-01 0.00 0.00
RU105 4.44-H 1.66-02 2.88-04 5.01-01 1.20-02 0.00
RH105 35.5-H 1.44-03 4.34-04 7.52-01 5.14-01 7.60-03
PD105 STABLE 1.63-09 9.54-07 6.54-03 6.54-03 6.54-03
RU106 369.-D 3.58-06 9.61-05 1.65-01 1.65-01 1.62-01

3 of 9



TABLE 11.1-2 (Continued) 17G97 OV 1

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. *****~ PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

PD106 STABLE 7.69-10 1.24-06 1.86-03 1.86-03 1.86-03
RU107 4.2-M 8.13-02 6.12-05 1.11-01 0.00 0.00
RH107 21.7-M 6.68-02 1.25-04 2.22-01 0.00 0.00
PD107 STABLE 1.17-09 1.26-06 2.21-03 2.21-03 2.21-03
RU108 4.5-H 4.99-02 3.84-05 6.94-02 0.00 0.00
PD108 STABLE 4.75-10 2.79-07 4.80-04 4.80-04 4.80-04
RH109 1.5-M 4.78-02 2.72-05 5.40-02 0.00 0.00
PD109M 4.69-H 3.63-02 2.87-05 5.41-02 0.00 0.00
PD109 13.46H 1.61-03 7.38-05 1.35-01 3.94-02 5.84-07
AG109 STABLE 3.85-05 2.27-02 3.89+01 3.89+01 3.89+01
PD110 STABLE 1.45-10 8.54-08 1.47-04 1.47-04 1.47-04
AG110M 252.-D 2.68-03 4.91-02 8.43+01 8.41+01 8.20+01
RH111 63.-S 9.75-03 5.07-06 1.06-02 0.00 0.00
PD111 22.-H 7.21-03 1.15-05 2.18-02 0.00 0.00
AG111M 74.-S 1.66-02 1.70-05 3.29-02 0.00 0.00
AG111 7.47-D 1.29+00 7.02-01 1.21+03 1.10+03 4.77+02
CD111 STABLE 1.17-07 4.90-03 8.41+00 8.41+00 8.42+00
PD112 20.1-H 5.44-05 3.34-06 5.74-03 2.51-03 1.46-06
AG112 3.13-H 3.36-04 6.69-06 1.15-02 2.99-03 1.73-06
PD113 1.5-H 3.46-03 1.97-06 3.90-03 0.00 0.00
AG113 5.3-H 2.32-04 3.82-06 7.03-03 3.05-04 0.00
CD113 STABLE 3.21-08 1.89-05 3.25-02 3.25-02 3.25-02
SN119M 245.-D 1.16-09 2.07-08 3.55-05 3.54-05 3.45-05
SN119 STABLE 1.74-11 1.04-08 1.79-05 1.79-05 1.79-05
SN123 129.-D 3.17-08 2.98-07 5.11-04 5.08-04 4.84-04
SB123 STABLE 1.44-10 8.75-08 1.49-04 1.49-04 1.49-04
SN125 9.65-D 2.18-06 1.53-06 2.62-03 2.44-03 1.28-03
SB125 2.73-Y 3.61-07 2.76-05 4.74-02 4.74-02 4.71-02
TE125M 58.-D 3.63-05 3.98-04 2.67-01 2.64-01 2.37-01
TE125 STABLE 8.56-08 1.30-04 8.87-02 8.87-02 8.87-02
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TABLE 11.1-2 (Continued) z c 4 Z

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

SN126 STABLE 1.13-10 6.65-08 1.14-04 1.14-04 1.14-04
SB126M 19.0-H 5.53-03 8.47-06 1.46-02 1.47-06 1.47-06
SN127M 4.4-H 3.81-03 2.91-06 5.26-03 0.00 0.00
SN127 2.12-H 2.00-03 1.40-05 2.40-02 9.40-06 0.00
SB127 3.8-D 7.76-05 3.50-05 6.04-02 5.08-02 9.83-03
TE127M 109.-D 2.18-04 1.73-03 2.97+00 2.95+00 2.79+00
TE127 9.4-H 2.21-02 2.33-03 4.02+00 3.09+00 2.73+00
I 127 STABLE 1.00-06 2.93-02 1.05+00 1.05+00 1.05+00
SN128 59.-H 9.39-03 3.33-05 5.74-02 2.58-09 0.00
SB128M 10.4-M 3.58-02 6.67-05 1.16-01 3.13-09 0.00
SB128 9.0-H 7.24-05 2.07-06 3.56-03 5.63-04 3.36-11
TE128 STABLE 2.08-06 1.22-03 2.10+00 2.10+00 2.10+00
SN129M 2.5-M 5.10-02 3.31-05 6.20-02 0.00 0.00
SN129 7.5-H 2.53-02 2.35-05 4.17-02 0.00 0.00
SB129 4.34-H 8.33-03 1.26-04 2.24-01 4.88-03 0.00
TE129M 33.4-D 1.83-03 4.44-03 7.63+00 7.48+00 6.20+00
TE129 70.-H 2.22-01 3.73-03 6.50+00 4.77+00 3.95+00
I 129 STABLE 4.37-06 1.27-01 4.49+00 4.49+00 4.49+00
SN130 3.7-H 1.20-01 8.67-05 1.58-01 0.00 0.00
SB130M 6.6-H 1.91-01 1.86-04 3.34-01 0.00 0.00
SB130 37.-H 1.70-02 4.31-05 7.52-02 0.00 0.00
TE130 STABLE 9.03-06 5.32-03 9.13+00 9.13+00 9.13+00
SN131 63.-S 1.17-01 6.07-05 1.27-01 0.00 0.00
SB131 23.-H 1.61-01 2.71-04 4.93-01 0.00 0.00
TE131M 30.-M 3.21-02 2.94-03 5.04+00 2.90+00 1.97-02
TE131 25.-H 8.99-01 1.60-03 3.87+00 5.29-01 3.60-03
I 131 8.041D 7.26-02 2.07+00 8.00+01 7.37+01 3.41+01
XE131M 11.99D 5.34-02 1.23+00 0.00 0.00 0.00
XE131 STABLE 5.39-04 1.50+01 0.00 0.00 0.00
SN132 40.0-S 7.35-02 3.36-05 7.78-02 0.00 0.00
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TABLE 11.1-2 (Continued) T/0

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

SB132M 4.1-M 1.41-01 1.02-04 1.93-01 0.00 0.00
SB132 2.1-M 2.33-01 1.42-04 2.78-01 0.00 0.00
TE132 78.-H 1.63-01 3.85-02 6.62+01 5.35+01 7.85+00
I 132 2.285H 9.03-01 3.43-01 7.77+01 5.51+01 8.09+00
XE132 STABLE 7.84-04 2.22+01 0.00 0.00 0.00
SB133 2.4-H 2.52-01 1.61-04 3.04-01 0.00 0.00
TE133M 55.4-H 1.04+00 3.51-03 6.05+00 9.08-08 0.00
TE133 12.5-H 1.20+00 1.81-03 3.16+00 1.52-08 0.00
I 133 20.8-H 4.89-01 1.46+00 5.97+01 2.70+01 2.02-02
XE133M 2.23-D 4.56-01 2.20+00 0.00 0.00 0.00
XE133 5.29-D 9.28+00 1.24+02 0.00 0.00 0.00
CS133 STABLE 1.12-05 6.51-03 1.14+01 1.14+01 1.14+01
TE134 42.-H 1.91+00 5.13-03 8.85+00 0.00 0.00
I 134M 3.6-H 1.61-01 1.44-03 2.11-01 0.00 0.00
I 134 52.6-H 2.50+00 2.86-01 2.09+01 3.22-07 0.00
XE134 STABLE 1.32-03 3.82+01 0.00 0.00 0.00
CS134 2.06-Y 1.59-03 8.71-02 1.49+02 1.49+02 1.48+02
I 135 6.585H 7.65-01 7.54-01 2.70+01 2.16+00 0.00
XE135M 15.3-H 4.82+00 1.49-01 0.00 0.00 0.00
XE135 9.17-H 1.40+01 6.54+00 0.00 0.00 0.00
CS135 STABLE 1.15-05 6.61-03 1.16+01 1.16+01 1.16+01
I 136 85.-S 6.81-01 2.41-03 7.65-01 0.00 0.00
XE136 STABLE 1.12-03 3.26+01 0.00 0.00 0.00
CS136 13.0-D 8.09-03 7.65-03 1.31+01 1.25+01 7.71+00
XE137 3.84-H 2.57+00 2.46-02 0.00 0.00 0.00
CS137 30.1-Y 9.79-04 4.38-01 7.00+02 7.00+02 7.00+02
BA137M 2.55-H 3.26-02 4.64-04 6.62+02 6.62+02 6.62+02
BA137 STABLE 2.51-09 3.33-05 5.95+00 5.95+00 5.95+00
XE138 14.2-H 4.82+00 1.71-01 0.00 0.00 0.00
CS138M 2.9-H 2.70-02 1.82-05 3.38-02 0.00 0.00
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TABLE 11.1-2 (Continued) ~ --- 4

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION

NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 
INITIAL 1 DAY DECAY 10 DAY DECAY

CS138 32.2-M 3.43+00 4.28-01 1.30+01 0.00 0.00
BA138 STABLE 8.13-08 3.07-05 1.64-01 1.64-01 1.64-01
XE139 39.7-S 8.26-01 1.36-03 0.00 0.00 0.00
CS139 9.3-M 1.63+00 3.91-03 2.95+00 0.00 0.00
BA139 83.3M 3.09-01 4.43-03 3.85+00 2.64-05 0.00
LA139 STABLE 1.03-08 4.54-06 4.10-02 4.10-02 4.10-02
XE140 13.6-S 3.36-01 1.90-04 0.00 0.00 0.00
CS140 63.8-S 1.49+00 8.50-04 1.63+00 0.00 0.00
BA140 12.79D 4.54-03 4.21-03 7.39+00 7.00+00 4.30+00
LA140 40.23H 4.27-03 5.21-04 8.29+00 7.91+00 4.94+00
CE140 STABLE 7.71-09 9.04-06 7.97-02 7.97-02 7.97-02
BA141 18.3M 3.19-01 4.74-04 8.24-01 0.00 0.00
LA141 3.87-H 5.44-02 9.58-04 1.65+00 2.34-02 0.00
CE141 32.53D 2.18-04 1.44-03 2.49+00 2.44+00 2.02+00
PR141 STABLE 7.19-09 4.23-06 2.90-02 2.90-02 2.90-02
BA142 10.7-H 4.21-01 4.62-04 8.11-01 0.00 0.00
LA142 92.4-M 1.39-01 9.47-04 1.65+00 3.57-05 0.00
CE142 STABLE 8.49-09 1.26-05 2.18-02 2.18-02 2.18-02
LA143 14.-H 3.68-01 4.67-04 8.15-01 0.00 0.00
CE143 33.0-H 6.89-03 9.45-04 1.63+00 9.91-01 1.06-02
PR143 13.580 4.88-04 1.42-03 2.45+00 2.40+00 1.58+00
ND143 STABLE 7.20-09 4.23-06 2.90-02 2.90-02 2.90-02
CE144 284.4D 2.09-05 4.31-04 7.40-01 7.38-01 7.22-01
PR144 17.28H 2.36-01 8.57-04 1.33+00 7.38-01 7.22-01
ND144 STABLE 7.31-09 1.14-05 1.72-02 1.72-02 1.72-02
CE145 3.3-H 4.18-01 2.93-04 5.38-01 0.00 0.00
PR145 5.98-H 2.98-02 6.06-04 1.08+00 6.69-02 0.00
ND145 STABLE 5.06-09 8.27-06 1.45-02 1.45-02 1.45-02
CE146 14.2-M 1.84-01 2.36-04 4.11-01 0.00 0.00
PR146 24.2-M 1.93-01 4.74-04 8.25-01 0.00 0.00
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TABLE 11.1-2 (Continued) 16

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

ND146 STABLE 5.44-09 6.48-06 1.12-02 1.12-02 1.12-02
CE147 70.-S 2.74-01 1.47-04 3.02-01 0.00 0.00
PR147 12.-M 2.89-01 3.27-04 6.18-01 0.00 0.00
ND147 10.99D 4.42-04 5.12-04 9.34-01 8.78-01 4.98-01
PM147 2.623Y 2.65-06 1.84-04 1.25+00 1.25+00 1.25+00
SM147 STABLE 1.81-08 1.23-05 2.96-02 2.96-02 2.97-02
PR148 2.0-M 2.01-01 1.23-04 2.36-01 0.00 0.00
ND148 STABLE 3.99-09 2.40-06 4.35-03 4.35-03 4.35-03
PM148M 41.3-D 2.76-06 8.28-06 1.42-02 1.40-02 1.20-02
PM148 5.37-D 1.31-04 5.12-05 8.78-02 7.72-02 2.42-02
PR149 2.3-H 1.26-01 8.00-05 1.51-01 0.00 0.00
ND149 1.73-H 2.83-02 1.71-04 3.08-01 2.08-05 0.00
PM149 53.1-H 6.68-04 2.62-04 4.65-01 3.47-01 2.07-02
SM149 STABLE 5.27-09 3.10-06 7.76-03 7.76-03 7.76-03
ND150 STABLE 9.34-10 5.50-07 9.44-04 9.44-04 9.44-04
ND151 12.4-H 3.30-02 3.91-05 6.84-02 0.00 0.00
PM151 28.4-H 6.87-04 7.94-05 1.38-01 7.69-02 3.94-04
SM151 93.-Y 1.06-07 7.22-05 1.24-01 1.24-01 1.24-01
EU151 STABLE 4.12-09 2.43-06 5.32-03 5.32-03 5.32-03
ND152 11.5-M 2.24-02 2.55-05 4.46-02 0.00 0.00
PM152 4.1-H 5.03-02 5.07-05 9.04-02 0.00 0.00
SM152 STABLE 3.30-09 2.15-06 3.71-03 3.71-03 3.71-03
EU152 13.-Y 3.78-12 1.07-09 1.83-06 1.83-06 1.83-06
ND153 67.5-S 2.18-02 1.16-05 2.40-02 0.00 0.00
PM153 5.4-M 3.43-02 2.75-05 5.25-02 0.00 0.00
SM153 45.5-H 2.60-04 4.42-05 8.12-02 5.69-02 2.27-03
EU153 STABLE 1.74-09 1.03-06 2.53-03 2.53-03 2.53-03
ND154 7.73-D 1.06-05 5.97-06 1.02-02 9.37-03 4.18-03
PM154 2.8-H 1.05-02 1.30-05 2.33-02 9.37-03 4.18-03
SM154 STABLE 1.07-09 6.98-07 1.21-03 1.21-03 1.21-03
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TABLE 11.1-2 (Continued) 4C= -' 5z 1

"DESIGN" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT ******

INITIAL 1 DAY DECAY 10 DAY DECAY

EU154 8.6-Y 2.04-07 4.31-05 7.39-02 7.39-02 7.37-02
SM155 22.2-M 2.83-03 4.77-06 8.28-03 0.00 0.00
EU155 4.8-Y 8.31-08 1.36-05 2.34-02 2.34-02 2.33-02
GD155 STABLE 6.15-11 1.49-07 2.86-04 2.86-04 2.86-04
SM156 9.4-H 9.63-05 2.80-06 4.80-03 8.19-04 9.93-11
EU156 15.2-D 1.66-05 2.10-05 3.61-02 3.46-02 2.30-02
GD156 STABLE 4.66-11 2.31-07 3.96-04 3.96-04 3.97-04
SM157 83.-S 2.50-03 1.40-06 2.80-03 0.00 0.00
EU157 15.2-H 6.77-05 3.10-06 5.72-03 1.92-03 1.01-07
GD157 STABLE 1.64-11 2.65-08 4.78-05 4.78-05 4.78-05

TOTALS 1.73+02 4.58+03 3.43+03 3.00+03 2.19+03

*-STABLE NUCLIDES ARE GIVEN IN GRAMS
EXPONENTIAL NOTATION IS EMPLOYED (1.23+01 REPRESENTS 12.3)
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TABLE 11.1-3 A& %-O /l

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)

AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. ****** PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

H3 12.3-Y 6.00-02 1.06+03 0.00 0.00 0.00
C14 5730-Y 0.00 0.00 0.00 0.00 0.00
GE79 43.0-S 1.72-04 3.08-07 7.00-04 0.00 0.00
AS79 9.0-H 2.69-02 6.03-04 1.06+00 0.00 0.00
SE79M 3.89-M 2.53-03 6.13-04 1.08+00 0.00 0.00
*SE79 STABLE 7.75-10 2.25-05 4.40-02 4.40-02 4.40-02
SE80 STABLE 1.99-09 5.79-05 9.93-02 9.93-02 9.93-02
SE81 18.5-H 1.80-03 8.31-05 1.44-01 0.00 0.00
BR81 STABLE 2.95-09 8.61-05 1.48-01 1.48-01 1.48-01
SE82 STABLE 4.90-09 1.42-04 2.44-01 2.44-01 2.44-01
SE83M 70.-S 7.76-03 2.26-05 4.65-02 0.00 0.00
SE83 22.5-H 2.17-03 1.22-04 2.11-01 0.00 0.00
BR83 2.4-H 1.78-03 7.77-04 1.35+00 1.35-03 0.00
KR83M 1.86-H 1.80+00 2.09-01 0.00 0.00 0.00
KR83 STABLE 1.43-05 4.08-01 0.00 0.00 0.00
SE84 3.3-H 1.85-02 1.52-04 2.80-01 0.00 0.00
BR84 31.8-H 6.68-03 6.71-04 1.18+00 0.00 0.00
KR84 STABLE 2.58-05 7.45-01 0.00 0.00 0.00
BR85 2.87-H 2.70-02 1.93-04 3.59-01 0.00 0.00
KR85M 4.48-H 2.30+00 1.40+00 0.00 0.00 0.00
KR85 10.73Y 2.96-03 3.62+01 0.00 0.00 0.00
RB85 STABLE 2.32-09 7.71-05 1.16-01 1.16-01 1.16-01
KR86 STABLE 5.00-05 1.46+00 0.00 0.00 0.00
KR87 76.-H 2.96+00 5.62-01 0.00 0.00 0.00
RB87 STABLE 5.53-09 3.18-03 2.76-01 2.76-01 2.76-01
KR88 2.8-H 5.16+00 2.16+00 0.00 0.00 0.00
RB88 17.7-H 6.78-02 2.16+00 5.20+00 0.00 0.00
SR88 STABLE 4.17-11 1.18-02 3.01-02 3.01-02 3.01-02
KR89 3.16-H 1.24+00 9.79-03 0.00 0.00 0.00
RB89 15.2-H 1.98-02 9.83-03 1.31+00 0.00 0.00
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TABLE 11.1-3 (Continued) ~kT I - z6

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION

NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 
INITIAL 1 DAY DECAY 10 DAY DECAY

SR89 50.5-D 1.39-06 1.01-02 1.72+00 1.69+00 1.50+00
Y89 STABLE 7.04-12 2.05-07 9.83-03 9.84-03 9.84-03
KR90 32.3-S 5.50-01 7.38-04 0.00 0.00 0.00
RB90M 4.28-M 4.04-03 9.08-05 7.79-02 0.00 0.00
RB90 2.7-M 4.37-02 6.93-04 5.52-01 0.00 0.00
SR90 29.-Y 7.29-10 2.38-05 3.35-01 3.35-01 3.35-01
Y90 64.-H 2.15-07 6.84-05 3.38-01 3.38-01 3.35-01
ZR90 STABLE 3.95-13 2.49-07 1.91-03 1.91-03 1.91-03
KR91 9.0-5 1.90-01 7.11-05 0.00 0.00 0.00
RB91 58.5-S 5.08-02 1.05-04 2.63-01 0.00 0.00
SR91 9.48-H 5.26-05 1.50-04 3.40-01 5.89-02 8.15-09
Y91 58.6-D 2.14-07 4.50-05 4.17-01 4.14-01 3.73-01
ZR91 STABLE 8.73-12 5.07-07 2.79-03 2.79-03 2.79-03
SR92 2.71-H 1.12-04 4.56-05 7.83-02 1.69-04 0.00
Y92 3.53-H 8.72-05 9.16-05 1.57-01 3.18-03 0.00
ZR92 STABLE 9.06-12 7.86-07 1.35-03 1.35-03 1.35-03
SR93 7.5-H 2.54-03 4.75-05 8.40-02 0.00 0.00
Y93 10.2-H 3.39-05 9.77-05 1.70-01 3.35-02 1.41-08
ZR93 STABLE 9.96-12 8.53-07 1.48-03 1.48-03 1.48-03
SR94 1.29-H 1.24-02 4.00-05 8.12-02 0.00 0.00
Y94 19.0-H 1.21-03 9.04-05 1.69-01 0.00 0.00
ZR94 STABLE 1.04-11 8.26-07 1.50-03 1.50-03 1.50-03
Y95 10.5-H 1.91-03 5.00-05 8.77-02 0.00 0.00
ZR95 65.5-D 2.25-07 1.02-04 1.77-01 1.75-01 1.59-01
NB95M 3.61-D 3.91-08 1.53-06 2.64-03 2.49-03 1.80-03
NB95 35.1-D 4.11-07 5.19-05 2.66-01 2.65-01 2.48-01
M095 STABLE 1.05-11 6.10-07 2.09-03 2.09-03 2.09-03
Y96 6.0-S 5.72-02 1.43-05 8.17-02 0.00 0.00
ZR96 STABLE 1.72-11 3.86-07 1.00-03 1.00-03 1.00-03
ZR97 16.8-H 1.93-05 4.85-05 8.33-02 3.10-02 4.18-06
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TABLE 11.1-3 (Continued) ~AT 6R- -L - D A/4
"MAXIMUM EXPECTED' CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)

AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. ****** PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

NB97 73.6-H 2.65-04 9.72-05 1.67-01 3.34-02 4.50-06
M097 STABLE 1.01-11 8.78-07 1.51-03 1.51-03 1.51-03
NB98 51.0-M 2.37-06 3.01-07 5.19-04 1.64-12 0.00
M098 STABLE 1.01-11 2.95-07 5.06-04 5.06-04 5.06-04
NB99M 2.5-M 2.58-03 1.61-05 3.01-02 0.00 0.00
NB99 14.0-S 2.81-02 1.64-05 5.62-02 0.00 0.00
H099 66.02H 6.96-06 8.32-05 1.74-01 1.35-01 1.40-02
TC99M 6.02-H 4.96-05 4.47-05 2.30-01 1.35-01 1.35-02
TC99 STABLE 1.07-11 5.87-07 2.07-03 2.07-03 2.07-03
NB100M 7.0-S 2.94-02 8.54-06 4.40-02 0.00 0.00
NB100 2.9-H 3.28-03 2.37-05 4.40-02 0.00 0.00
HO100 STABLE 1.15-11 4.69-07 8.25-04 8.25-04 8.25-04
Holol 14.6-H 1.16-03 4.22-05 7.35-02 0.00 0.00
TC101 14.2-H 1.21-03 8.43-05 1.47-01 0.00 0.00
RU101 STABLE 9.38-12 7.97-07 1.38-03 1.38-03 1.38-03
M0102 11.1-H 1.32-03 3.64-05 6.39-02 0.00 0.00
TC102M 4.3-H 3.36-03 7.17-05 1.28-01 0.00 0.00
RU102 STABLE 8.53-12 6.90-07 1.21-03 1.21-03 1.21-03
M0103 60.-S 9.67-03 2.41-05 5.10-02 0.00 0.00
RU103 39.6-D 2.54-07 5.45-05 1.03-01 1.01-01 8.67-02
RH103M 56.-H 2.15-04 8.40-05 1.54-01 1.01-01 8.59-02
RH103 STABLE 6.71-12 1.94-07 1.32-03 1.32-03 1.32-03
M0104 1.6-H 4.46-03 1.78-05 3.50-02 0.00 0.00
TC104 18.-H 5.26-04 3.88-05 7.15-02 0.00 0.00
RU104 STABLE 4.80-12 3.88-07 6.98-04 6.98-04 6.98-04
TC105 8.0-H 7.09-04 1.41-05 2.50-02 0.00 0.00
RU105 4.44-H 2.26-05 2.88-05 5.01-02 1.20-03 0.00
RH105 35.5-H 2.76-06 4.34-05 7.52-02 5.14-02 7.60-04
PD105 STABLE 3.28-12 9.54-08 6.54-04 6.54-04 6.54-04
RU106 369.-D 7.26-09 9.61-06 1.65-02 1.65-02 1.62-02
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TABLE 11.1-3 (Continued) ~ ITGR-l- Or/16

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

PD106 STABLE 1.56-12 1.24-07 1.86-04 1.86-04 1.86-04
RU107 4.2-M 5.84-04 6.12-06 1.11-02 0.00 0.00
RH107 21.7-M 1.25-04 1.25-05 2.22-02 0.00 0.00
PD107 STABLE 1.49-12 1.26-07 2.21-04 2.21-04 2.21-04
RU108 4.5-H 3.42-04 3.84-06 6.94-03 0.00 0.00
PD108 STABLE 9.61-13 2.79-08 4.80-05 4.80-05 4.80-05
RH109 1.5-H 7.27-04 2.72-06 5.40-03 0.00 0.00
PD109M 4.69-H 1.46-04 2.87-06 5.41-03 0.00 0.00
PD109 13.46H 1.71-06 7.38-06 1.35-02 3.94-03 5.84-08
AG109 STABLE 7.80-08 2.27-03 3.89+00 3.89+00 3.89+00
PD110 STABLE 2.94-13 8.54-09 1.47-05 1.47-05 1.47-05
AG110M 252.-D 5.43-06 4.91-03 8.43+00 8.41+00 8.20+00
RHill 63.-S 1.94-04 5.07-07 1.06-03 0.00 0.00
PD111 22.-H 1.38-05 1.15-06 2.18-03 0.00 0.00
AG111M 74.-S 1.81-04 1.70-06 3.29-03 0.00 0.00
AG111 7.47-D 2.62-03 7.02-02 1.21+02 1.10+02 4.77+01
CD111 STABLE 2.20-10 4.90-04 8.41-01 8.41-01 8.42-01
PD112 20.1-H 1.11-07 3.34-07 5.74-04 2.51-04 1.46-07
AG112 3.13-H 7.15-07 6.69-07 1.15-03 2.99-04 1.73-07
PD113 1.5-H 5.26-05 1.97-07 3.90-04 0.00 0.00
AG113 5.3-H 2.93-07 3.82-07 7.03-04 3.05-05 0.00
CD113 STABLE 6.50-11 1.89-06 3.25-03 3.25-03 3.25-03
SN119M 245.-D 2.35-12 2.07-09 3.55-06 3.54-06 3.45-06
SN119 STABLE 3.52-14 1.04-09 1.79-06 1.79-06 1.79-06
SN123 129.-D 6.43-11 2.98-08 5.11-05 5.08-05 4.84-05
SB123 STABLE 2.91-13 8.75-09 1.49-05 1.49-05 1.49-05
SN125 9.65-D 4.41-09 1.53-07 2.62-04 2.44-04 1.28-04
SB125 2.73-Y 7.30-10 2.76-06 4.74-03 4.74-03 4.71-03
TE125M 58.-D 1.84-07 9.94-05 6.67-02 6.59-02 5.93-02
TE125 STABLE 4.33-10 3.26-05 2.22-02 2.22-02 2.22-02
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TABLE 11.1-3 (Continued)

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION

NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 
INITIAL 1 DAY DECAY 10 DAY DECAY

SN126 STABLE 2.29-13 6.65-09 1.14-05 1.14-05 1.14-05
SB126M 19.0-H 1.78-05 8.47-07 1.46-03 1.47-07 1.47-07
SN127M 4.4-M 2.65-05 2.91-07 5.26-04 0.00 0.00
SN127 2.12-H 4.41-06 1.40-06 2.40-03 9.40-07 0.00
SB127 3.8-D 1.34-07 3.50-06 6.04-03 5.08-03 9.83-04
TE127M 109.-D 1.10-06 4.32-04 7.42-01 7.37-01 6.96-01
TE127 9.4-H 1.14-04 5.82-04 1.00+00 7.73-01 6.83-01
I 127 STABLE 2.51-07 7.33-03 2.61-01 2.61-01 2.61-01
SN128 59.-M 2.26-05 3.33-06 5.74-03 2.58-10 0.00
SB128M 10.4-M 1.29-04 6.67-06 1.16-02 3.13-10 0.00
SB128 9.0-H 1.49-07 2.07-07 3.56-04 5.63-05 3.36-12
TE128 STABLE 1.05-08 3.06-04 5.25-01 5.25-01 5.25-01
SN129M 2.5-H 5.30-04 3.31-06 6.20-03 0.00 0.00
SN129 7.5-H 1.26-04 2.35-06 4.17-03 0.00 0.00
SB129 4.34-H 1.14-05 1.26-05 2.24-02 4.88-04 0.00
TE129M 33.4-D 9.26-06 1.11-03 1.91+00 1.87+00 1.55+00
TE129 70.-H 1.30-03 9.33-04 1.62+00 1.19+00 9.88-01
I 129 STABLE 1.09-06 3.18-02 1.12+00 1.12+00 1.12+00
SN130 3.7-H 9.40-04 8.67-06 1.58-02 0.00 0.00
SB130M 6.6-H 6.86-04 1.86-05 3.34-02 0.00 0.00
SB130 37.-H 3.79-05 4.31-06 7.52-03 0.00 0.00
TE130 STABLE 4.57-08 1.33-03 2.28+00 2.28+00 2.28+00
SN131 63.-S 2.32-03 6.07-06 1.27-02 0.00 0.00
SB131 23.-H 3.91-04 2.71-05 4.93-02 0.00 0.00
TE131M 30.-H 1.63-04 7.34-04 1.26+00 7.24-01 4.93-03
TE131 25.-H 6.44-03 4.01-04 9.68-01 1.32-01 8.99-04
I 131 8.041D 1.79-02 5.18-01 2.00+01 1.84+01 8.53+00
XE131M 11.99D 1.33-02 3.08-01 0.00 0.00 0.00
XE131 STABLE 1.35-04 3.76+00 0.00 0.00 0.00
SN132 40.0-S 2.02-03 3.36-06 7.78-03 0.00 0.00
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TABLE 11.1-3 (Continued)

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. ****** PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

SB132M 4.1-M 8.85-04 1.02-05 1.93-02 0.00 0.00
SB132 2.1-H 2.50-03 1.42-05 2.78-02 0.00 0.00
TE132 78.-H 8.25-04 9.62-03 1.66+01 1.34+01 1.96+00
I 132 2.285H 2.23-01 8.57-02 1.94+01 1.38+01 2.02+00
XE132 STABLE 1.96-04 5.54+00 0.00 0.00 0.00
SB133 2.4-H 2.70-03 1.61-05 3.04-02 0.00 0.00
TE133M 55.4-H 6.30-03 8.76-04 1.51+00 2.27-08 0.00
TE133 12.5-H 1.06-02 4.53-04 7.90-01 3.81-09 0.00
I 133 20.8-H 1.18-01 3.66-01 1.49+01 6.74+00 5.04-03
XE133M 2.23-D 1.14-01 5.51-01 0.00 0.00 0.00
XE133 5.29-D 2.32+00 3.11+01 0.00 0.00 0.00
CS133 STABLE 2.28-08 6.51-04 1.14+00 1.14+00 1.14+00
TE134 42.-H 1.22-02 1.28-03 2.21+00 0.00 0.00
I 134H 3.6-H 4.02-02 3.61-04 5.28-02 0.00 0.00
I 134 52.6-H 5.41-01 7.14-02 5.22+00 8.04-08 0.00
XE134 STABLE 3.30-04 9.55+00 0.00 0.00 0.00
CS134 2.06-Y 3.23-06 8.71-03 1.49+01 1.49+01 1.48+01
I 135 6.585H 1.91-01 1.88-01 6.74+00 5.39-01 0.00
XE135M 15.3-M 1.20+00 3.72-02 0.00 0.00 0.00
XE135 9.17-H 3.49+00 1.63+00 0.00 0.00 0.00
CS135 STABLE 2.33-08 6.61-04 1.16+00 1.16+00 1.16+00
I 136 85.-S 1.70-01 6.02-04 1.91-01 0.00 0.00
XE136 STABLE 2.80-04 8.14+00 0.00 0.00 0.00
CS136 13.0-D 1.64-05 7.65-04 1.31+00 1.25+00 7.71-01
XE137 3.84-H 6.41-01 6.14-03 0.00 0.00 0.00
CS137 30.1-Y 1.98-06 4.38-02 7.00+01 7.00+01 7.00+01
BA137M 2.55-H 3.27-04 4.64-05 6.62+01 6.62+01 6.62+01
BA137 STABLE 4.59-12 3.33-06 5.95-01 5.95-01 5.95-01
XE138 14.2-M 1.21+00 4.27-02 0.00 0.00 0.00
CS138M 2.9-H 2.52-04 1.82-06 3.38-03 0.00 0.00
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TABLE 11.1-3 (Continued) W 67A-/t -6 ~r1

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

CS138 32.2-M 9.37-03 4.28-02 1.30+00 0.00 0.00
BA138 STABLE 1.07-10 3.07-06 1.64-02 1.64-02 1.64-02
XE139 39.7-S 2.07-01 3.41-04 0.00 0.00 0.00
CS139 9.3-M 7.23-03 3.91-04 2.95-01 0.00 0.00
BA139 83.3M 2.73-04 4.43-04 3.85-01 2.64-06 0.00
LA139 STABLE 1.56-11 4.54-07 4.10-03 4.10-03 4.10-03
XE140 13.6-S 8.39-02 4.74-05 0.00 0.00 0.00
CS140 63.8-S 2.93-02 8.50-05 1.63-01 0.00 0.00
BA140 12.79D 7.69-06 4.21-04 7.39-01 7.00-01 4.30-01
LA140 40.23H 8.65-06 5.21-05 8.29-01 7.91-01 4.94-01
CE140 STABLE 1.55-11 9.04-07 7.97-03 7.97-03 7.97-03
BA141 18.3M 1.04-03 4.74-05 8.24-02 0.00 0.00
LA141 3.87-H 8.45-05 9.58-05 1.65-01 2.34-03 0.00
CE141 32.53D 4.15-07 1.44-04 2.49-01 2.44-01 2.02-01
PR141 STABLE 1.46-11 4.23-07 2.90-03 2.90-03 2.90-03
BA142 10.7-M 1.73-03 4.62-05 8.11-02 0.00 0.00
LA142 92.4-M 2.15-04 9.47-05 1.65-01 3.57-06 0.00
CE142 STABLE 1.48-11 1.26-06 2.18-03 2.18-03 2.18-03
LA143 14.-M 1.34-03 4.67-05 8.15-02 0.00 0.00
CE143 33.0-H 9.84-06 9.45-05 1.63-01 9.91-02 1.06-03
PR143 13.580 9.80-07 1.42-04 2.45-01 2.40-01 1.58-01
ND143 STABLE 1.46-11 4.23-07 2.90-03 2.90-03 2.90-03
CE144 284.4D 4.22-08 4.31-05 7.40-02 7.38-02 7.22-02
PR144 17.28M 7.88-04 8.57-05 1.33-01 7.38-02 7.22-02
ND144 STABLE 1.07-11 1.14-06 1.72-03 1.72-03 1.72-03
CE145 3.3-H 3.56-03 2.93-05 5.38-02 0.00 0.00
PR145 5.98-H 3.74-05 6.06-05 1.08-01 6.69-03 0.00
ND145 STABLE 9.71-12 8.27-07 1.45-03 1.45-03 1.45-03
CE146 14.2-H 6.66-04 2.36-05 4.11-02 0.00 0.00
PR146 24.2-H 4.02-04 4.74-05 8.25-02 0.00 0.00
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TABLE 11.1-3 (Continued) -7G , 6A 1

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. *****~ PLATEOUT 

INITIAL 1 DAY DECAY 10 DAY DECAY

ND146 STABLE 7.58-12 6.48-07 1.12-03 1.12-03 1.12-03
CE147 70.-S 5.04-03 1.47-05 3.02-02 0.00 0.00
PR147 12.-H 7.00-04 3.27-05 6.18-02 0.00 0.00
ND147 10.99D 4.77-07 5.12-05 9.34-02 8.78-02 4.98-02
PM147 2.623Y 5.36-09 1.84-05 1.25-01 1.25-01 1.25-01
SM147 STABLE 3.66-11 1.23-06 2.96-03 2.96-03 2.97-03
PR148 2.0-M 2.47-03 1.23-05 2.36-02 0.00 0.00
ND148 STABLE 4.83-12 2.40-07 4.35-04 4.35-04 4.35-04
PM148M 41.3-D 5.59-09 8.28-07 1.42-03 1.40-03 1.20-03
PM148 5.37-D 2.65-07 5.12-06 8.78-03 7.72-03 2.42-03
PR149 2.3-M 1.40-03 8.00-06 1.51-02 0.00 0.00
ND149 1.73-H 3.83-05 1.71-05 3.08-02 2.08-06 0.00
PM149 53.1-H 1.15-06 2.62-05 4.65-02 3.47-02 2.07-03
SM149 STABLE 1.07-11 3.10-07 7.76-04 7.76-04 7.76-04
ND150 STABLE 1.89-12 5.50-08 9.44-05 9.44-05 9.44-05
ND151 12.4-M 1.26-04 3.91-06 6.84-03 0.00 0.00
PM151 28.4-H 9.66-07 7.94-06 1.38-02 7.69-03 3.94-05
SM151 93.-Y 2.14-10 7.22-06 1.24-02 1.24-02 1.24-02
EU151 STABLE 8.35-12 2.43-07 5.32-04 5.32-04 5.32-04
ND152 11.5-H 8.89-05 2.55-06 4.46-03 0.00 0.00
PM152 4.1-H 2.52-04 5.07-06 9.04-03 0.00 0.00
SM152 STABLE 5.78-12 2.15-07 3.71-04 3.71-04 3.71-04
EU152 13.-Y 7.65-15 1.07-10 1.83-07 1.83-07 1.83-07
ND153 67.5-S 4.12-04 1.16-06 2.40-03 0.00 0.00
PM153 5.4-H 1.36-04 2.75-06 5.25-03 0.00 0.00
SM153 45.5-H 2.52-07 4.42-06 8.12-03 5.69-03 2.27-04
EU153 STABLE 3.53-12 1.03-07 2.53-04 2.53-04 2.53-04
ND154 7.73-D 2.15-08 5.97-07 1.02-03 9.37-04 4.18-04
PM154 2.8-M 1.00-04 1.30-06 2.33-03 9.37-04 4.18-04
SM154 STABLE 1.99-12 6.98-08 1.21-04 1.21-04 1.21-04

8 of 9



TABLE 11.1-3 (Continued) T,-L-O* 6

"MAXIMUM EXPECTED" CRITERIA FOR CIRCULATING AND PLATEOUT ACTIVITY (CURIES)
AFTER 40 YEARS OPERATION

AFTER 40.000 YEARS OPERATION
NUCLIDE HALFLIFE CIRCULAT. PURIF. SYST. PLATEOUT ******

INITIAL 1 DAY DECAY 10 DAY DECAY

EU154 8.6-Y 4.13-10 4.31-06 7.39-03 7.39-03 7.37-03
SM155 22.2-M 8.62-06 4.77-07 8.28-04 0.00 0.00
EU155 4.8-Y 1.43-10 1.36-06 2.34-03 2.34-03 2.33-03
GD155 STABLE 1.25-13 1.49-08 2.86-05 2.86-05 2.86-05
SM156 9.4-H 1.99-07 2.80-07 4.80-04 8.19-05 9.93-12
EU156 15.2-D 3.34-08 2.10-06 3.61-03 3.46-03 2.30-03
GD156 STABLE 9.40-14 2.31-08 3.96-05 3.96-05 3.97-05
SM157 83.-S 4.05-05 1.40-07 2.80-04 0.00 0.00
EU157 15.2-H 8.51-08 3.10-07 5.72-04 1.92-04 1.01-08
GD157 STABLE 3.24-14 2.65-09 4.78-06 4.78-06 4.78-06

TOTALS 2.54+01 1.14+03 4.02+02 3.35+02 2.29+02

*-STABLE NUCLIDES ARE GIVEN IN GRAMS
EXPONENTIAL NOTATION IS EMPLOYED (1.23+01 REPRESENTS 12.3)
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HTGR-86-024

TABLE 11.1-4

GASEOUS RADIOACTIVE WASTES FROM EACH 350 MW(t) REACTOR MODULE

Receiving Section
of Gas Waste System

Frequency R/A Non-RA
Source Yr-i Composition Section Section

1. Regeneration of 30 7 kg (15 b) helium x
helium purification (4 x 10O4 Ci Kr-85 x
dryer <1.0 x 10-1 Ci Kr-88 x

(1.4 x 10-1 Ci Xe-133 x

2. Regeneration of 2 36 kg (78 b) helium x
low-temperature 10 Ci Kr-85 x
adsorber x 0-4 Ci Kr-88 x

147 Ci Xe-133 x

3. Regeneration of 30 7 kg (15 lb) helium x
regeneration dryer, 0.3 kg (0.6 lb) (H20) x
following helium 13 kg (27 lb) C 2 x
purification dryer 0.3 Ci H-3 as HTO x
regeneration( 1)

4. Regeneration of 2 11 kg (23 lb) helium x
regeneration dryer,
following radioactive
low-temperature
adsorber regeneration(l) 7 kg (15 lb) helium x

1 kg (2 lb) H20 x
18 kg (40 lb) C 2 x
0.9 Ci H3 as HTO x

M1 A portion (20% to 80%) of the activity listed for sources 1 and 2 could be released during
the subsequent regeneration dryer regeneration.
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TABLE 11.1-4 (Cont)

Receiving Section
of Gas Waste System

Frequency RIA Non-RA

Source Yr-i Composition Section Section

5. Analytical instrumen- 52 5 kg (10 b) helium x x

tation gases (flow is 1.8 0-5 Ci Kr-85 x x

continuous and is 6.1 x 10O4 Ci Kr-88 x x

described in terms of 9.7 x 10-3 Ci Xe-133 x x

weekly accumulations)

6. Steam water dump tank Each steam 20 kg (44 lb) helium x

dump 8.0 x i0-5 Ci Kr-85 X

5.5 x 10-7 Ci Kr-88 x

6.3 x 0- 2 Ci Xe-133 x

7. Refueling 1 8 kg (18 lb) helium x

1.4 x 0-4 Ci Kr-85 x

4.0 x 0-5 Ci Kr-88 x
4.5 x 10-2 Ci Xe-133 x

4.3 x 0- 2 Ci Xe-135 x

59 kg (130 lb) air x

8. Heat Transport System 1 4 kg (7.9 lb) helium x

1.5 x 10- 3 Ci Kr-88 x
6.6 x 0-4 Ci Xe-133 x

9. Shutdown Cooling 1 2 kg (4.0 lb) helium x

System 7.6 x 0-4 Ci Kr-88 x

3.3 x 0-4 Ci Xe-133 x

10. Tank vents [TBD]

11. Vessel pressure relief [TBD]
system

12. Fuel storage facility [TBD]
exhaust gas
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TABLE 11.1-5

LIQUID RADIOACTIVE WASTES FROM EACH 350 MW(t) REACTOR MODULE

Frequency or Input
Source Yr-i Composition

1. Helium purification cooler Each tube failure 400 L ( s gal.) water
condensate following a 2.2 x 10-3 Ci Cs-137
steam generator tube failure 2.0 x lo- Ci Ba-137m

2. Regeneration cooler condensate, 30 100 L (24 gal.) water
following regeneration of a 5.4 Ci H-3 (as HTO)
helium purification dryer

3. Regeneration cooler condensate, 2 15 L (4 gal.) water
following regeneration of a 16.15 Ci H-3 (as HTO)
low- temperature adsorber

4. Decontamination of the upper 1 200 L (50 gal.) decontamination
regions of three control solution
rod drive assemblies 400 L (100 gal9 rinse solution

2.8 x 10- Ci Ag-110m
3.3 x 3O Ci I-131
3.7 x 10-2 Ci Cs-134
2.3 x 10-2 Ci Cs-137
2.2 x 10 2 Ci Ba-137m
2.3 x 10-2 Ci Ba-140
2.3 x 10-2 Ci La-140
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TABLE 11.1-5 (Cont)

Frequency or Input
Source Yr-i Composition

5. Decontamination of a main 1 200 L (50 gal.) decontamination

helium circulator solution
400 L (100 gal.) rinse

solution -
4.9 x 10 -2 Ci Ag-110m
5.8 x 10 -2 Ci I-131
6.4 x 10l- Ci Cs-134
4.0 x 10- 1Ci Cs-137
3.7 x 10 -1 Ci Ba-137m
7.6 x 10- 3Ci Ba-140
7.6 x 10~ Ci La-140

6. Steam water dump tank Each steam dump 8000 L (2100 gl.) water
4.9 x 10 Ci I-131
1.6 x 10 - Ci Xe-133

6.7 x io6 Ci Cs-137
6.2 x 1 -o6Ci Ba-137m
3.1 x 10-5 Ci Ba-140
3.1 x l0-5 Ci La-140

7. Decontamination drains from
hot service facility

Chemical solution 3785 L/yr 100 Ci total
(1000 gal./yr)

Rinse solution 7570 L/yr
(2000 gal./yr)

8. Personnel decon drains 757 L/day 10- uCi/c
(200 gal./day)
when used
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TABLE 11.1-5 (Cont)

Frequency or Input
Source Yr-i Composition

9. Shutdown cooling water drains 4000 L/yr i0O4 uCi/cc
(1000 gal.)
when drained

10. Essential cooling water drains 2000 L/yr l0-4 uCi/cc
(500 gal.)
when drained

11. Spent fuel cask decon drains 8000 i0O4 uCi/cc

(2000 gal.)
4 times/yr

12. Oil from fuel handling

Aux vacuum pumps 40 L/yr 26 uCi/cc
(10 gal./yr)

13. Laundry drains 400 L/batch 10- uCi/cc

(100 gal./batch)
3 batch/day
when used

14. NI building equipment 400 L/day 10O4 ui/cc
and floor drains (100 gal./day)

15. Laboratory drains 0-400 L/day 10- uCi/cc
(avg 40)

(0-100 gal./day)

(avg 10)
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TABLE 11.1-6
SOLID RADIOACTIVE WASTES FROM EACH 350 MW(t) REACTOR MODULE

Frequency
Source Yr-i Compos it ion

1. Spent reflector blocks Quantity at each Each full-size block is
20-month refueling hexagonal in cross

section, nominally
Location Length Quantity 356 mm (14 in.) across
Below core 3/4 11 flats x 787 mm (31 in.)
Above core 1/2 22 high.
Beside core Full 171 0.5 Ci Cs-134/element(l)

0.2 Ci Cs-137/element(l)

0.2 Ci Ba-137m/element(l)

2. Spent fuel blocks Each of 330 fuel Each block has the same
blocks, at each shape as the full-size
20-month refueling reflector block above.

2.0 x 1iO3 Ci Cs-134
1.9 x 1o+3 Ci Cs-137
1.8 x 1 3 Ci Ba-137m

3. Spent control rod (Later) (Later)

4. Start-up detectors (Later) (Later)

5. Neutron detectors (Later) (Later)

6. High-temperature filter 10 yr Filter volume is

0.04 cu m (1.4 cu ft)
9.3 Ci Cs-137
8.9 Ci Ba-137m

(1)Design activity, 10-yr residence in core, 100-day decay for three core locations.
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TABLE 11.1-6 (Cant)

Frequency.

Source Yr-i Composition

7. High-temperature adsorber 10 yr Adsorber volume s
0.27 cu m (9.4 cu ft)
9.3 Ci Cs-137
8.7 Ci Ba-137m

8. Miscellaneous small components (TBD]

9. Moisture monitor filters [TBD]

10. Spent resin/filter cartridges 200 cartridges/yr

11. Dry trash 500 cu rn/yr 
100 kg/cu m
(15,000 cu ft/yr 
6 lb/cu ft)

12. Reserve shutdown boron balls [TBD]

13. Reactor plant exhaust filters [TBD]
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11.2 LIQUID RADIOACTIVE WASTE SYSTEM

11.2.1 Summary Descriotion

The Liquid Radioactive Waste System consists of equipment to collect, treat,

and store liquid radioactive waste. The system equipment includes waste

receiver tanks, filter/demineralizers, test tanks, pumps, and piping with

controls. All equipment for the Liquid Radioactive Waste System is located

in the Radioactive Waste Management Building. The system is shared among all

four reactor modules.

11.2.2 Functions and 10CFR100 Design Criteria

11.2.2.1 Power Generation Functions

None.

11.2.2.2 Radionuclide Control Functions

The Goal 1 and Goal 2 radionuclide control functions are to control personnel

radiation exposure by controlling processes by means of transferring and

processing wastes and by means of controlling waste effluents.

11.2.2.3 Classification

The Liquid Radioactive Waste System is not "safety related". Since the

system does not perform any 10CFR10O-related radionuclide control functions,

no special classification is applied to it. However, the system will have

the appropriate reliability, to meet other Top Level Regulatory Criteria and

user requirements.

11.2.2.4 10CFR100 Design Criteria for Radionuclide Control

No 1CFR100 Design Criteria for radionuclide control apply to this system.j

11.2-1 Amendment 5
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11.2.3 Radionuclide Control Design Rirmet

No radionuclide control design requirements of 10CFR100 are imposed on the

Liquid Radioactive Waste System since the Liquid Radioactive Waste System is

not used to mitigate the consequences of an event. However, the system

provides processing of collected liquid waste to meet the requirements of

IOCFR20 and the design objectives of 1CFR50, Appendix I for effluents.

11.2.4 Design Description

11.2.4.1 System Configuration

The Liquid Radioactive Waste System treats collected radioactive waste. The

system disposes of the treated waste after monitoring chemical, particulate,

and radioactivity concentrations for radioactivity and conformance to

10CFR20.

The sstem equipment includes three liquid radwaste receiver tanks, three

liquid radwaste transfer pumps, two deep bed filter/demineralizers, two

liquid radwaste test tanks, and two liquid waste test tank pumps. Each

receiver tank is sized to contain the largest expected batch of liquid

radioactive waste. Figure 11.2-1 shows the configuration of the Liquid

Radioactive Waste System.

11.2.4.2 System Arrangement

The Liquid Radioactive Waste System arrangement is shown in general

arrangement drawings of the Radioactive Waste Management Building, Figures

6.1-8, 6.1-9, and 6.1-10. The building is arranged at grade elevation with

the liquid waste receiver tanks located in the diked area, sized to hold the

contents of the tank. The components of the system are located in a building

designed to local or-national building codes and their corresponding seismic

design requirements. The test tanks normally contain liquid of effluent

standards and are not diked.

11.2-2
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11.2.4.3 System Op rating Modes

The Liquid Radioactive Waste System is designed to be functional during all

modes of normal plant operation.

During normal operation, liquid radwaste inputs are segregated into two

categories. The bulk of the waste is low in radioactivity and low in

conductivity. The low conductivity waste is collected in a liquid radwaste

receiver tank. The remaining highly tritiated waste, decontamination waste,

or detergent radioactive waste is collected in a separate liquid radwaste

receiver tank.

A full tank of low conductivity waste is processed through a filter/

demineralizer to one of the test tanks. Capability exists to process the

waste through filter/demineralizers individually or in a series operation.

The processed waste liquid is sampled and, if within effluent specifications,

is discharged.

Highi conductivity waste, highly tritiated waste, 
or decontamination waste is

neutralized, if necessary, and then transferred to waste solidification for

packaging or filtered/demineralized, if the effluent meets discharge

standards.

'When the first filter/demineralizer in line breaks through (radioactivity) or

on indication of maximum operating pressure drops, the operator may bypass

the initial filter/demineralizer and continue operation, using the other unit

while the first unit is being recharged. When the recharged

filter/demineralizer is ready for use, it is returned to service as the

second in the series.

Mixing on each tank is achieved by recirculating the tank's contents until

homogeneity is obtained, Sampling connections are provided on recirculation

lines so that grab samples may be obtained 
and analyzed.

For additional information related to this section, see response to NRC

Comment R 11-3.
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11.2.4.4 Instrumentation and Control

The Liquid Radioactive Waste System has the following local instrumentation

and controls:

1. Each radwaste receiver and test tank has a level indicator.

2. Each transfer pump and test tank pump is equipped with a discharge

pressure indicator.

3. The waste receiver tanks have a recirculation line from their

transfer pumps which has a sample point. Only one tank and one pump

is in use at a time and a sample is taken to evaluate the contents of

the tank in use. The two test tanks and test tank pumps have similar

arrangements.

4. Each filter/demineralizer has a differential pressure gauge connected

between the inlet and outlet to indicate the pressure drop across the

bed and to provide sampling capability.

5. The filter/demineralizer common discharge line has a flow indicator

and an in-line conductivity meter to monitor the discharge. One

filter/demineralizer is normally run at a time.

6. Discharge from pumps of the the test tanks to the circulating water

discharge has a flow indicating controller in the line. This

activity is checked by the radiation monitor in the line to the

circulating water discharge.

11.2.5 Design Evaluation

11.2.5.1f System Failure Modes and Effects

Failures identified include failure of waste receiver tanks, filter/

demineralizers, waste test tanks, and associated transfer pumps.

11.2-4
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11.2.5.1.1 Failure of Waste Receiver Tank

Failure of a waste receiver tank, filter/demineralizer, and waste test tanks

do not impact plant operation and do not result in exceeding the limits of

IOCFR20 for offsite doses since the liquid is contained in a diked area and

release of gaseous tritium is not anticipated to approach IOCFR20 offsite

limits.

11.2.5.1.2 Pump Failure

Failure of a pump will not impact plant operation since alternate pumps are

provided.

11.2.5.2 Steady-State Performance

The design for operation of the Liquid Radioactive Waste System is based upon

receipt of radioactively contaminated liquids on a batch basis. The system is

designed to process these waste liquids by demineralization/filtration if

effluent standards can be achieved or by collection and transfer to the Solid

Radioactive Waste System if effluent standards cannot be met.

11.2.5.3 Anticipated Operational Occurrence Performance

For those anticipated operational occurrences (AOOs) (i.e., events which have

an expected frequency of greater than once in the 40-year life of the plant)

which cause an influent to the Liquid Radioactive Waste System to be

generated, Table 11.1-5 incorporates the volumes as part of the normal system

input for equipment sizing and process flow requirements.

11.2.5.4 Design Basis Event Performance

The Liquid Radioactive Waste System is not designed to mitigate the

consequences of design basis events (DBEs). However, the Liquid Radioactive

Waste System remains functional and is available for processing influents

11.2-5
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generated as a consequence of DEs except for those which involve plant

external events such as loss of electric power or the Safe Shutdown Earthquake

which will cause the Liquid Radioactive Waste System to be inoperative.

11.2.6 Interfaces

Interfaces for input sources of radioactive liquid waste are listed in

Table 11.1-5. These sources provide the motive force and flow path to deliver
liquid radwaste to the liquid radwaste receiver tanks. The Solid Radioactive

Waste System provides flush water to the liquid radwaste to transfer spent

demineralizer resin to the spent resin tank.

Interface requirements imposed on other systems or subsystems within other

systems by Liquid Radioactive Waste System are identified in Table 11.2-2,

which also includes a description of the interface and a quantitative

expression for the interface.

11.2-6
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TABLE 11.2-1

This Table Deleted
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TABLE 11.2-2

IDENTIFICATION OF INTERFACES

FOR THE LIQUID RADIOACTIVE WASTE SYSTEM

Nature of Interface

Interfacing Systems Interface Requirements

Circulating Water System Limits buildup of Provides dilution

radioactivity in for offsite release

treated radwaste of treated radwaste

Caseous Radioactive Waste System Liquid radwaste Tank vents

receiver tank

vents

Solid Radioactive Waste System Process radwaste Resin transfer lines

high conductivity

wastes

Electrical Systems Provide electrical Provide 240 & 480 V

power for systems power

operation

Demineralized Water Systems Provide flush & Provide water at

process water 200 1/mmn

Radioactive Waste Structure Environmental

Managment Building Control

Instrument Air Compressed Air--

Radiation Monitoring Process & Area Liquid Waste

Monitoring Monitor and Area

00 ~~~~~~~~~~~~~~~~~Monitor

1 of 1
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11.3 GASEOUS RADIOACTIVE WASTE SYSTEM

11.3.1 Summary Description

The Gaseous Radioactive Waste System collects and treats all radioactive and

potentially radioactive gas waste generated within the reactor plant,

excluding the leakage from reactor modules and other equipment within the

reactor building. Normally, nonradioactive or low-level activity gases are

filtered, monitored, and released directly to the Reactor Building

Ventilation System (Section 9.1.3.2). High activity gas streams are held in

temporary storage to allow for activity decay before being released to th

Reactor Building Ventilation System. This system is shared among all fou~r

reactor modules.

11.3.2 Functions and 10CFR1OO Desizin Criteria

11.3.2.1 Power Generation Functions

None

11.3.2.2 Radionuclide Control Functions

The Goal and Goal 2 radionuclide control functions are to control personnel

radiation exposure by controlling processes by means of transferring and

processing wastes and by means of controlling waste effluents.

11.3.2.3 Classification

The Gaseous Radioactive Waste System is not safety related". Since the

Gaseous Radioactive Waste System does not perform any 1CFRIOO-related

radionuclide control functions, no special classification is applied to it.

However, the system will have the appropriate reliability to meet other Top

Level Regulatory Criteria and user requirements.

11.3-1 Amendment 5
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11.3.2.4 OCFR10 D sign Criteria for Radionuclide Control

No OCFR100 Design Criteria for radionuclide 
control apply to this system.

11.3.3 Radionuclide Control Design Requirements

No radionuclide control design requirements of lOCFRlOO are imposed on the

Gaseous Radioactive Waste System since the Gaseous Radioactive Waste System

is not used to mitigate the consequences of an event. However, the system

provides processing of collected gaseous waste to meet the requirements of

10CFR20 and the design objectives of 10CFR50, 
Appendix I for effluents.

11.3.4 Design Description

11.3.4.1 System Configuration

The Gaseous Radioactive Waste System contains two processing paths. The

method of treatment for low-level gaseous activity is by filtration of the

gas streams for particulate and radioiodine removal. The process path for

low-level gaseous activity consists of redundant high effici ncy

particulate/charcoal filtration assemblies and redundant waste gas exhaust

blowers. In the event of a high-activity alarm, the flow is temporarily

diverted to the waste gas vacuum tank for treatment until the high-activity

source is isolated.

Radioactive gases above, or potentially above, a preset limit are accumulated

within the waste gas vacuum tank, compressed by either the normal or

high-flow diaphragm compressors, and retained in the waste gas surge tanks

for extended time periods to allow for radioactive decay before being

released to the environment via the Reactor 
Building Exhaust System.

Recycle of helium and noble gases from the waste gas surge tanks to the

Helium Purification System is not permitted since the present worth of the

operating cost savings for recovered helium does not appear to justify the

additional equipment, controls, piping, valves, and building space capital

costs which would be required to recover 
th h lium.

11.3-2 Amendment 5
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Any moistur condensed out of the gas streams in the waste gas vacuum tank,
surge tanks, or in the gas coolers on the compressors is collected in the
moisture drain tank and transferred to the Liquid Radioactive Waste System
for treatment as a potentially high tritium activity liquid.

The configuration for the Gaseous Radioactive Waste System is shown on
Figure 11.3-1.

11.3.4.2 System Arrangement

The components of the Gaseous Radioactive Waste System are located in a
building designed to local and national building codes and their
corresponding seismic design requirements. System arrangements are shown in
the general arrangement drawings for the Radioactive Waste Management
Building, Figures 6.1-8, 6.1-9 and 6.1-10.

11.3.4.3 System Operating Modes

The Gaseous Radioactive Waste System is designed to be operational during all
modes of normal plant operation. Sufficient storage capacity is available in
the waste gas surge tanks to allow a minimum of 30 days storage for decay for
all high level waste gas streams.

11.3.4.4 Instrumentation and Control

The Gaseous Radioactive Waste System's instrumentation and controls include:

1. Differential pressure indicators across the waste gas filters.

2. A radiation monitor on the filters' common outlet to divert flow to
the waste vacuum tank if high radiation is indicated.

11.3-3
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3. Pressure gauges on the waste gas vacuum tank and waste gas surge

tanks. The waste gas vacuum tank pressure operates the waste

compressors.

4. Level indicators on the moisture drain tank, which is mounted under

the waste gas vacuum tank.

5. A radiation monitor in the common discharge line of the waste gas

surge tanks is used to terminate the release if the activity level of

effluent rises above the predetermined setpoint.

6. A pressure control valve and a flow meter in the discharge line from

the waste gas surge tanks to Reactor Building Exhaust System.

7. A pressure control valve and flow meter in the discharge line from

the waste gas surge tanks to the suction line of the waste gas

diaphragm compressors.

11.3.5 Design Evaluation

11.3.5.1 System Failure Modes and Effects

11.3.5.1.1 Failure of a Waste Gas Filter/Exhaust Blower

In the Gaseous Radioactive Waste System, failures of the waste gas filters or

exhaust blowers result in manual flow diversion through the redundant blower

or filter with no impact on plant operation or offsite 
doses.

11.3.5.1.2 Failure of the Compressor

Failure of the normal diaphragm compressor results in high flow compressor

operation at the higher operating pressure setpoint, therefore, in a wider

operating pressure bandwidth in the waste gas vacuum tank. Because of batch

mode operation and low internal activity inventory, no impact on plant

operation or offsite doses is expected.
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Failure of the high-flow diaphragm compressor results in restrictions on the

rate or timing of the Helium Purification System's regenerations. As the
regenerations performed within the Helium Purification System are normally

done on a scheduled rather than on a required basis, delays in regeneration

of Helium Purification System should not result in restrictions in plant

operations. If a regeneration is required, restrictions in the rate of gas
released from the Helium Purification System are imposed, thereby lengthening

the time the system would be off line. This may restrict plant operation

since it is assumed that the Helium Purification System can be off line for

8 hours without impacting reactor operations. Because of low internal

activity inventory, no impact on offsite doses is expected.

11.3.5.1.3 Failure of Waste Gas Vacuum Tank

Air inleakage at the waste gas vacuum tank or at interconnecting piping and
valves would result in a reduction of storage capacity and a cessation of
Helium Purification System regenerations until repairs are effected. Because

the failure results in inleakage, no offsite consequences are anticipated.

11.3.5.1.4 Failure of Waste Gas Surge Tank

If leakage around and at the waste gas surge tanks is detected by airborne
radiation monitors in the area, that portion of the storage system would be
isolated. For small leaks, the contents of a waste gas surge tank can be
transferred to another waste gas surge tank by recycling the gas contents

back to the waste gas vacuum tank. Effects of larger leaks, up to the

release of a waste gas surge tank inventory, are limited to the maximum dose
specified for offsite (uncontrolled area) releases by 1CFR20.

11.3.5.2 Steady-State Performance

The design for operation of the Gaseous Radioactive Waste System is based
upon receipt of large volume/batch inputs as well as low flow/continuous

influents of radioactively contaminated gases. The system is designed to
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process these influents by filtration for radioiodine and particulate removal

for aerated flows and by pressurization and storage for decay of radioactive

noble gases for helium-rich streams, providing, if required, a minimum of

30 days holdup for these effluents.

For additional information related to this section, see response to NRC

Comment R 11-1.

11.3.5.3 Anticipated Operational Occurrence Performance

For those anticipated operational occurrences (AOO) (i.e., events which have

an expected frequency of greater than once in the 40-year life of the plant)

which cause an influent to the Gaseous Radioactive Waste System to be

generated, Table 11.1-4 incorporates the influents as part of the normal

system inputs for equipment sizing and process flow requirements.

11.3.5.4 Design Basis Event Performance

The Gaseous Radioactive Waste System is not designed to mitigate the

consequences of design basis events (DEE). However, the Gaseous Radioactive

Waste System remains functional and is available for processing influents

generated as a consequence of DEs except those involving plant external

events, such as loss of electric power or the safe shutdown earthquake (SSE),

which will cause a shutdown or failure of Gaseous Radioactive Waste System.

11.3.6 Interfaces

The potential sources for the radioactive gaseous effluents are listed in

Table 11.1-4.

Interface requirements imposed on other systems or subsystems within other

systems by Gaseous Radioactive Waste System are identified in Table 11.3-2,

which also includes a description of the interface and a quantitative

expression for the interface.

11.3-6
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TABLE 11.3-2

IDENTIFICATION OF INTERFACES FOR GASEOUS RADIOACTIVE WASTE SYSTEM

Interfacing Systems Nature of Interface Interface Reguirements

Reactor Building Exhaust Limits buildup of treated waste Provide dilution and release point
System release point for treated waste

Electrical System Provide electrical power Provide 240 V and 480 V power

Liquid Radioactive Transfer condensed water Analysis and processing of high
Waste System Tritiumi content water

Solid Radioactive Waste Process solid waste - air Process air filtration units
System cleaning filters

Radiation Monitoring Process and area monitors Gaseous release monitor and area
monitors

Radioactive Waste Structure Environmental control
Management Building
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11.4 SOLID RADIOACTIVE WASTE SYSTEM

11.4.1 Summary Descriiption

The Solid Radioactive Waste System is designed to provide holdup,

solidification, packaging, and storage facilities for radioactive materials

prior to their shipment offsite for ultimate disposal.

Materials processed in the Solid Radioactive Waste System include

high-conductivity waste solutions from decontamination and other operations,

highly tritiated liquids, spent resin from radioactive process

demineralizers, spent filter cartridges, high-temperature filter units,

low-level compressible wastes (i.e., rags, paper, clothing, etc), HEPA and

charcoal filtration units, and miscellaneous solid materials that became

radioactive or contain radiation resulting from wastes generated during plant

operation or maintenance.

The Solid Radioactive Waste SysteinI consists of a ventilated storage room fr

dry and compressible wastes, a dry waste compactor, a resin transfer tank and

pump, a drum roller for mixing liquid wastes and resins with cement, and an

industrial robot for cutting up large noncompactible waste items.

A shielded storage area is provided for ten 208.2-liter (55-gallon) drums and

a nonshielded storage area is provided for sixty-five 208.2-liter (55-gallon)

drums. Figure 11.4-1 shows the system configuration. The system is shared

among all four reactor modules.

11.4.2 Functions and 10CFR100 Design Criteria

11.4.2.1 Power Generation Functions

None.
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11.4.2.2 Radionuclide Control Functions

The Goal 1 and Goal 2 radio nuclide control functions are to control personnel

radiation exposure by controlling processes by means of transferring and

processing wastes.

11.4.2.3 Classification

The Solid Radioactive Waste System is not safety related'. Since the Solid

Radioactive Waste System does not perform any 10CFR100-related radionuclide

control functions, no special classification is applied to it. However, the

system will have the appropriate reliability to meet other Top-Level

Regulatory Criteria and user requirements.

11.4.2.4 10CFR100 Design Criteria for Radionuclide Control

No 10CFR100 Design Criteria for radionuclide 
control apply to this system.

11.4.3 Radionuclide Control. Design Reuirements

No radionuclide control de sign requirements of 10CFR100 are imposed on the

Solid Radioactive Waste System, since the Solid Radioactive Waste System is

not used to mitigate the consequences of an event. However, the system

provides collection, processing, packaging, and storage of radioactive solid

waste in accordance with 19CFR20 and IOCFR61.

11.4.4 Design Descrition

11.4.4.1 System Configuration

The Solid Radioactive Waste S-vstem provides reliable processing of collected

solid waste to meet the requirements of 10CFR20 and 10CFR61. The methods

utilized are cement so lidification for sludges, resins, liquids, and

noncompactible waste, and compaction for dry compressible waste. The

11.4-2 Am ndment 5



HTR86- 024/C

containers of processed waste are stored until transported offsite for
disposal at licensed burial sites.

The Solid Radioactive Waste System consists of two processing paths. For low
level compressible dry waste (i.e., rags, paper, clothing, etc), the
compaction device is designed for volume reductions of 50 to 85 percent and
includes a ventilated shroud for dust control. Wet wastes such as high
conductivity decontamination solutions, highly tritiated liquids, or spent
resins and noncompactible wastes such as contaminated tools, incore devices,
or small nuclear-contaminated components are immobilized with cement. Figure
11.4-1 shows the system configuration of the Solid Radioactive Waste System.

11.4.4.2 System Arrangement

The Solid Radioactive Waste System is located within the radwaste management
building. The radwaste management building is arranged on grade elevation
with the spent resin hold tank located in a diked area that is sized to catch
the contents in the event of tank failures. The components of the subsystem
are located in a seismically designed building. The system is arranged to
minimize long runs of concentrated waste piping, to facilitate material
handling flow patterns, and to minimize radiation exposure of operating

personnel.

The subsystem arrangements are depicted in the general arrangement drawings
for the Radioactive Waste Management Building, Figures 6.1-8, 6.1-9, and

6.1-10.

11.4.4.3 System Operating Modes

The Solid Radioactive Waste System is designed to be functional during all
modes of normal plant operation.

Sufficient storage area and tankage is available in the radwaste management
building for the accumulation of wast during the potentially high
waste-producing operations of decontamination, maintenance, or refueling.
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The spent resin transfer portion of the system is designed to transfer resin

from the radioactive liquids waste demineralizers, using waste water for

fluidization and flushing. The subsystem provides unlimited water flush

capability by recirculating the resin transfer water; therefore, makeup water

and liquid radwaste quantities are minimized.

The spent resin hold tank provides several functions in the resin transfer

and disposal process. The spent resin hold tank provides a source of water

used to flush the demineral~izer resin beds and performs a phase separator

function in accumulating resin while providing water for the flushing

process. Separation is accom Iplished by an underdrain system within the spent

resin hold tank that retainis resin but allows the spent resin transfer and

dewatering pump to drain water for continued resin dewatering.

When a sufficient amount of resin has been transferred to the hold tank or a

volume of liquid waste requiring solidification has accumulated, the tank is

dewatered via the underdrain system and the spent resin transfer pump. The

discharged liquid is transferred to the radioactive liquid waste for

processing. High conductixvity waste or highly tritiated liquid waste is

added to the tank to allow the discharge of resin slurry to the

solidification process. Ifi additional water is required for the process,

other liquid wastes are utilized. If tests indicate that process

solidification is required, the solidification equipment mixes the liquid

wastes and resin beads with a sodium silicate solution and injects the

mixture into a 208.2 liter (55 gallon) drum containing cement where the

wastes are mixed and soldifed.

The solidification subsystem fill port mechanism provides a seal at the waste

drum/fill port interface to minimize drum, equipment, and area contamination

while filling the drum. The seal allows vapors, gases, and displaced air to

be vented into the filtered vent system rather than into the building

atmosphere.

To ensure that no free liquid is present in the drum and that solidification

occurs, specific procedures are followed. The pH and major chemical
11.4-4
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constituents of the waste are determined and the pH adjusted, if necessary,

prior to transfer from the Liquid Radioactive Waste System. The ratio of

cement-to-waste-to-sodium silicate solution (if required) is established,

based on the chemical constituents and sample tests or previously determined

solidification characteristics of the various waste types.

A waste compactor provides a reliable and economical means of processing

radioactive compressible waste. Material such as rags, plastic sheets, and

papers is placed in standard 208.2 liter (55 gallon) steel drums and

compacted. The operation is repeated until the drum is full; then the drum

is sealed and stored until it is shipped offsite. Airborne contamination is

minimized by directing displaced air to the Vent System via an exhaust shroud

and filter.

Drums with high-activity levels are stored in a shielded area prior to

shipping, while low-activity drums are stored in the shipping area.

11.4.4.4 Instrumentation and Control

Solid Radioactive Waste System instrumentation and controls include:

1. Tank level instrumentation to determine liquid level and the

resin/liquid interface.

2. Area radiation monitors for monitoring activity/radiation levels at

the drumming station and contact dose rate on the drums.

11.4.5 Design Evaluation

11.4.5.1 System Failure Modes and Effects

11.4.5.1.1 Failure of the Dry Waste Compactor

In the Solid Radioactive Waste System, failure of the dry waste compactor

would have no effect on plant operation since sufficient area is available in
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the Radwaste Management Building to store the bagged waste until repairs are

effected.

11.4.5.1.2 Failure of the Drum Roller

Failure of the drum roller does not impact plant operation since adequate

tank storage is available fo I~ wet wastes until repairs or replacement are

effected. Testing of the drum roller's operability is required prior to

starting drumming operations.

11.4.5.1.3 Failure of the Resin Transfer Pump

Failure of the resin transfer pump does not impact plant operation since an

alternate demineralizer is av ailable for waste processing. Adequate tankage

is also available in the Liquid Radioactive Waste System until repairs are

effected.

11.4.5.1.4 Failure of the Res in Hold Tank's Underdrain System

Failure of the underdrain system by plugging does not impact plant

operation. If backflushing does not clear the screens, the resin hold tank

has to be emptied prior to1 effecting repairs; therefore, additional low

activity liquid would have to be solidified.

11.4.5.1.5 Failure of the Resin Hold Tank

Failure of the resin hold t ank does not impact plant operation since the

resulting liquid spill would be collected within a diked area surrounding the

tank, although there would be a small addition to the offsite dose via the

gaseous release path. Although tritium vapor is expected to be the major

contributor to the release, it is not anticipated that either the dose

specified in 10CFR20 for unrestricted areas or the 10CFR50, Appendix I, dose

rates limit for unanticipatedlevents would be approached.
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11.4.5.2 Steady-State Performance

The design for operation of the Solid Radioactive Waste System is based upon
receipt of radioactively contaminated dry waste or spent resins, sludges, or
decontamination liquids on a batch basis. The system is designed to process
dry wastes by compaction, or encapsulation if incompressible, and to
encapsulate wet wastes in a solidification agent matrix.

11.4.5.3 Anticipated Operational Occurrence Performance

For those anticipated operational occurrences (AOOs) (i.e., events which have
an expected frequency of grater than once in the 40-year life of the plant)
which, as a consequence, cause additional solid waste to be generated,
Table 11.1-6 incorporates the volumes as part of the normal system inputs for
equipment sizing and storage requirements.

11.4.5.4 Design Basis Event Performance

The Solid Radioactive Waste System is not designed to mitigate the
consequences of design basis events (DBEs). However, the Solid Radioactive
Waste System remains functional and is available for processing solid waste
generated as a consequence of DEs except for those which involve plant
external events such as loss of electric power or the safe shutdown earthquake
(SSE) which will cause the Solid Radioactive Waste System to be inoperative.

11.4.6 Interfaces

Table 11.1-6 lists the expected volume and frequency of inputs to the Solid
Radioactive Waste System (note, however, that spent fuel blocks are not
handled by this system).

Interface requirements imposed on other systems or subsystems within other
syst ms by the Solid Radioactive Waste System are identified in Table 11.4-2,
which also includes a description of the interface and a quantitative
expression for the interface.

11.4-7

Amendment 10



HTGR-86-024jj

TABLE 11.4-2

IDENTIFICATION OF INTERFACES FOR SOLID RADIOACTIVE WASTE SYSTEM

Interfacing Systems Nature of Interface Interface Requirements

Electrical System Provide electrical power Provide 240V and 480V power

Liquid Radioactive Limit water accumulations Water transfer and processing

Waste System for discharge

Demineralizer Waste Provide flush and process Provide water at 200 liters/min

System water

Radiation Monitoring Area monitors Area monitors

Radioactive Waste Structure Environmental Control

Management Building
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I* 11.5 PLANT NORMAL OPERATIONS

This section intentionally left blank. The plant duty cycle for normal

(Service Level A) operation is given in Section 3.9.1.

11.5-1
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11.6 PLANT ANTICIPATED OPERATIONAL OCCURRENCES

This section describes events defined as anticipated operational occurrences

(AOOs). AO0s are identified as those families of events which are expected

to occur once or more in the plant lifetime and which would violate the dose

criteria (10CFR50, Appendix ) were it not for design selections that control

radioactivity release.

11.6.1 Main Loon Transient With Forced Core Cooling (AOO-l)

AOO-l is represented by a main loop transient where forced core cooling is

available. The following four categories are included within the AOO-l

category.

AOO-1(A) Loss of cooling on the Heat Transport System (HTS), but

successful operation of the Shutdown Cooling System (SCS).

AOO-l(B) Loss of offsite power and turbine trip resulting in loss of

cooling on the HTS but successful operation of the SCS due to

onsite backup power for the SCS.

AOO-l(C) Spurious reactor trip with cooling on the HTS, and

AOO-l(D) Main loop transient which does not generate a reactor trip.

For all of the AOO-l events, the reactor vessel remains pressurized,

radionuclides are retained within the fuel particles and reactor core

graphite, and primary circuit radionuclides are retained within the primary

coolant pressure boundary so that there is no offsite dose.

These four categories are discussed in the following paragraphs.

11.6.1.1 Loss of Cooling on the Heat Transport System [AOO-1(A)]

4L The dominant accident family for AOO-l is loss of cooling on the HTS. This

subcategory encompasses most failures, originating within the plant, that
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preclude the HTS from continuing to perform the function of removing reactor

heat. The event is terminated by reactor shutdown and startup of the SS.

Failures typifying the event include circulator trips and losses of

feedwater. For these events the affected modules are tripped by the Plant

Protection and Instrumentation System (PPIS) and forced core cooling is

provided by the SS. The plant thermal transient for this event is similar

to DBE-5. See Section 15.6 for DBE-5 transient thermal results.

11.6.1.2 Loss of Offsite Power and Turbine Trip [AOO-1(B)]

A second contributor to AOO-l 'is a loss of offsite power and turbine trip.

The event results in a concomitant trip of the main circulator and the plant

feedwater pumps. The PPIS trips the reactor, isolates the steam generator,

and initiates automatic startup of the SS. Startup of the SS is predicated

upon successful start of a backup power supply. The plant thermal transient

for this event is similar to DBE-5. See Section 15.6 for DBE-5 transient

thermal results.

11.6.1.3 Spurious Reactor Trip With Cooling on Heat Transport System

[AOO-1(G)]

The plant is designed to accommodate a reactor trip in one or more of the

modules while other reactor modules remain in operation. This transient

imposes a rapid cooldown of reactor and HTS components in the tripped

modules. The Nuclear Steam Supply System (NSSS) control subsystem provides

post-trip control actions to mitigate this transient cooldown. Accordingly,

feedwater flow in the tripped module is ramped down to 15 percent of

nominal. The main steam temperature setpoint for the affected module is

ramped down linearly to saturation temperature, and the circulator speed

control remains active until saturation is reached. Thus the steam

temperature is brought smoothly to saturation. Decay heat removal continues

with forced circulation using the HTS.

The tripped module is isolated from the main steam header by closing the

module main steam isolation valve. Steam from the tripped module is directed
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to the module startup flash tank and then to the condenser. At the time of

reactor trip, the turbine-generator load is reduced to a level commensurate

with the output of the modules remaining in operation.

For a spurious reactor trip of a single module from full power, Figures

11.6-1 through 11.6-4 depict the transient behavior of key parameters of the

NSSS. Steam temperature is brought to saturation smoothly within about 650

seconds.

11.6.1.4 Turbine Trip [A00-1(D)]

A final contributor to AOO-l is a main loop transient which does not call for

a reactor trip. Gore cooling continues on the HTS with the circulator speed

reduced to compensate for either a reduction in core power level or feedwater

flow. Typical initiating events are a turbine trip, load rejection, sudden

reduction in feedwater flow, or inadvertent control rod insertion. A turbine

trip has been selected as representative of this category of events and is

described below.

A turbine trip results in a runback of the reactor and the HTS to hot standby

conditions of 25 percent feedwater flow and nominal 5380 C (10000F) steam

temperature. The HTS maintains core cooling and heat is rejected to the

condenser via the Turbine Bypass System. The automatic plant controls

function to effect an orderly runback of feedwater flow, helium flow, and

reactor power.

A00-l(D) is initiated by a turbine trip assumed to be from an internal

turbine parameter such as high vibration. The turbine throttle valve is

closed and the main steam pressure increases rapidly to the atmospheric vent

setpoint of 17.75 MPa (2575 psia) initially until flow is reduced

sufficiently for the turbine bypass capacity. Main steam pressure is then

reduced to the turbine bypass setpoint value of 17.06 MPa (2475 psia). Steam

is bypassed directly to the atmosphere and/or to the condenser, as feedwater

flow is run back from 100 percent to 25 percent at a rate of 0.25

percent/second. Reactor power and circulator speed are adjusted to maintain

the main steam temperature at 5380C (10000F), with an initial overshoot
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in steam temperature. This overshoot results from the large amount of heat

stored in the reactor core: when the runback is begun and the helium

flow/feedwater flow relationship during and following the runback. Steam

pressure is controlled to 17.06 MPa (2475 psia) via the turbine bypass

valve. This condition is maintained until either the turbine can be brought

on line or a decision is made o shut the plant down.

Figures 11.6-5 through 11.6-8 show the plant parameters for the turbine trip

transient. Core outlet gas temperature decreases as reactor power is reduced

during the runback to about 25 percent of nominal power. Gore inlet gas

temperature remains fairly constant throughout the transient because of the

constant feedwater temperature and the excess helium flow-to-feedwater flow

relationship required at low-power operation. As a result, the reactor

pressure undergoes only a slight decrease.

The average fuel temperature decreases from 6530C (12080F) to 5230C

(974 0F). The axial peak average fuel temperature decreases from 756 0C

(1393 0F) to 6130 C (11360 F)!K The top reflector temperature remains

essentially constant.

The rapid closure of the turl~ine bypass valve causes an abrupt increase of

steam pressure and aL corres:ponding decrease in steam flow. Steam-side

pressure drop decreases by a factor of about 16 as flow is reduced to 25

percent of nominal. Helium flow is characterized by feedwater flow to be

about 33.3 percent of nominal at the 25 percent feedwater flow condition.

Feedwater temperature is cons tant [1930C (380 0F)]. Control of main steam

temperature and the static characterization of helium circulator speed versus

feedwater flow ensure satisfactory bimetallic weld conditions. A slightly

greater amount of superheat at the bimetallic weld is provided for the

average tube at the 25 percen t flow condition than at full power to offset

tube-to-tube temperature variations which are expected to be greater at low

power.

During the initial power runback, multiple control rod groups are inserted to

maintain steam temperature and to compensate for the temperature coefficient
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of reactivity feedback. The change in temperature-induced reactivity is

+0. 38 percent A K as the core temperatures reach the 25 percent power

steady-state values. Xenon buildup produces a peak change in xenon

reactivity of -2.2 percent A K at 6.33 hr. As xenon gradually increases

with time, control rod groups are automatically withdrawn to maintain reactor

criticality. The maximum required change in rod-induced reactivity is 1.8

percent A K to overcome the net effects of temperature and xenon reactivity.

11.6.2 Loss of Main and Shutdown Cooling Loops (AOO-2)

This A results when main loop (HTS) cooling is lost because of some failure

originating within the plant with the exception of a main circulator trip.

This excludes a loss of offsite power as well as external initiating events.

Immediate or delayed loss of feedwater flow to the steam generator is

detected. The PPIS signals a main circulator trip in conjunction with a

reactor trip signal. The reactor is successfully tripped on outer control

rods and the main circulator is tripped. The SCS fails to provide core

cooling because of either an independent failure or failure of a system

common to both the HTS and SS. The core is cooled by conduction and

radiation to the Reactor Cavity Cooling System (RCCS). The plant transient

for this event is similar to DBE-l. See Section 15.2 for DBE transient

thermal results. The core temperatures peak at approximately 12860C

(23470F at 100 hr. The helium pressure peaks at 6.91 MPa (1002 psia),

which is below the relief valve setting of 7.18 MPa (1041 psia).

Radionuclides are retained within the fuel particles and reactor core

graphite. Primary circuit radionuclides are retained within the primary

coolant pressure boundary so that there is no offsite dose.

11.6.3 Control Rod Group Withdrawal With Control Rod Trip (AOO-3)

This AOO assumes a spurious withdrawal of an outer group of control rods with

a reactivity insertion worth of 2.3 percent Ak (includes 10 percent

uncertainty). The initial position of the group is conservatively assumed to

be fully inserted. The Plant Protection Instrumentation System (PPIS) trips

the reactor at the high power-to-flow ratio setpoint of 1.5 at 106 seconds
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after the initiation of the transient. Outer control rods are inserted to

shut down the reactor. Gore c oling is provided by the HTS.

Figures 11.6-9 through ll.6L12 show the transient behavior of the key

parameters of the NSSS. Initial rod withdrawal increases reactor power by

almost 50 percent. However, Ithe steam temperature is brought to saturation

within 1200 seconds. The post reactor trip cooldown is similar to that for a

spurious reactor trip with c ooling on the HTS (Section 11.6.1.3.). The

reactor vessel remains prIessurized during the cooldown transient.

Radionuclides are retained within the fuel particles and reactor core

graphite. Primary circuit radionuclides are retained within the primary

coolant pressure boundary so that there is no offsite dose.

11.6.4 Small Steam Generator Leak (AUU-4)

This AOO is a steam generator! tube leak which results in a 0.05 kg/sec (0.1

lbm/sec) moisture ingress ratel to the primary coolant. Gonservative moisture

reactivity values based on beginning-of-cycle initial core reactivity

calculations and end-of-cycle' equilibrium core temperature coefficients are

used. The automatic neutron flux controller compensates the moisture

reactivity effect by inserting control rods. The analysis conservatively

assumes that moisture ingress, is a vapor that mixes homogenously with the

primary coolant. Helium Purification System operation and moisture

condensation effects are not cbnsidered.

The reactor and HTS are tripped on high primary coolant moisture. The steam

generator is isolated and dumped due to the high moisture trip signal. The

reactor remains pressurized. Moisture ingress is terminated and the reserve

shutdown control equipment (RSGE) is not tripped. The SS is automatically

started to provide core cooling following HTS trip. Some core radionuclides

are released into the primarjj circuit due to fuel hydrolysis and graphite

oxidation. Primary circuit r adionuclides are, however, retained within the

primary coolant pressure boundary and within the dump tank so that there is

no offsite dose.
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A small 0.05 kg/sec (0.1 lbm/sec) steam-generator leak is postulated to

occur. The small leak rate results in a very gradual increase in primary

coolant pressure and core reactivity. The neutron flux controller

compensates by inserting control rod banks to maintain reactor power at

essentially 100 percent. The primary coolant mass flow rate increases

gradually due to the moisture ingress and graphite oxidation products.

At 390 seconds the PPIS trips the reactor and HTS because of high primary

coolant moisture of 1200 ppmv. All outer reflector control rods are

inserted, the HTS circulator is tripped, and the steam generator is isolated

and dumped. Total moisture ingress is about 18 kg (40 lbm).

Figures 11.6-13 through 11.6-16 show the thermal/hydraulic transient for

AOO-4. Reactor power was controlled to 100 percent of nominal until time of

reactor trip at 390 seconds. The flow rate represents the mixture of helium,

steam, and the steam-graphite oxidation products (carbon monoxide and

hydrogen). Reactor power drops quickly to decay heat level after reactor

trip on the outer reflector control rods. The main circulator coasts down to

about 1 percent of nominal flow at 484 seconds. The flapper-type helium

shutoff valve closes by gravity force at 485 seconds. The reactor pressure

increases to a maximum of 6.39 MPa (927 psia) due to moisture ingress. The

reactor remains pressurized and the pressure relief valve does not open.

Reactor temperatures decrease following startup of the SS circulator at 780

seconds.

Peak average fuel temperature and axial peak fuel temperature for the average

channel remained below the nominal 100 percent power values of 6530C

(12080F) and 7560C (13930F), respectively. Temperatures initially

decrease following reactor trip and main circulator coastdown. During the

transition from HTS to SCS cooling, the average fuel temperature increases to

about 6430 C (11900F) and the axial peak average fuel temperature

increases to about 7430C (13700F). Core temperatures begin to decrease

following startup of the shutdown cooling circulator. At 120 minutes, the

average fuel temperature has cooled to 2040C (4000F). SOS startup is

begun at time 11.5 minutes by switching the cooling water pumps from standby
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mode to pressurized operation! with a maximum flow rate of about 29.2 kg/sec

(64.4 lbm/sec) in 30 seconds. At 13.0 minutes the shutdown cooling

circulator is started and attains minimum operational speed (about 5 percent

of design) in a few seconds.! The helium flow is about 8.8 kg/sec (19.4

lbm/sec) at minimum speed.i The automatic circulator speed control of

shutdown cooling heat exchanger (SCHE) water outlet temperature is activated

and the temperature setpoint is ramped from 430 C (1100F) to 2320 C

(4500F) in 60 seconds. SC ooling water is 29.2 kg/sec (64.4 lbm/sec) and

430C (1100F) at the inlet to the SCHE. The water outlet temperature is

controlled to 2320C (4500F) by adjusting circulator speed.

As the reactor cools down, the shutdown cooling circulator speed increases to

maintain water outlet tempera Iture. At 81.7 minutes, the shutdown cooling

circulator becomes power-limited by the 149 kW (200 hp) motor. SCS cooling

continues, but water outlet temperature begins to drop below 2320C

(4500F) and the core cooldown rate is reduced.

Trip of the main circulator results in a spindown time of about 94 seconds.

Due to the faster closing of ,HTS secondary side isolation valves (5 seconds

for feedwater and 10 seconds for main steam) relative to circulator coastdown

and subsequent helium shutoff: valve closure, there is a moderate heatup of

the steam generator.

Approximately 10 percent of Ithe SCS helium flow is designed to backflow

through the main loop shutoff valve to cool the steam generator. This

backflow mixes with the core outlet flow before reentering the SCHE.

11.6.5 Small Primary Coolant Leak (AOO-5)

For small primary coolant leaks, leak sizes up to about 6.5 sq cm (1 sq in.)

are considered. An identifiable leak in this range is a typical

instrumentation line penetration of 1.94 sq cm (0.3 sq. in.). The coolant

leak is detected and the affected reactor module is tripped when the Primary

Coolant System is depressurized to its low pressure setpoint. Helium

pumpdown by the Helium Purification System (HPS) is available. The
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circulator is tripped when the primary coolant pressure is further reduced to

its low pressure setpoint in conjunction with a relatively high steam

temperature. Thereafter, the SCS removes the core decay heat.

If the leak size approaches the high end of the spectrum of 6.5 sq cm (1 sq

in.), the depressurization due to leakage is rapid and the benefit of helium

pumpdown becomes limited. In this analysis, a large leak size of 6.5 sq cm

(1 sq in.) is employed and the effect of helium pumpdown by the HPS is

ignored. The sequence of events analyzed is:

1. A leak occurs in the primary coolant pressure boundary, the full

flow area of which is 6.5 sq cm (1 sq in.).

2. The leak is detected and a reactor trip initiated by the PPIS on low

primary coolant pressure.

3. Circulator trip is initiated by the PPIS on low primary coolant

pressure and a relatively high steam temperature.

4. Primary coolant circulating activity is released to the Reactor

Building.

5. Radionuclides are released to the environment after some retention

in the Reactor Building due to the effects of deposition and

volumetric holdup.

For a leak size of 6.5 sq cm (1 sq in.), the primary coolant low pressure

setpoint of 5.69 MPa (825 psia) is reached in 112 seconds after the inception

of the coolant depressurization. At 364 seconds into the transient, the

circulator is tripped when it meets the trip condition of 4.31 MPa (625 psia)

primary coolant pressure and the main steam temperature is greater than or

equal to 3850C (725 0F). Helium pumpdown operation is neglected and it

would have a small (approximately 2 percent) effect on primary coolant

release. The helium pressure transient is due solely to leakage

depressurization.
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Figures 11.6-17 through 11.6-21 depict the transient behavior of the major

plant parameters. Initially, a limited increase in primary coolant and core

temperatures prior to reactor trip occurs because of the reduced coolant

density during initial depressurization. After the reactor trip, coolant and

core temperatures are decreas6,d significantly. After the SCS starts at 504

seconds, these temperatures gradually increase before they fall after 3

hours.

Radiological Release. Fission products are released from two sources during

a primary coolant leak: the~ primary coolant circulating activity and the

liftoff of plated-out activity._ Most of the activity in the primary coolant

loop is released during the initial depressurization since the primary

coolant pumpdown to torage reduces the release by 2 percent. The liftoff of

plateout activity is significant for a leak of the size considered in this

event. Because forced circulation cooling maintains fuel temperatures within

the range of normal operation~ no incremental release of fuel body activity

is predicted. Table 11.6-1: presents the liftoff circulating activities

available for release from the vessel. The release from the vessel is into

the Reactor Building from which the fission products can be transported to

the atmosphere through the Reactor Building dampers or by leakage.

The transport mechanism from! the reactor vessel consists of the initial

helium depressurization. Most of the circulating activities and lifted off

plateout are released during the 1.25 hours of initial depressurization. The

slightly subatmospheric pressui re maintained in the primary system after this

time prevents further release.!

The decay and transport of fission products from the vessel to the Reactor

Building were modeled using the TDAC computer code. The methods and models

used by TDAC are described in' Section 15.1.4. The source activities include

the circulating activities and the liftoff of plated-out activities. The

amount of fission products released to the Reactor Building is less than the

source activities because of the lack of strong transport mechanisms out of

the reactor vessel once depressurization is complete. It should be noted

that the total r leases from: the building for Rb-88 and Rb-89 are greater
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than those circulating or plated out. This is because Kr-88 and Kr-89 decay

into Rb-88 and Rb-89, respectively, during the accident causing a total

release of Kr-88 and Kr-89 greater than their circulating and plateout

activities.

The transport mechanisms from the Reactor Building initially consist of

depressurization through the building louvers which open under elevated

pressure conditions. Subsequent release from the Reactor Building is

governed by the building leakage rate and the rate of inleakage from the

reactor vessel. Also during this period of slow release, the Reactor

Building provides fission product holdup which allows time for gravitational

settling, plateout on cool surfaces, and natural radioactive decay. Table

11.6-1 shows the total fission product release from the Reactor Building in

curies.

Environmental Consequences

A realistic dose analysis was performed using the expected release shown on

Table 11.6-1 and the realistic atmospheric dispersion factors shown on Table

11.6-2. The expected doses are calculated using the methodology described

below for an individual at the Exclusion Area Boundary for doses for a full

30 days. Doses for the first two hours are not calculated since the LPZ and

EAB distances are the same and the 30 day dose is therefore the most

limiting. The resultant doses are shown on Table 11.6-3.

The concentration of radioactive isotopes at the dose receptor is a function

of the release rate of radioisotopes and the amount of dilution available due

to atmospheric transport and dispersion. The atmospheric dispersion factors

(X/Qs) are functions of wind speed, wind direction, atmospheric stability

conditions and obstructions in the path of travel. Regulatory Guide 1.4

provides a methodology for calculating the X/Qs for use in the dose analysis

of Design Basis Events. (Ref. 1) For the realistic dose analysis of the

A00s, 10 percent of the Regulatory Guide 1.4 X/Qs were used in accordance

with Regulatory Guide 4.2. (Ref. 2) This methodology was chosen since it

results in typical values for any potential site and is expected to envelop

about 85 percent of all U.S. sites.
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Ground level releases from the reactor complex will enter a wake cavity

produced by the buildings near the release point. The release is diluted in

this cavity before being transported to the EAB. This dilution is taken into

account by modifying the X/Qs with a Building Wake Correction Factor which is

proportional to the uilding cross-sectional area orthogonal to the wind

direction. For this analysis,, the minimum cross-sectional area, shown in

Table 11.6-2, was chosen to conservatively bound the resultant atmospheric

dispersion.

Radionuclides which are released and transported offsite can be taken up by

humans through several pathways. The most important, however, for accidental

releases are by inhalation and immersion. Food chain pathways are not

considered because of the many opportunities to exert administrative

controls. Some elements, such as iodine, are rapidly concentrated in certain

organs in the body. These eff~cts are taken into account in dose conversion

factors which have been develo~ped for each combination of isotope, uptake

mechanism, and organ dose. Dose~" covers_.-ion factors (DGFs) in this analysis

were taken primarily from Regulatory Guide 1.109. (Ref. 3)

Doses to the skin from beta iradiation and to the whole body from gamma

radiation can be incurred by a person immersed in the radioactive cloud. The

immersion dose is calculated for each isotope as follows:

DI. X/Q x DCF. x Aj

where:

DI. The dose from isotope j to the whole body (or to the skin) in

rem

3
X/Q Atmospheric dispersion factor in sec/n

DCF. The whole ody (or skin) dose conversion factor for isotope j

in rem-m 3/Ci-sec~

A. The activity released in curies
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The doses from each isotope released are then subbed together to determine

the total immersion dose.

Doses to internal organs can be incurred by a person breathing the

radioactive cloud. The inhalation dose is calculated for each organ and

isotope as follows:

Dij =X/Q xBR xDCFij xAj

where:

D.. The dose from isotope j to organ i in rem

X/Q Atmospheric Dispersion factor in sec/in3

DCF.. The dose conversion factor for isotope j and organ i in rem/Gi

BR Breathing rate (2.32 x lO-4 m3 sec)

A. The activity released in curies

The doses from each isotope released are then summed together to determine

the total inhalation dose.
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TABLE 11.6-1

LIFTOFF AND CIRCULATING ACTIVITIES FOR A0-5

AND TOTAL FISSION PRODUCT RELEASE FROM BUILDING

Circulating Liftoff
Activity (Ci) Activity (Ci) Total
Available for Available for Release from

Nuclide Release Release Building (Ci)

Kr-85m 2.30 0 7.65-01

Kr-87 2.96 0 6.26-01

Kr -88 5.16 0 1.44

Rb-88 6.78-02 3.28-05 9.19-01

Kr-89 1.24 0 2.47-02

Rb-89 1.98-02 8.24-06 2.85-02

Sr-89 1.39-05 1.39-04 1.04-05

Kr-90 0.55 0 4.91-04

Sr-90 7.29-10 2.71-05 7.88-06

I-131 1.79-02 2.64-05 2.92-03

I-132 2.23-01 7.57-05 3.23-02

I-133 1.18-01 1.97-05 1.89-02

Xe-133 2.32 0 1.98

I-134 5.41-01 6.90-06 6.75-02

Cs-134 3.23-06 9.43-05 2.83-05

I-135 1.91-01 8.91-06 2.97-02

Xe-135m 1.20 0 1.47-01

Xe -135 3.49 0 1.61

Xe-138 1.21 0 1.17-01

Cs-138 9.37-02 8.27-06 5.27-02

Ag-110m 5.43-06 1.04-04 3.17-05

Cs-137 1.98-05 4.42-04 1.29-04

1 of 1
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TABLE 11.6-2

ATMOSPHERIC DISPERSION FACTORS

Distance to EAB (LPZ) in meters 425

Minimum building cross-sectional area in square meters 732

Realistic atmospheric dispersion factors in seconds/cubic meter

(10% of R.G. 1.4)

O to 8 hours 1.20 x 0O4

8 to 24 hours 6.34 x 0O5

1 to 4 days 2.30 x 0O5

4 to 30 days 5.22 x 10-6

1 of 1
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TABLE 11.6-3

AOO-5 DOSE ANALYSIS RESULTS(')

30 day EAB

Inhalation Pathways

Thyroid 0.33

Lung 0.018

Bone 0.0044

Bone Surface 0.0011

Red Bone Marrow 0.00084

Liver 0.00072

Whole Body 0.0017

Cloud Immersion Pathways

Skin Beta 0.11

Whole Body 0.14

(1) Doses in mrem

1 of 1
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11.7 PLANT DOSE ASSESSMENT

Radionuclides discharged from the Standard MHTGR into the environment during

normal operations could result in radiation exposure of man through a variety

of mechanisms. Radioactive materials present in air, water, or food can be

inhaled or ingested into the body. Some of these materials may become

incorporated in tissues and organs, thereby resulting in internal irradiation

of body organs. Radiation doses can also result from absorption in the body

of radiation emitted from extracorporal radioactive materials. This external

irradiation may be due to beta and gamma radiation emitted from radioactive

materials in air or water deposited on the ground, or from direct radiation

from the plant.

This section assesses liquid and gaseous plant effluent pathways present

during normal plant operation. The resultant doses are compared against the

Top-Level Regulatory Criteria presented in Section 3.1.1.

11.7.1 Liquid Pathways

11.7.1.1 Radioactive Releases

During processing of liquid wastes, radioactivity is removed so that the bulk

of the liquid is restored to clean water, which is either recycled in the

plant or discharged to the environment. The radioactivity removed from the

liquids is concentrated in filters and ion exchange resins. These

concentrated wastes are sent to the Solid Radioactive Waste System for

treatment and eventual shipment to a licensed burial ground. If the liquid

is to be discharged, the activity concentration is consistent with the

discharge criteria of 10CFR20. Normally, most of the liquid passing through

the Liquid Radioactive Waste System is recycled in the plant. However, the

treatment in this system is such that these liquids can be discharged from

the plant after monitoring, if required by plant water balance

considerations.

* ~The expected annual activity releases for each waste stream are given in

Table 11.7-1. The resultant expected average annual radionuclide

11.7-1
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concentrations at the site boundary are compared to 10CFR20 limits in Table

11. 7-2.

11.7.1.2 Estimated Doses

To ensure compliance with Appendix I of 10CFR50, based on the liquid source

terms described above, dose calculations are performed in accordance with

Regulatory Guide 1.109. (Ref. 1) For these purposes, doses are calculated

to a maximum exposed individual from potable water consumption, aquatic biota

consumption, irrigated food consumption, and from shoreline exposure. Input

data for these calculations are given in Table 11.7-3. The calculated doses

are given in Table 11.7-4. These doses are well within the Appendix I design

limits imposed by the Top-Level Regulatory Criteria.

11.7.2 Gaseous Pathways

11.7.2.1 Radioactive Releases

The activity released from the various sources results in airborne

concentrations at offsite locations that are below the permissible levels of

10CFR20 and meet the dose limits of Appendix I to OCFR50 as discussed in

Section 3.1.1.

An evaluation of the gaseous radioactive releases has been performed to show

compliance with the above guidelines. The assumptions used in this

evaluation are summarized in Table 11.7-5. The expected annual activity

releases are given in Table 11.7-6.

Expected average annual radionuclide concentrations from all sources are

compared to 10CFR20 limits in Table 11.7-7.

Sources of radioactive releases include the following:

1. Reactor Building Ventilation System

2. Helium Purification System

11.7-2
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3. Gaseous Radioactive Waste System

4. Air activation in the Reactor Cavity Cooling System

Cooling air passing through the Reactor Cavity Cooling System (RCCS) can be

activated by the neutron flux from the core. The dominant activation isotope

is Ar4l.

11.7.2.2 Estimated Doses

The estimated dose from air activation (primarily Ar4l) from the RCCS is

based on the neutron flux sources discussed in Section 12.2.1.1. The dose

resulting from the release of air activation products in the RCCS is

0.19 mrem/year per reactor unit at the site boundary. Releases are given in

Table 11.7-8.

Doses from all other gaseous releases are calculated in accordance with

Regulatory Guide 1.109 (Ref. 1). Dose pathways considered are inhalation

from the passing cloud, ground shine, and ingestion of cow milk, vegetables,

and meat. The input data used for this calculation is shown in Table

11.7-5. The resultant doses are presented in Table 11.7-9.

For additional information related to this section, see the response to NRC

Comments G-8.C, 11-2 and 11-4.

11.7-3 Amendment 5
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REFERENCES - SECTION 11.7

1.U. S. Nuclear Regulatory Commission (NRC). Calculation of Annual Doses

to Man from Routine Releases of Reactor Effluents for the Purpose of

Evaluating Compliance with 10 CFR Part 50, Appendix I. Regulatory Guide

1.109, Revision 1. NRC, Washington, DC, October 1977.

11.7-4
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TABLE 11.7-1

EXPECTED YEARLY ACTIVITY RELEASED FROM

LIQUID RADIOACTIVE WASTE SYSTEMS

Isotope Release (Cilyr)

I-131 4.94 x 10-6

Cs-137 2.19 x 0-4

Ba-137m 2.04 x 0-5

Ba-140 3.09 x 0O7

La-140 3.09 x 0-7

1 of 1

Amendment 10
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TABLE 11.7-2

COMPARISON OF MAXIMUM CALCULATED RADIONUCLIDE CONCENTRATIONS IN THE

ENVIRONMENT FROM ROUTINE LIQUID RELEASES TO 1CFR20 LIMITS

Effluent IOCFR20

Concentration MPG

Isotope (uCi/mi) (uCi/ml) Ratio

I-131 2.36 x 10-12 3 x 10O7 7.88 x 10-6

Cs-137 1.05 x 10-10 2 x 15 5.23 x 10-6

Ba-137m 9.75 x 10-12

Ba-140 1.48 x 10-13 2 x 15 7.40 x 19

La-140 1.48 x 10-13 2 x 15 7.40 x 0-9

Total 1.25 x 10-10 1.40 x 10-5

1 of 

Amendment 10
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TABLE 11.7-3

INPUT DATA FOR AQUATIC DOSE CALCULATIONS

Potable Fish Shoreline Vegetable Milk Meat

Parameter Water Ingestion Exposure Ingestion Ingestion Ingestion Reference

Usage factor Uap RG 1.109 Table E-5

Adult 730 21.00 12 520 310 110

Teen 510 16.00 67 630 400 65

Child 510 6.90 14 520 330 41

Infant 330 - - - 330 -

(Units) 1/yr kg/yr hr/yr kg/yr 1/yr kg/yr

Environmental transport RG 1.109 Table E-15

time (hr) 12 24 0

Buildup time (hr) 131400 RG 1.109 Table E-15

Shoreline width factor .20 RG 1.109 Table A-2

Blowdown rate (gpm) 1000

Effluent release rate (gpm) 50

Weathering rate (/hr) 2.10E-3 RG 1.109 Table E-15

Irrigation rate (1/sq m/hr) .10 Typical value

Fraction retained on

crops .25 RG 1.109 Table E-15

Crop exposure time (hr) 1440 720 720 RG 1.109 Table E-15

Holdup Time (hr) 24 0 0 RG 1.109 Table E-15

Agricultural yield (kg/sq m) 2 .70 .70 RG 1.109 Table E-15

Soil surface density (kg/sq m) 240 RG 1.109 Table E-15

I of 1
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TABLE 11.7-4

RESULTANT DOSES FROM LIQUID RELEASES(')

Age Gro~up Maximum Organ Whole Body

Adult Liver 0.58 0.38

Teen Liver 0.65 0.23

Child Bone 0.73 0.10

Infant Liver 0.21 0.015

Appendix I Guidelines: 10 3

(1) Doses in mrem/yr.

1 of 1
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TABLE 11.7-5

INPUT DATA FOR AIRBORNE DOSE CALCULATIONS

Holdup time prior to release from Radioactive Gas System: 30 days

Annual average atmospheric dispersion factor (X/Q): 2 x 10O sec/cu m

Absolute humidity: 7.8 g/cu m

Ingestion and Inhalation Rates

Ingestion

Age Group Inhalation Vegetable Milk Meat Lf Veg.

Adult 8000 520 310 110 64

Teen 8000 630 400 65 42

Child 3700 520 330 41 26

Infant 1400 330

(cu m/yr) (kg/yr) (1/yr) (kg/yr) (kg/yr)

1 of 1
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TABLE 11.7-6

EXPECTED ANNUAL ACTIVITY RELEASED FROM

GASEOUS RADIOACTIVE WASTE SYSTEMS

Release

Isotope (Ci/yr)

H-3 10.1

Kr-85 37.3

Kr-88 5.51

Xe-133 17.6

Xe-135 0.0436

1 of 1
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TABLE 11.7-7

COMPARISON OF MAXIMUM CALCULATED RADIONUCLIDE CONCENTRATIONS IN
THE ENVIRONMENT FROM ROUTINE ATMOSPHERIC RELEASES TO

10CFR20 LIMITS

EAB 10CFR20 Ratio of EAB
Concentration MPC Concentration to

Isotope (Uci/mi) (uCi/ml) MPG
H-3 6.41E-12 2.OE-7 3.20E-5
B-10 7.91E-28 1.OE-10 7.91E-18
B-12 5.86E-14 3.OE-8 1.95E-6
B-13 7.70E-20 3.OE-8 2.57E-12
C-li 3.98E-22 3.OE-8 1.33E-14
C-14 2.93E-16 1.OE-7 2.93E-9
C-15 2.99E-13 3.OE-8 9.96E-6
N-13 1.11E-12 3.OE-8 3.70E-5
N-16 2.93E-13 3.OE-8 9.76E-6
N-17 8.26E-17 3.OE-8 2.75E-9
N-18 7.OOE-17 3.OE-8 2.33E-9
0-15 2.45E-16 3.OE-8 8.18E-9
0-19 1.34E-13 3.OE-8 4.45E-6
F-20 8.93E-16 3.OE-8 2.98E-8
N-23 2.96E-14 3.OE-8 9.86E-7
S-35 3.40E-20 9.OE-9 3.78E-12
S-37 4.75E-14 3.OE-8 1.58E-6
C-36 1.70E-23 8.OE-10 2.13E-14
C-38 2.13E-17 7.OE-8 3.04E-10
C-40 1.52E-14 3.OE-8 5.07E-7
A-35 2.56E-17 3.OE-8 8.54E-10
A-37 1.09E-15 1.OE-4 1.09E-11
A-39 1.39E-20 1.OE-10 1.39E-10
A-41 1.79E-11 4.OE-8 4.47E-4
S-77M 1.28E-18 3.OE-8 4.28E-l1
S-79 1.17E-29 1.OE-10 1.17E-19
S-81M 4.75E-21 1.OE-10 4.75E-11
S-83M 6.18E-21 3.OE-8 2.06E-13
B-80M 4.69E-20 1.OE-10 4.69E-10
B-82 5.62E-21 6.OE-9 9.37E-13
B-83 1.20E-19 1.OE-10 1.20E-9
K-79M 2.31E-16
K-81M 8. 17E-14
K-83M 6.12E-15 3.OE-8 2.04E-7
K-85M 5.42E-17 1.OE-7 5.42E-10
K-85 2.36E-11 3.OE-7 7.88E-5
K-87 4.16E-17 2.OE-8 2.08E-9
K-88 3.49E-12 2.OE-8 1.75E-4
X-133 1.11E-11 3.OE-7 3.71E-5
X-135 2.77E-14 1.OE-7 2.77E-7

Total 6.46E-11 8. 36E-4

1 of 1
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TABLE 11.7-8

REACTOR CAVITY COOLING AIR ACTIVATION SOURCES

Release
Rate

Isotope (Ci/hr)
He-3 3.813E-13
Be-10 1.420E-19
B-12 1.052E-05
B-13 1.383E-11
C-li 7.154E-14
C-14 5.260E-08
C-15 5.365E-05
N-13 1.994E-04
N-16 5.260E-05
N-17 1.483E-08
N-18 1.257E-08
0-15 4.408E-08
0-19 2.399E-05
F-20 1.604E-07
Ne-23 5.313E-06
S-35 6.102E-12
S-37 8.521E-06
Cl-36 3.061E-15
Cl-38 3.819E-09
Cl-40 2.730E-06
Ar-35 4.602E-09
Ar-37 1.962E-07
AR-39 2.498E-12
Ar-41 3.209E-03
Se-77m 2.304E-10
Se-79 2.093E-21
Se-81m 8.521E-13
Se-83m 1.110E-12
Br-8O0m 8.416E-12
Br-82 l.O1OE-12
Br-83 2.162E-11
Kr-79m 4.155E-08
Kr-81m 1.468E-05
Kr-83m 1.099E-06
Kr-85m 9.731E-09
Kr-85 2.167E-13
Kr-87 7.469E-09

Total 3.589E-03

1 of 1
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Sb TABLE 11.7-9

RESULTANT DOSES FROM GASEOUS RELEASES(')

Age Group Whole Body Skin

Adult 0.21 0.32

Teen 0.22 0.32

Child 0.24 0.32

Infant 0.22 0.32

Appendix I Guidelines: 5 15

(1) Doses in mrem/yr.

1 of 1
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CHAPTER 12

OCCUPATIONAL RADIATION PROTECTION

This chapter provides information on radiation protection methods and on

estimated occupational radiation exposures to operating (and construction)

personnel during normal plant operations and anticipated operational

occurrences (AOOs). Radiation protection measures are incorporated to ensure

that internal and external occupational radiation exposure to plant operating

personnel, contractors, administrators, and visitors as a result of station

conditions, including As, will be within the applicable limits of the

Top-Level Regulatory Criteria. Radiation protection design features provided

are consistent with the guidelines of Regulatory uide 8.8. (Ref. 1)

12.1 OCCUPATIONAL RADIATION EXPOSURE

General policy, design, and operational considerations for maintaining

personnel exposure within the limits specified by the Top-Level Regulatory

Criteria (per Section 3.1.1) are discussed in this section.

12.1.1 Policy Considerations

The general management policy for control of occupational radiation exposure is

embodied in the user's requirements. (Ref. 2) This includes:

1. Minimizing the number of areas inaccessible because of high-radiation

levels during reactor operation

2. Selecting materials to minimize the production of radioactive materials

due to activation and the generation of corrosion products

3. Maintaining the annual average integrated dose to station personnel to

less than 10 percent of 10CFR20, based on the number of personnel

assigned to the permanent plant staff. Based upon the estimated

maximum permanent plant staff of 308, this translates to a collective

annual exposure of 154 man-rem/year.

12.1-1
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12.1.2 Design Considerations

General design considerations include plant layout and equipment design and

location for the purpose of incorporating methods and features to ensure that

occupational radiation exposures are within the limits set by the Top-Level

Regulatory Criteria. The design considerations and methods to limit in-plant

radiation exposure have two objectives:

1. Minimizing the necessity for and amount of personnel time spent in

radiation areas

2. Minimizing radiation levels in routinely occupied plant areas and in

the vicinity of plant equipment expected to require personnel

attention.

For radioactive systems, many factors are considered to achieve the optimum

layout and design. One very important consideration is minimizing radiation

exposure to personnel during system operation and maintenance. Some of the

important typical equipment and facility design considerations directed toward

reducing the amount of maintenance time spent in radiation areas are:

1. Modularization of radioactive components for ease of disassembly and

removal to a lower radiation area for repair or replacement

2. Redundancy of equipment or components to reduce the need for immediate

repair when radiation levels may be high

3. Utilization of remote or semiremote viewing devices to minimize the

need to enter radiation areas

4. Locating appropriate equipment, instruments, and sampling sites in the

lowest practicable radiation zone.

some of the important typical design considerations directed toward minimizing

radiation levels in plant access areas and in the vicinity of equipment

requiring personnel attention include:

12.1-2
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1. Separating high radiation sources and occupied areas

2. Providing adequate shielding between radiation sources and access and

service areas

3. Provisions for temporary local shielding of high radiation sources near

active components where permanent shielding is not practical

4. Provisions for venting, purging, and decontamination to reduce

radiation levels in systems that may experience plateout

5. Use of high quality fuel to limit primary circuit contamination levels

12.1.3 Operational Considerations

Operational considerations include the development and implementation of plant

operating procedures for radiation protection and occupational radiation

exposure control as discussed in Regulatory Guides 8.8 and and 8.10.

(Ref. 1,3) These include procedures for system operation, maintenance,

surveillance, testing, fuel handling, emergencies, and administration, which

will be prepared as the design proceeds.

12.1-3
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12.2 OCCUPATIONAL RADIATION SOURCES

This section identifies and discusses the sources of radiation that form the

basis for the radiation shielding design required for in-plant radiation

protection and the sources of airborne radioactivity that provide the basis for

contamination control and personnel protective measures.

The shielding design source terms are based on the Standard MHTGR operating on

the low-enriched (20 percent) uranium/thorium fuel cycle. The distribution of

fissions among the fissile nuclides (U-235, U-233, Pu-239, and Pu-241) is

representative of a 3.3-year, equilibrium prismatic core. The plant lifetime

is 40 years; the power density is 5.9 w/cc; the capacity factor ("equivalent

availability") is 80 percent; and the fuel element residence time is 3.3 years.

12.2.1 Contained Sources

The contained sources include fission and activation products contained within

the various system components throughout the plant.

12.2.1.1 Reactor System Sources

Fission and activation products are considered for the equilibrium core and

fuel element inventories. The greatest fuel exposure is assumed to be 3.3

years and the least, 1.65 years. To be conservative, it is also assumed that

the core operated at 102 percent of nominal power for 80 percent of the fuel

lifetime. In addition, the maximum of the accumulative yield from U-233,

U-235, Pu-239, or Pu-241 is used. Table 12.2-1 provides the equilibrium core

shielding design source terms and Table 12.2-2 provides the shielding design

source terms for spent fuel elements, consistent with Section 11.1.3.3.

The largest radiation sources during full-power reactor operation are the

prompt neutrons and gammas from the fission process and secondary gammas

produced in the fuel, reflectors, and structural materials. These radiation

sources determine the reactor cavity shi lding requirements; establish the

radiological nvironmental conditions in the reactor cavity; determine the

12.2-1
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neutron streaming to adjacent equipment areas and through the reactor cavity

cooling duct; and determine the activation of air constituents and structural

materials in the reactor silo. Table 12.2-3 presents the calculated neutron

and gamma fluxes at core midplane at the outside surface of the reactor

vessel.

12.2.1.2 Primary System Sources

Steady-state primary circuit activities are based on the equilibrium core

average release fractions of 3.7 x 10-6 for Kr-85m and 2.7 x 10O7 for

Xe-138. Other isotopes of krypton and xenon are defined by assuming that the

release fractions vary as the square root of the isotope half-life. Isotopes

of bromine and selenium are assumed to have the same release characteristics as

krypton; isotopes of iodine and tellurium, the same as xenon. Table 12.2-4

provides the shielding design source terms for the primary coolant, consistent

with Table 11.1-2.

The primary circuit plateout activity is calculated independently from the

primary circulating activity assuming that all the condensible radioactive

nuclides that are released from the fuel elements plate out in the primary

circuit, whereas the circulating activity is calculated using an appropriate

plateout per pass. The total primary circuit plateout source term following

shutdown after operating at 102 percent power for 40 years is provided in

Table 12.2-5. The dose rate around the primary circuit from induced

radioactivity due to neutron activation is small compared to the dose rate due

to fission product plateout. (See Section 11.1.3.3.4 for details.)

12.2.1.3 Helium Purification System Sources

The Helium Purification System (HPS) processes helium from the primary coolant

1oop to remove particulates, chemical impurities, and radioactive fission

products; the purified gas is used as a clean purge throughout the plant. HPS

is also used to process radioactive gas waste from other plant sources to

concentrate the radioactive impurities. The HPS is further described in

Section 9.1.27.

12.2-2
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The helium purification source activities are calculated based on a

purification constant of 2.88 x 10- 5/sec. Table 12.2-6 provides the

shielding-design source terms for the purification system, consistent with

Table 11.1-2.

12.2.1.4 Radioactive Waste System Sources

The Radioactive Waste System includes the Liquid, Gaseous and Solid Radwaste

Systems which are located within the Radwaste Management Building; detailed

descriptions of these systems are provided in Sections 11.2, 11.3 and 11.4.

The Radioactive Waste System is designed to be functional during all modes of

normal plant operation and to provide reliable collection, processing,

packaging and storage of radioactive wastes to meet the requirements of

Top-Level Regulatory Criteria. The configuration of the Radwaste System is

shown in Figures 11.2-1, 11.3-1 and 11.4-1. The sources and inputs to

radioactive systems are provided in Tables 11.2-1, 11.3-1 and 11.4-1.

12.2.2 Ilant Airborne Sources

In-plant airborne sources are the results of neutron activation of air in the

reactor cavity and miscellaneous equipment leakages.

12.2.2.1 Air-Activation Sources

Cooling air passing through the Reactor Cavity Cooling System and the air

within the reactor cavity can be activated by the neutron flux from the

reactor vessel. The dominant activation isotope is Ar-41. Neutron f luxes

used to determine the air activation products are presented in Table 12.2-3;

from the four group neutron fluxes at core midplane, 6.3 x 10-14 Ci of Ar-41

per cubic centimeter of cooling air is produced. Activation products from

reactor cavity cooling air are presented in Table 12.2-7. The dose resulting

from the release of air activation products is included in Table 11.7-9.

Activation products from air within the reactor cavity are presented in

Table 12.2-8. At reactor shutdown, the concentration of Ar-41 is calculated to

12.2-3
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be 2.6 x ioll1 Ci/cc of reactor cavity air, which is the only activation

isotope that has a concentration higher than the maximum permissible

concentration limit of 1CFR20. However, its concentration will decay to below

maximum permissible concentration limit in less than 10 hours after reactor

shutdown.

12.2.2.2 Equipment Leakage

Equipment leakage is the main source of airborne radioactivity outside the

reactor cavity. However, because of low primary system activity and selected

equipment and HVAC System designs, airborne levels in plant areas should be

maintained well below maximum permissible concentration levels during all modes

of plant operation. Equipment and valves for radioactive systems are designed

and sel cted to minimize leakage. The HVAC System is designed and arranged to

control the spread of airborne activities into other plant areas. To minimize

the source of airborne contamination, equipment leakages are collected by local

room ventilation exhausts and routed to the appropriate ventilation treatment

system.

12.2-4
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TABLE 12.2-1
CORE EQUILIBRIUM ACTIVITY

Gamma Source Strent (Mv/e )

Energy Group Shutdown 1 Day Decay

0.00 - 0.10 Mev 2.4E17(2 ) 3.8E16

0.10 - 0.40 Mev 4.0E18 6.lE17

0.40 - 0.90 Mev 1.6E19 4.5E18

0.90 - 1.35 Mev 1.0E19 4.5E17

1.35 - 1.80 Mev 9.3E18 1.3E18

1.80 - 2.20 Mev 3.9E18 6.7EI6

2.20 - 2.60 Mev 4.0E18 9.4E16

2.60 - 3.00 Mev 2.7E18 2.0E15

3.00 - 5.00 Mev 3.lE18 7.7E14

5.00 - 15.0 Mev 8.2E16 0.0

Total 5.4E19 7.0E18

(1) Basis:

a. Fission and activation products in the equilibrium core and fuel

element inventories.

b. The greatest fuel exposure is assumed to be 3.3 years.

C. Core operated at 102% of nominal power for 80% of fuel lifetime.

(2) 2E17 - 2.4 x 1017

1 of 1
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TABLE 12.2-2

SPENT FUEL ELEMENT ACTIVITY

Gamma Source Strength (Mev/sec)(1 )

Energy Group~ Shutdown 1 Day Decay

0.00 - 0.10 M4ev 3.6E14(2 ) 5.8E13

0.10 - 0.40 Mev 6.1E15 9.3E14

0.40 - 0.90 Mev 2.5E16 6.9E15

0.90 - 1.35 M4ev l.6E16 7.1E14

1.35 - 1.80 Mev l.4E16 2.0E15

1.80 - 2.20 Mev 6.0E15 1.0E14

2.20 - 2.60 Mev 6.1E15 l14E14

2.60 - 3.00 M4ev 4.1E15 3.1E12

3.00 --5.00 14ev 4.7EI5 1.2E12

5.00 - 15.0 M4ev 1.2E14 0.0

Total 8.2E16 l1AE16

(1) Basis:

a. Average power element with 3.3 years operation.

b. Power density of 5.9 watt/cc.

C. Core operated at 102% of nominal power for 80 % of the fuel lifetime.

(2) 3.6E14 3.6 x 1014
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TABLE 12.2-3

NEUTRON FLUXES AND GAMMA DOSE RATE(')

AT REACTOR PRESSURE VESSEL CORE MIDPLANE

Neutron Neutron Fluxes Gamma Energy Gamma Dose Rate

Energy- (n/sg cm-sec) (Mv (mrem/hr)

>0.9 Mev 5.03E5(2 ) Total 5.13E5

0.1 - 0.9 Mev 5.06E6 (0.0 - 15.0)

3.05 ev - 0.1 Mev l.llE7

<3.05 ev 1.28E7

Total 2.95E7

(1) Basis:

a. ORNL two-dimensional results; fluxes and dose rate at midplane of top

section of core.

b. Outgoing thermal neutron flux was normalized (increased by a factor of

5) to account for the uncertainty of modeling the borated steel pins as

an annular region in the two-dimensional calculation.

(2) 5.03E5 5.03 x lO5
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TABLE 12.2-4

PRIMARY COOLANT ACTIVITY

Gamma Source Strength (Mev/sec)(1)

Energy GrouD Shutdown 1 Day Decay

0.00 - 0.10 Mev 2.0ElO0( 2 ) 9.2E9

0.10 - 0.40 Mev 3.8Ell 2.5E10

0.40 - 0.90 Mev 1.3E12 2.5El0

0.90 - 1.35 Mev 8.5Ell 5.1E9

1.35 - 1.80 Mev 7.9Ell 3.3E9

1.80 - 2.20 Mev 1.0E12 2.6E9

2.20 - 2.60 Mev 1.2E12 2.4E9

2.60 - 3.00 Mev 2.4Ell 1.5E8

3.00 - 5.00 Mev 5.7El1 6.8E7

5.00 - 15.0 Mev 2.OE10 0.0

Total 6.3El2 7.3E10

(1) Basis:

a. 3.3-year equilibrium prismatic core, 5.9 watt/cc power density and 80%

capacity factor.

b. Core thermal power is 102% of nominal full power.

C. Total circulating inventory of helium is 3570 bm.

(2) 2.OElO - 2.0 x 1010
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TABLE 12.2-5

PRIMARY CIRCUIT PLATEOUT ACTIVITY

Gamma Source Strength (Mev/sec)(1)

Energy Group Shutdown 1 Day Decajy

0.00 - 0.10 Mev 5.5E10(2 ) 3.9El0

0.10 - 0.40 Mey 2.8E12 2.3E12

0.40 - 0.90 Mev 3.0E13 2.4E13

0.90 - 1.35 Mev 4.3E12 l.4E12

1.35 - 1.80 Mev 2.8E12 9.7E11

1.80 - 2.20 Mev 1.5E12 1.5Ell

2.20 - 2.60 Hey 6.8E11 6.7El0

2.60 - 3.00 Mev 4.lE11 5.3E8

3.00 - 5.00 Mev 7.lEll 2.8E8

5.00 - 15.0 Mev 2.4E10 0.0

Total 4.3E13 2.9E13

(1) Basis:

a. From shutdown after operation at 102% power for 80% of 40 years.

b. All condensible radionuclides released from fuel elements plate out in

the primary circuit.

C. Total plateout area in primary circuit is 5.47 x 107 sq cm.

(2) 5.5El0 5.5 x 1010
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TABLE 12.2-6

HELIUM PURIFICATION SYSTEM ACTIVITY

Gamma Source Strength (Mev/sec)(1 )

Energy roupR Shutdown 1 Day Decay

0.00 - 0.10 Mev 1.4E11l( 2 ) 1.2Ell

0.10 - 0.40 Mev 1.4E11 3.6E10

0.40 - 0.90 Mev 2.9Ell 5.2E10

0.90 - 1.35 Mev 7.9E10 4.8E9

1.35 - 1.80 Mev 1.4E11 3.2E9

1.80 - 2.20 Mev 4.9Ell l.lE9

2.20 - 2.60 Mev 3.5E11 1.0E9

2.60 - 3.00 Mev 5.3E10 6.4E7

3.00 - 5.00 Mev 2.5E10 2.9E7

5.00 - 15.0 Mev 3J.E L

Total 1.7E12 2.2Ell

(1) Basis:

a. Helium purification constant of 2.88 x 10- 5/sec.

b. Helium Purification System volume of 18,955 scf.

C. Helium purification flow rate of 80,557 scf/hr.

(2) .4E11 - 1.4 x loll
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TABLE 12.2-7

ACTIVATION OF REACTOR CAVITY COOLING AIR ()

Activity
Isotope CUP=m Ci/c

N-13 3.81E-12 3.9E-15
N-16 1.OE-12 L OE-15
C-15 L.OE-12 L.OE-15
B-12 2.01E-13 2.1E-16
0-19 4.6E3-13 4.7E-17
Ar-37 3.6E-15 3.7E-18
Ar-4l 6.lIE-1l1 6.3E-14
C1-40 5.2E-14 5.3E- 17
S-37 1 .6E3-13 1 .6E- 16
F-20 3.11E- 15 3.2E- 18
Ne-23 L.OE-13 1.OE3-16
Kr-81m 2.8E-13 2.9E-16
Kr-83m 2. lE-14 2.2E-17

(1) Basis:

a. Neutron fluxes from Table 12.2-3.

b. Total air residence time in the reactor cavity of 22.7 seconds.

(2) Isotopes with activity of less than 1.0 x 10o'5 Ci/gm ae not listed.
See Table 11.7-7 for a more complete list of isotopes.

(3) 1.OE-15 = 1.0 x Y'
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TABLE 12.2-8

ACTIVATION OF REACTOR CAVITY AIR

Activity(12

Isotope (Ci/cc)

C -14 2. 8E-12(3 )

N-13 1. 5E-13

N-16 1. 2E-15

C-15 1. E-15

B-12 2.lE-16

0-19 l1AE-15

Ar -41 2.6E-1

S -37 3.3E-15

Kr-83m 9 .OE-15

Total 2. 9E-11

(1) Basis:

a. Neutron fluxes from Table 12.2-3.

b. Activation time of 2 years with no airflow/leakage.

c. Activation volume of 2 x 104 cu ft.

(2) Isotopes with activity of less than1.X05 Ci/cc are not

listed.

(3) 2.8E-12 - 2.8 x 10-12
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12.3 OCCUPATIONAL RADIATION PROTECTION DESIGN FEATURES

This section describes the radiation protection design features relating to

facility design, shielding, ventilation, area radiation, and airborne

radioactivity monitoring instrumentation which will contribute to maintaining

the annual average dose to station personnel to less than 10 percent of

10CFR20. Radiation protection design features typically reduce the need for

maintenance and other operational activities in radiation fields; reduce

radiation sources where operations must be performed; allow quick entry and

easy access; provide remote operation capability; or reduce time required for

work in radiation fields.

12.3.1 Facility Design Features

The basic plant design of the Standard MTGR offers many features which

contribute to reduced occupational exposure. For example, the capacity for

passive decay heat rejection, in the unlikely event that both the Heat

Transport and Shutdown Cooling Systems are unavailable, is also an exposure

reduction design feature since it eliminates the need for additional active

core cooling systems which would require maintenance in a radiation

environment. Modularization of existing systems also minimizes the need for

system train separation to provide for on-line maintenance and further

simplifies equipment layout design for system maintenance.

The main and shutdown cooling circulators are designed to minimize in-place

maintenance and for removal to a low-radiation area for repair. Permanent

shielding has been provided for both circulators to reduce radiation levels

during removal due to fission product plateout sources. These circulators are

also designed to be tested and inspected remotely from a low radiation area.

Special remote handling facilities, casks, and shielded storage wells are

provided for the following equipment/systems to minimize personnel radiation

exposure:

1. Main and shutdown helium circulators
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2. Inner crossduct (hot duct) removal

3. Steam generator tube bundle removal

4. Control rod assemblies

5. Spent fuel elements

6. Radioactive filters and adsorbers

Typical facility design features that are considered to help maintain the

occupational radiation exposures below the goal set by the user and, thus,

within the limits of the Top-Level Regulatory Criteria include the following:

1. Filters that can accumulate high radioactivity are to be backflushed or

replaced remotely

2. Demineralizers for radioactive systems are designed so that spent

resins can be transferred remotely and hydraulically to spent resin

tanks

3. Pumps are equipped with mechanical seals, and associated piping is

arranged to reduce servicing and repair or replacement time

4. Tanks are designed to minimize crud sediment

5. Heat exchangers are designed to minimize leakage, and adequate space is

provided for in-situ maintenance and tube pulling

6. Instrument transmitting and readout devices are located in low

radiation zones

7. Remotely operated valves are used to minimize personnel exposures from

valve operation
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In addition to designing plant equipment and components consistent with the

guidelines of Regulatory Guide 8.8, the facility layout is arranged to reduce

radiation exposure, incorporating the following typical features (Ref. 1):

1. Valve galleries and equipment cubicles are provided with shielded

entrances

2. Whenever practicable, radioactive pipes are separated from

nonradioactive pipes and are located in shielded pipe chases

3. Penetrations through shield walls are designed to minimize radiation

streaming. Major radioactive components are isolated and shielded in

individual compartments

4. Viewing windows or devices are provided in rooms intended to house

highly radioactive sources

12.3.2 Shielding

Radiation shielding is provided to reduce personnel and population exposures,

in conjunction with a program of controlled personnel access to and occupancy

of radiation areas, to levels that are well below the dose occupational limits

of the Top-Level Regulatory Criteria.

The shielding design objectives for the plant during normal power operation,

including anticipated operational occurrences (AOOs), and for shutdown

operations are:

1. To ensure that radiation exposure to plant operating personnel,

contractors, administrators, and visitors is below 10 percent of the

limits of 1CFR20

2. To assure sufficient personnel access and occupancy time to allow

normal anticipated maintenance, inspection, and operations required for

ach plant quipment and instrumentation area
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3. To reduce potential equipment neutron activation and mitigate the

possibility of radiation damage to materials

12.3.2.1 Radiation Zoning and Access Control

All plant areas are categorized into radiation zones according to expected

radiation levels and anticipated personnel occupancy with consideration given

toward maintaining individual occupational exposures within the plant average

limit specified by the user. Each room, corridor, and pipeway of every plant

building is evaluated for potential radiation sources during normal operation,

shutdown, and emergency operations; for maintenance occupancy requirements; for

general access requirements; and for material exposure limits to determine

appropriate zoning. The radiation zone categories employed and their

prescriptions are provided in Table 12.3-1. Radiation zoning requirements are

provided in shielding and radiation zoning drawings, Figures 12.3-1 through

12.3-12.

Any area having a radiation level which could cause a whole body exposure in

any one hour in excess of 0.25 mrem is designated as a restricted area where

access control is required. Any area with a radiation level higher than

1.0 mr/hr, but less than 100 mr/hr is posted with signs bearing the radiation

symbol and the words, CAUTION, RADIATION AREA." Any area having a radiation

level which could cause a whole body exposure in any one hour in excess of

100 mrem is posted with the radiation symbol and the words, "CAUTION, HIGH

RADIATION AREA." Access alert barriers (e.g., signs, chain, rope, door, etc.)

are provided for all radiation and high radiation areas of less than

1, 000 mr/hr. Any h igh radiation area with a radiation level greater than

1,000 mr/hr is provided with locked door or other permanent positive access

controls to prevent unauthorized entry into this area. During periods when

access to the area is required, positive control is exercised over each

individual entry.

12.3.2.2 Shielding Design

Shielding is provided to attenuate direct radiation through walls and

penetrations, and scattered radiation to less than the upper limit of the
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radiation zone for each area. The wall thickness shown on the Shielding and

Radiation Zoning Drawings, Figures 12.3-1 through 12.3-12, represent the

minimum shielding requirements for all plant areas. The material used for most

of the plant shielding is ordinary concrete with a minimum bulk density of

2.35 gm/cc (147 pcf). Whenever poured-in-place concrete has been replaced by

concrete blocks or other material, the design assures protection on an

equivalent shielding basis as determined by the characteristics of the material

selected.

12.3.2.2.1 Reactor Silo Shielding Design

During reactor operation, most areas inside the reactor silo are Zone V and

higher and are normally inaccessible. The main sources of radiation are from

the active core, primary coolant circuit, and the steam generator. The reactor

vessel and the steam generator cavity have been designed to minimize neutron

and gamma streaming through vents and penetrations. Multiple step duct design

is also provided in the Reactor Cavity Cooling System to minimize neutron

scattering to the operating floor area; the operating floor is Zone II during

plant normal power operation.

During reactor shutdown for refueling, all areas except the core region in the

reactor cavity are accessible. To minimize radiation exposure to plant

personnel, additional shielding is provided under the reactor vessel at the

shutdown cooling circulator, inside the shutdown cooling circulator heat

exchanger, and above the main circulator. A labyrinth entranceway is provided

for the access stairwell for a lower radiation level staging area outside the

steam generator compartment.

12.3.2.2.2 Upper Reactor Building Shielding Design

All areas in the upper Reactor Building are accessible during normal power and

plant shutdown refueling operations. The main sources of radiation are from

the active core, primary coolant circuit, steam generator, and the spent fuel

element. The upper reactor pressure vessel and reactor cavity are designed to

maintain a Zon II at th Reactor Building operating floor level.
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12.3.2.2.3 Reactor Auxiliary Building

During normal power operation and shutdown, the potential sources of high

radioactivity in the Reactor Auxiliary Building are the Helium Purification

System and the spent fuel storage pool. The Helium Purification System

includes helium purification regeneration and process modules, moisture monitor

modules, and the process compressor. Shielding is provided for each piece of

equipment based on the access and zoning requirements of adjacent areas. All

corridors are shielded to Zone II requirements.

The spent fuel storage pool contains a series of vertical storage wells with a

shielded closure plug at the upper end of each well and a shielded space filler

between each well to ensure that the radiation level above the spent fuel

storage pool is Zone II. The cooling water and the exterior shielded walls

will provide a Zone II in the adjacent corridors.

12.3.2.2.4 Reactor Service Building Shielding Design

The Reactor Service Building (RSB) consists of several compartments that house

facilities, systems, and equipment common to all four reactor modules. The

above-grade portion of the RSB is an extension of the adjacent Reactor Building

maintenance bay and is shielded to Zone II during normal plant power and

shutdown operation.

The below-grade portion of the RSB houses the storage areas for the new fuel

and the two Shutdown Cooling System circulators, and the storage wells for the

activated or contaminated helium purification filters, control rod drives, and

three main circulators. Access to these storage areas/wells are through the

overhead plugs/hatch openings in the operating floor. Adequate shielding is

provided to limit the normally accessible operating floor and passageways to

less than Zone II.

The fuel sealing and inspection facility and the reactor equipment service

facility are also located in the lower portion of the RSB. In addition to

access plugs through the operating floor, remote viewing and manipulation
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capabilities are provided for these compartments to handle activated or

contaminated components. Adequate shielding is provided to maintain a Zone II

level above the operating floor and the normal access areas.

12.3.2.2.5 Radioactive Waste Management Building Shielding Design

The Radioactive Waste Management Building houses the Liquid, Gaseous, and Solid

Radwaste Systems. The Radwaste Systems are designed to be functional during

all modes of normal plant operation and to minimize radiation exposure to plant

personnel. Shielding is designed to meet the user's objective of maintaining

the overall plant annual average man-rem exposure to less than 10 percent of

10CFR20 limits.

Adequate shielding is provided to the exterior walls to meet Zone I

requirements outside the Radwaste Management Building. Normally accessible

areas and corridors inside the building are designed to meet Zone II

requirements. To minimize radiation exposure to plant operating and

maintenance personnel, the following design features are provided:

1. Radioactive tanks are provided in compartments that are separated from

pumps and their associated equipment

2. Radioactive process pumps are located in separately shielded

compartments

3. Valves for radioactive systems are located in shielded valve areas that

are separated from pumps and tanks

4. Labyrinths are provided to minimize radiation streaming from highly

radioactive components to normally accessible areas or corridors

5. Remote handling is provided for filters and spent-resin process

equipment

6. Pipe chas s with labyrinths are utilized for highly radioactive pipes
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12.3.2.3 Shielding Calculational Methods

The shielding thicknesses provided to ensure compliance with plant radiation

zoning and to minimize plant personnel exposure are based on maximum equipment

activities under the plant operating conditions described in Section 12.2.1,

rather than annual average activities. The thickness of each shield wall

surrounding radioactive equipment is determined by approximating as closely as

possible the actual geometry and physical condition of the source or sources.

The shielding thicknesses are selected to reduce the aggregate computed

radiation level from all contributing sources below the upper limit of the

radiation zone specified for each plant area. Shielding requirements are

evaluated at the point of maximum radiation dose through any wall. Therefore,

the actual anticipated radiation levels in the greater region of each plant

area is less than this maximum dose and therefore less than the radiation zone

upper limit.

12.3.3 Ventilation

The most effective method of controlling airborne radiation is to minimize the

sources of airborne radioactivity. The main sources of airborne radioactivity

are from equipment leakage, normal vent and drain operation, and neutron

activation of air constituents. Design features are employed to minimize pump,

valve, and piping leakage and to collect potentially contaminated vent and

drain streams. Activated air volumes are confined and allowed to decay before

any further distribution.

To further reduce airborne radiation concentrates, filters and charcoal

adsorbers are provided in Heating, Ventilating, and Air Conditioning (HVAC)

Systems to remove particulates and halogens upon the detection of elevated

radiation levels in an HVAC exhaust stream. To minimize the spread and

exfiltration of airborne contamination, airflow is directed from areas with

less potential for contamination to areas with greater potential for

contamination, and a greater volumetric flow is exhausted than is supplied to

maintain a slightly negative pressure in the potentially contaminated areas.
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To minimize personnel radiation exposure, ventilation fans, coolers and filters

are provided with adequate space to permit easy access and the HVAC Systems are

designed to require low maintenance and permit rapid repair of components. In

addition, HVAC Systems servicing nonradioactive systems or areas are located in

low-radiation zones to permit unrestricted accessibility. To facilitate

maintenance and in-place testing operations, air-cleaning system design is

consistent with the guidance and recommendations of Regulatory Guide 1.140

(Ref. 2)

12.3.4 Area Radiation and Airborne Radioactivity Monitoring Instrumentation

The area radiation monitoring portion of the Radiation Monitoring System (see

Section 7.4.2) is provided to supplement personnel and area radiation survey

provisions of plant health physics program to ensure compliance with the

occupational exposure limitations of the Top-Level Regulatory Criteria. Area

radiation monitors are provided in areas to which personnel normally have

access and for which there is a potential for personnel unknowingly to receive

high radiation doses in a short period of time because of system failure or

improper personnel action. Area radiation monitoring has no function related

to the protection of public health and safety. Rather, it serves to warn plant

personnel of high radiation levels in selected plant areas. All monitors are

independent, and failure of one unit has no effect on the others.

Airborne radioactivity monitors are provided to monitor the air within an

enclosure either by direct measurement of the enclosure atmosphere or the

exhaust air from this enclosure. The system indicates and records the levels

of airborne radioactivity and, if abnormal levels occur, actuates alarms.

Local alarms are provided to alert personnel in the area that airborne

radioactivity is at or above the selected setpoint level to ensure that

personnel are not subjected to airborne radioactivity above allowable limits.

The system provides a continuous record of airborne-radioactivity levels which

will aid operating personnel in maintaining airborne radioactivity at the

lowest practicable level. The selection of the types of airborne-radioactivity

monitors is based upon the nature and type of radioactive releases expected and

the location being monitored. The selection of airborne radioactivity monitor
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locations is based on the point of source leakage, the ability to identify the

source of radioactivity so that corrective action can be performed, and the

potential for airborne radiation exposure to personnel.
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REFERENCES - SECTION 12.3

1. U.S. Nuclear Regulatory Commission (NRC). Information Relevant to Ensuring

That Occupational Radiation Exposures at Nuclear Power Stations Will Be As

Low As Is Reasonably Achievable. Regulatory Guide 8.8, Rev. 3, NRC,

Springfield, VA, June 1978.

2. U.S. Nuclear Regulatory Commission, (NRC). Design Testing, and Maintenance

Criteria for Normal Ventilation Exhaust System Air Filtration and

Adsorption Units of Light-Water-Cooled Nuclear Power Plants. Regulatory

Guide 1.140, Revision 1. NRC, Springfield, VA, October 1979.
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TABLE 12.3-1

PLANT RADIATION ZONES

Maximum Design

Dose Rate Typical

Designation (mrem/hr) Description Access Time~1 )

I 0.25 No radiation sources, no Unlimited

radiological control required

II 1.0 Low radiation sources, > 40 hr/wk

radiological control required

III 5.0 Low to moderate radiation 20 hr/wk

sources, radiological control

required

IV 20 Moderate radiation sources, 5 hr/wk

radiological control required

V 100 High radiation sources, 1 hr/wk

radiological control required

VI 1,000 Very high radiation sources, Not routinely

radiological control required accessible

VII 5,000 Extremely high radiation sources, Inaccessible

radiological control required

VIII > 5,000 Extremely high radiation sources, Inaccessible

radiological control required

(1) Typical access time is based on a general area dose rate per zone

(approximately 10 percent of maximum). For other dose rates, typical

access times per year can be estimated by:

500 (mrem/yr)
- access hr/yr

Calculated dose rate (mrem/hr)
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12.4 OCCUPATIONAL DOSE ASSESSMENT

This section describes the estimated radiation exposure to plant personnel.

The user's stated goal is to limit the collective annual exposure to the entire

plant personnel staff to an annual average integrated dose of less than 10

percent of 1CFR20 limits. For additional information related to this section,

see the response to NRC Comments 12-1 and 12-2.

12.4.1 Definition of Categories Used in Exposure Estimate

Six broad categories or job functions were used to estimate the total man-rem

dose exposures to plant personnel. The definitions and components of each of

the six categories are briefly described below.

12.4.1.1 Routine Operations

Routine operations constst of the following four subcategories:

1. Routine patrols for general surveillance in normally accessible plant

areas;

2. Periodic testing and monitoring of specific equipment or systems during

normal plant or system operations;

3. Control operations where personnel occupancy is continuous or where

operator actions are required for routine system operation, e.g.,

control panel activities.

4. Administration and office personnel in administration buildings,

warehouses and engineering offices.

12.4.1.2 Preventive Maintenance

Preventive maintenance includes all scheduled and routine maintenance that is

required to be performed in radiation areas during normal plant power

operation, shutdown, or refueling.

12.4-1 Am ndment 5



HTGR- 86 -024/ 

12.4.1.3 In-Service Insp ction

In-service inspection (ISI) and testing and nondestructive examination normally

performed by plant personnel during plant outages or scheduled system

shutdowns. The inspection and testing procedures are norn~ally preplanned, and

requirements are established to minimize personnel radiation exposure.

12.4.1.4 Refueling

Refueling operations include all activities that are necessary to prepare and

support the actual replacement, transfer and storage of spent and new fuel.

Although refueling outages are routine and are performed dring plant shutdown,

these activities can result in a significant radiation exposre to plant

personnel because of the amount of time involved and th~ highly radioactive

sources being handled.

12.4.1.5 Waste Processing

Waste processing includes all activities associated iaith the collection,

processing, storage, sampling and disposal of radioactivity from process and

leakage collection systems.

12.4.1.6 Corrective Maintenance

Corrective maintenance and repairs are neither sch eduled nor routine.

Provisions have been made to facilitate these activities and procedures are

outlined for each anticipated task; however, the uncertainty in frequency makes

it difficult to assess the contribution of these activities to the total annual

exposure estimate.

12.4.2 Exposure Estimate Methcdology

Two methods were used to estimate exposures, depending on the work category.

Preventive and corrective maintenance and in-service inspection doses were

estimated using an area-by-area and task-by-task method. In this method, the

maintenance and 151 tasks were assigned to th various plant areas, and

12.4-2 Amendment 5
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occupancy times were developed based on task manpower, duration, and

frequency. (Refs 1,2) A general area dose rate for the particular plant area

was then used to calculate an estimated man-rem per year.

The second method, as used for routine operations, waste processing, and

refueling, employs time-averaging to estimate the amount of time workers

typically spend in different radiation zones. Because these workers are

involved in a wide variety of activities in many different areas of the

plant, a detailed task-by-task approach is not feasible. As evidenced by the

historical data from light-water reactor (LWR) plants, these work categories

typically do not contribute substantially to total plant exposures. (Ref. 3)

A discussion of the use of Fort St. Vramn experience in making the MHTGR

occupational dose assessment is provided in the response to NRC Comment 12-2.

12.4.2.1 Total Exposure Estimate

The total exposure estimate for the Standard MHTGR is 149 man-rem, as shown

in Table 12.4-1, which includes a contingency of 20 percent to account for

uncertainties in the numerical data and for miscellaneous minor tasks which

were not included. For a four module plant of 350 MWt/125 MWe each with 80

percent availability, that conservative estimate translates to 0.38

man-rem/MWe-yr. While this parameter is about a factor of 4 to 7 lower than

light-water reactor plants, it is consistent with limited HTGR operating

experience to date. (Ref. 3 and 4) Through 1983, Ft. St. Vramn has averaged

0.04 man-rem/MWe-yr, and Peach Bottom Unit 1, based on data contained in

semi-annual operating reports, averaged less than 0.12 man-rem/mwe-yr during

its last three years of operation. (Ref. 3 and 4)

While neither Ft. St. Vramn nor Peach Bottom Unit 1 are identical to the

Standard MHTGR in system design or plant layout, the Standard MHTGR man-rem

goal should be achievable by using or improving on the existing and proven

HTGR technology as evidenced by these operating plants.

12.4-3 Amendment 5
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12.4.2.2 Exposure by Work Category

The total collective exposure will be distributed among the various work

categories depending on the specific operations and jobs pjerformed on the

Standard MHTGR during any year. A representative distribIution of exposure by

category is shown in Table 12.4-1, based on the results of this estimate.

While the exact man-rem exposure may vary, the relative percentages should be

representative of a four-module plant. For example, maintenance and ISI

activities should be the highest category of exposure sihice they require the

most time in higher radiation areas. Refueling and wastel processing should be

lower since more time is spent in shielded lower radiation areas.

12.4-4 Amendment 5
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TABLE 12.4-1

OCCUPATIONAL DOSE ASSESSMENT

Estimated Estimated

Work Category Dose (man-rem/yr)(1 ) Percent of Dose

Routine operations 11 7.4%

Preventive maintenance 22 15%

In-service inspection 68 46%

Refueling 4 2.7%

Waste processing 2 1.3%

Corrective maintenance 12 8.0%

Contingency (1) 3020

(2)

149 100%

(1) A contingency factor of 20 percent was added at this time to account for

uncertainties in task duration, frequency, and radiation fields and also

for miscellaneous general maintenance and operations which are not well

defined.

(2) Based upon an estimated maximum permanent plant staff of 308, 10 percent of

the 1CFR,20 limits translates to a collective dose of 154 man-rem/year.

1 of 1
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CHAPTER 13

CONDUCT OF OPERATIONS

13.1 POSITION ON EMERGENCY PREPAREDNESS

In the event of an accident at any U.S. reactor plant, utility and government

officials are expected to assess the situation and, if necessary, advise the

public on an appropriate course of action to mitigate any radiological dose

consequences. The Nuclear Regulatory Commission (NRC) and the Environmental

Protection Agency (EPA) have provided guidance and regulations to assure that

appropriate officials will be prepared to respond to any of a spectrum of

accidents. Emergency plans will be developed for the Standard MHTGR

consistent with applicable regulations, so that adequate preparation can be

made to protect the public against radiological doses from either the plume

or ingestion exposure pathways. The following sections discuss the

applicable regulatory requirements and how they will be implemented or the

Standard MHTGR.

The Standard MHTGR is also designed to meet a user requirement that the

regulatory criteria be met without credit for sheltering or evacuation of the

public beyond the plant's exclusion area boundary (EAB). In order to meet

both the user and the regulatory requirements, the Standard MHTGR is designed

.so that sheltering or evacuation of the public beyond the EAB is not

required. Thus, the emergency planning zone (EPZ) for plume exposure is

encompassed by the EAB.

13.1.1 Rexulatory Reguirements

Top-level regulatory criteria have been identified in Section 3.1.1 that

directly and quantifiably state a necessary and sufficient set of acceptable

health and safety consequences or risks to individuals or the public.

The particular Top-Level Regulatory Criteria that pertain to emergency

preparedness are the dose protective action guides (PAGs) of

EPA-520/1-75-001. (Ref. 1) As listed previously in Table 3.1-1, the

particular PAGs from Ref. 1 are:
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1. Intervention indicated for general population if1 whole body dose

exceeds to 5 rem or thyroid dose exceeds 5 to 25~ rem from airborne

radioactive materials

2. Guides for exposure from foodstuffs, water, and material deposited on

property and equipment, to be determined

The NRC has provided implementation requirements in 10CFR501 Section 50.47 and

Appendix E for emergency planning. Therein it is noted that, generally, a

plume exposure pathway EPZ of 10 mi radius and an ingestion pathway EPZ of

50 mi radius provides an adequate planning basis. The tchnical basis for

the selection of these EPZ distances is given in NUREG-0 396 (Ref. 2), and

includes consideration of probabilistic risk assessment resIults. NUREG-0396

finds for light-water reactors (LWRs) that for all but the most improbable

events (i.e., those below about 0-5 per reactor year), te PAGs would not

be expected to be exceeded beyond these distances. However, 1CFR5O Appendix

E further states that "the size of the EPZs also my be determined on a

case-by-case basis for gas-cooled nuclear reactors and for reactors with an

authorized power level less than 250 MW thermal." For the Fort St. Vramn

HTGR plant (Ref. 3), smaller EPZ radii have been sele ted for planning

purposes. Similarly, alternative EPZ radii will be deve loped for the

Standard HTGR using the PAGs as the numerical criteria for determining

appropriate EPZ distances.

13. 1. 2 Implementation

The selection of appropriate EPZ distances for the Standard MHTGR will be

consistent with the probabilistic methods and the criteria used in NUREG-0396

(R f. 2) to select EPZs for light water reactors. The selection will be

documented in a separate submittal, but the method is outlined here.

In order to select EPZ distances, first a probabilistic risk assessment is

performed to quantify the probabilities and consequences of a spectrum of

events. A preliminary risk assessment for the Standard MHHTGR is documented

in Ref. 4. From the spectrum of events, those with thes highest. consequences
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that are not expected to occur in the lifetime of a large population of

Standard MTGRs (on the order of 100 plants) are identified as emergency

planning basis events (EPBEs), provided their upper bound frequencies exceed

5 x 107 per reactor year. This method of identifying EPBEs, described

more fully in Ref. 5, produces the EPBEs listed in Table 3.2-3. The

realistic dose consequences of the EPBEs, as determined in the risk

assessment in Ref. 4, are compared with the protective action guides from

Ref. 1. The distance from the reactor beyond which A~s are not exceeded is

used to define the corresponding emergency planning zones. As was done in

NUREG-0396, the dose consequences of design basis events (DBEs) are also

compared with A~s as a check. DBEs are listed in Table 3.2-2 and are

analyzed in Chapter 15.

The Standard MTGR is designed to meet a user requirement that the regulatory

criteria be met without credit for sheltering or evacuation of the public.

beyond the plant's EAB. In order to meet both the user and the regulatory

requirements, the Standard MHTGR is designed so that sheltering or evacuation

of the public beyond the EAB is not required. As a result, the realistically

calculated doses at the EAB are, by design, less than the plume exposure A~s

for sheltering (whole body dose of 1 rem, thyroid dose of 5 rem) for all

EPBEs, so that the EPZ for plume exposure can be encompassed by the plant

exclusion area boundary. Since the general public can be excluded from the

EPZ, there is no need for emergency drills involving the general public, for

sheltering, nor for evacuation. Thus, the general public does not need to be

included in the emergency plan. Nevertheless, any agency that could become

involved during a radiological emergency, such as government, health, or

communications agencies, will be included in the plan.

Using the method described above, an EPZ for the ingestion exposure pathway

will also be determined, based on protective action guides to be provided in

Ref. 1. appropriate government agencies will be included in plans to control

the ingestion pathway of exposure for any area where these A~s might be

exceeded. Any plant that processes food from within the planning area will

be included in the plan, regardless of the plant location.
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Once EPZs have been selected, emergency response plans will be, developed that

meet the requirements of OCFR50.47 and Appendix E. These plans will

describe 1) the onsite and offsite organizations for coping with radiological

emergencies, and their responsibilities, 2) the means for' assessing the

impact of any release and the levels for activating various emergency

actions, 3) a range of planned protective actions, 4) the means to control

radiological exposures for emergency workers, 5) the communication steps to

alert emergency personnel under each class of emergency, 6) notification

procedures, 7) emergency facilities and equipment, including, those required

to provide monitoring, decontamination, medical, and communications

capabilities, 8) training and drills, 9) maintenance of the emergency plan,

procedures, equipment, and supplies, and 10) criteria to !determine when

facility reentry or resumption of operation would be appropriate.
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13.2 DESCRIPTION OF OPERATIONAL MODES

This section describes the integrated operation of the Standard Modular High Temperature Gas-Cooled
Reactor (MHTGR) plant under normal operating conditions. The normal operating modes are summarized
and an overview of control responsibilities is presented. For each mode the operator responsibility, major
systems and controls, as well as system responses or performances are identified.

13.2.1 Philosophy of Plant Oerational Control

The Standard MHITGR was designed for the integrated operation of the four reactor modules and two
turbine-generators from a control room. The plant control and protection systems were designed with
very reliable high levels of automation, which minimizes the need for operator intervention. The
protection systems a physically separated, electrically isolated and functionally independent from the
control systems. Neither operator action from the control room or failure of the control systems can
prevent protection system operation. The MHTGR control system hardware and operating software can
be implemented using commercially available product lines. Since there are no technology development
requirements related to radionuclide control and retention associated with the system it is not included
in the Regulatory Technology Development Plan.

The role of the MHTGR plant control room operator differs from the role of control room operators for
current LWR plants. The MHTGR plant control room operator has primarily a monitoring function; the
operator is not required to perform any IOCFR100-related functions from the control room. Time periods
on the order of hours are available before any manual actions are required should the automatic safety
protection systems fail to perform their functions. These long time periods are attributed to the negative
temperature feedback characteristics of the reactor and passive cooling features. The manual actions are
for low probability events beyond LBE's. The responsibility to perform these manual actions is delegated
to operators who can carry out these actions at the Control Room or Remote Shutdown Area. As
discussed in
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PSID Section 6.1.2.5.1, these manual acti nsar n reuediodrt
maintain releases within 10CFR100 limits. The main controil room is primarilya "mission control center" where the operator performs, non-safety relatedmonitoring and control functions during normal and abnormal 'plant conditions.

The perator's role consists primarily of monitoring and releasing holdpoints for automatic control to proceed. The operator can also takediscretionary action such as changing control setpoints , bringing alternate(reserve) equipment into service, removing failed components from service orperforming adminstrative operations. Most normal control operations (e.g.,startup, shutdown, load following) and responses to abnormal conditions(e.g., upsets resulting in turbine trips, reactor trips, feedpump trips,etc.) are automated. However, if the automatic controls are unable to returnsystems to predefined stable states, plant control automatically reverts tsemi-automatic control. The control room operator, with guidance from thecomputerized control system, takes manual remedial actions to place the plant

in a stable condition.

The Standard MHTGR requires an eight-person staff dedicated to plantoperations. This staff includes a senior licensed shift! supervisor, twlicensed reactor operators in the control room and five roving operators.These personnel operate the plant through their interface: with the PlantSupervisory Control Subsystem (PSCS) (see Section 7.3.1) ana1 those operatorareas of responsibility outside of the control room. The roving operat rsmonitor equipment, systems, and provide for operation of local equipment in
the plant complex.

The principal distinction between the responsibilities of licensed operatingpersonnel and the responsibilities of other plant operations personnel islicensed operating personnel are the only personnel permitteId to manipulateapparatus and mechanisms which can directly affect the react ivity and powerlevel of a reactor. Manipulation of apparatus and mechanisms which affectther nuclear-related chemical or physical processes b no-licensedpars nnel is permitted only with the knowledge and consent of licensed
perating personnel.
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Operator and machine task analyses will be performed to confirm the

operations staff sizing. Operator tasks and human/machine performance tests

will be developed and validated using an interactive engineering simulation

system. The engineering simulation system will also be used for operator

training, qualification and examination. The design of the control room and

man/machine interface will be based on a human factors engineering effort.

The operating staff is supported by. preventive and corrective maintenance

activities, plant surveillance and associated operational support functions.

The maintenance activities are performed on a 24 hour per day basis to

maximize the benefit of the online diagnostic system available through the

automated control system. The surveillance portion includes the activities

required to check and verify the satisfactory performance of various plant

components. The operational support contribution is the time required from

the operational staff to prepare, accomplish, or recover from maintenance or

plant component performance evaluation activities.

The level of automation designed into the MHTGR plant control systems is

based on economic, reliability and operability requirements. These

requirements are supplemented by a set of criteria for allocating functions

to machines. The development of these requirements and criteria considers

industry experience with automation for multi-module plants [e.g., steam and

gas combined-cycle plants such as Lyondel (Power System Engineering, Houston)

and FUTSU (TEPCO, Japan)], and many fossil plants in the U.S. and Japan. The

design, configuration control and testing methodology applied to th

application software used in the automatic control systems will consider

software design criteria similar to that contained in Regulatory Guide 1.152.

The PSCS oversees and automatically coordinates the control sequences

executed by these distributed controls. The PSCS software contains

predefined operating strategies for the plant for both normal and upset

conditions. The control room operator interfaces with the workstation of the

PSCS to manage overall plant operations (i.e. , changing major equipment

* operating state, adjusting plant electrical output, accomplishing

predetermined op rational sequ. nces. Communication from the contr 1 room
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operator to the final pr cess controllers is through the PSCS connected to

the Data Management System (DMS).

Not all plant system/equipment controls are located in the control room.

Many of the supporting systems will be automatically contIrolled locally in

the plant and monitored by those operators assigned to the Nuclear Island and

Energy Conversion area.

Information pertaining to major process and supporting! system operating

parameters and equipment performance conditions are made i available to the

control room. The nature of this information is defined on the basis of its

importance to the role of the operator in plant cntrol, operation,

performance, and availability. Off-normal process parameter and equipment

performance conditions are signaled to the control room operator. Depending

upon the circumstances, the control room operator ay initiate some

corrective action, and in all cases, contacts the responsible roving plant

operator to investigate the off-normal circumstance to take corrective action

as necessary.

No required manually initiated local control, corrective, protective, or

safety actions are currently allocated to the control room operator.

However, facilities are provided for operators to execute corrective manual

actions as the circumstances warrant.
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With the expected level of automation, the control room operator will be

provided with facilities that emphasize knowledge-based operational tasks

rather than tasks dominated by rule-based and skill-based activities.

Automating the process control of the plant for the four identified plant

modes including routinely encountered operating sequences, such as reactor

startup from shutdown to 25 percent power, or rolling the turbine-generator

from turning gear to normal speed, will minimize labor and time-intensive

tasks for the operator.

The PSCS and distributed control systems are designed to accommodate the

transients imposed by the loss of function of major components and to

continue operation at the same output following auto-start of a redundant

component or at reduced output if no redundant component exists.

13.2.2 Operating Modes

Because of plant modularization, operating modes are not applied at the plant

level. Operating modes have therefore been defined at the reactor module

level. The four modes are:

1. Starting up/Shutting Down

2. Energy Production

3. Shutdown

4. Refueling

The transition between these normal operational modes is illustrated in

Figure 13.2-1.

13.2.2.1 Starting Up/Shutting Down

This mode is the transition mode between the Shutdown and Energy Production

modes. It covers the power range from reactor subcritical to approximately

25 percent power. In this mode, all plant service and supporting subsystems

are functional and ready to support reactor/steam supply system operation.

During this mode, reactor energy is rejected to the condenser.
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13.2.2.2 Energy Production

This mode covers the reactor power range from about 25 percent ~to 100 percent

power. Operation in the Energy Production mode is achievable only if a

turbine-generator is operating and able to accept the reactor energy output.

13.2.2.3 Shutdown

This mode is defined as the reactor subcritical by the negat'ive reactivity

margin that defines a reactor shutdown. For the Standard MHTGR, this is

-l percent AP at 20'C (680F). No unique primary system pressure or

temperature conditions are associated with the Shutdown mode.

13.2.2.4 Refueling

This mode is a special case of the Shutdown mode. In addition to the

reactivity requirement, unique primary system pressure and core inlet

temperature requirements are also specified.

13.2.3 Plant Operation

Under normal conditions, all four reactor modules and both turbine-generators

would be in operation contributing to the plant electrical output. As it

becomes necessary to perform periodic maintenance, in-service inspection

(151) and reactor module refueling, reactor modules and turbine-generators

are scheduled out of service leaving only a portion of the plant operating in

the Energy Production mode. Because of the incorporation of multiple reactor

modules and turbine-generators into the Standard MTGR design, a wide

combination of reactor module operating modes can be experienced in the plant

at any one time.

It is anticipated that the various combinations of reactor module operating

modes and resulting plant conditions will be monitored and managed from the

control room by the two control room operators. This is made possible by the

anticipated degree of automation and predetermined operatiLng strategies
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incorporated in the plant distributed microprocessor control systems and PSCS

respectively.

13.2.3.1 Starting Up/Shutting Down

When a reactor module is in the Starting Up/Shutting Down mode (power range 0

to 25 percent), the plant is operated in an automatic mode with operator

permissives which allow sequential movement between steps. This control is

maintained on a module basis, and normally only one module at a time is in

the normal startup mode. The plant conditions during this mode of operation

are summarized in Table 13.2-1.

13.2.3.1.1 Operator Responsibility

In the Starting Up/Shutting Down mode, the primary role of the control room

operator is to monitor the startup/shutdown and acknowledge permissives to

permit continued automatic operation.- The five roving operators observe

automatic equipment operation as well as operate all locally controlled

equipment. Two of these operators are assigned to the turbine-generator

complex and the remaining three to the Reactor Building. The shift

supervisor has overall responsibility for plant operational activities

including preparation of equipment items for maintenance.

13.2.3.1.2 Systems

The primary systems involved in the starting Up/Shutting Down mode and their

associated PSID sections are:

Section

Reactor System 4.1

Vessel System 5.2

Heat Transport System 5.3

Plant Protection and Instrumentation System 7.2

Plant Control, Data and Instrumentation System 7.3

Miscellaneous Control and Instrumentation Group 7.4

Electrical Group 8.0
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Reactor Service Group 9.1.2

Mechanical Service Group 9.1.3 

Power Conversion Group 10.0

Heat Rejection Group 10.0

The PSCS supervises the interaction of the NSSS and BOP control subsystems

during this mode.

13.2.3.1.3 Control and Operation

13.2.3.1.3.1 Starting Up

The following is a description of the process for bringing a reactor

module/Steam Supply System into service. The system flow rates, pressures,

and temperatures listed are only representative and are given to establish a

frame of reference.

It is to be assumed that all plant services and support systems are

operational and are able to support plant operation at power and that the

involved process systems including instrumentation and control ave been made

ready for operation (i.e., filled, vented, flushed, etc.).

Because the reactor module/Steam Supply Systems operate in ~parallel (i.e.,

receive feedwater from and deliver steam to common headers), two conditions

for startup exist; startup with 1) one or more reactor module /steam supplies

in normal operations and 2) no other reactor modules/steam supplies in

operation.

Starting Up - One or More Reactor/Steam Supplies in OperationlI

Because the steam generator is of a once-through design, it is necessary to

establish some predefined minimum feedwater flow rate and outlet pressure

that will assure stable operation of the steam generator prior to application

of heat. To establish the desired feedwater flow rates and steam-generator

outlet pressure, the position of the feedwater flow control valve, steam-
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generator outlet pressure breakdown valve, and feedwater pump speed

(pressure) must be adjusted and maintained. It is anticipated that this

operational sequence will be automated with holdpoints for operator

verification of conditions and permissives to proceed.

Because water cannot be discharged from the steam generator into the main

steam header during startup, the steam generator must be isolated from the

header and an alternative discharge flow path must be provided. Since it is

necessary to have the ability to raise the feedwater temperature in a

controlled manner as a function of time, a source of feedwater other than the

main feedwater system must also be provided.

Assuming the reactor module decay heat is being removed using the Shutdown

Cooling System, the following sequences of activities describe the startup:

1. Establish normal helium inventory in reactor module/steam generator

vessels

2. Establish minimum feedwater flow rate, desired feedwater inlet

temperature and steam generator outlet pressure

3. Establish specified minimum helium flow rate using the main helium

circulator

4. Secure the Shutdown Cooling System

5. Complete reactor module precritical tests

6. Bring reactor module critical by sequentially withdrawing control

rods and raise power to first holdpoint

7. erify required feedwater chemistry limits

8. Increase steam-generator outlet pressure to rated pressure
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9. Increase feedwater temperature and reactor module power to increase

steam-generator outlet temperature at desired rate to~ next holdpoint

(steam generator still full of water)

10. Increase reactor module power to boil out steam generator

11. Establish minimum superheat desired at steam-generatorioutlet

12. Adjust helium flow to achieve rated steam-generator outlet

temperature

(It is anticipated that this startup sequence will beI automated with

appropriate holdpoints.)

At this point in time, the reactor/Steam Supply System is operating on the

Startup System loop, discharging steam to a condenser. Feedwater temperature

is at 1930G (380'F), steam temperature is at 5380G (1000'F) and pressure at

about 16.55 to 17.24 MPa (2400 to 2500 psig). The oncoming reactor

module/Steam Supply System is now ready to put in parallel with the normally

operating reactor module/Steam Supply Systems. This is accomplished by

adjusting the steam-generator outlet pressure to slightly! more 0.17 MPa

(+25 psi) than the main steam header pressure, and partially opening the

oncoming steam-generator outlet isolation valve to the main steam header. At

the same time, the normal feedwater isolation valve to the stepam generator is

cracked and the steam admission valves on the operating turb ine-generator(s)

are opened. Opening of these valves is coordinated to accomplish transfer of

feedwater and steam flow from the Startup System to the normal flowpath (main

feedwater and steam headers) and to accommodate the increhsed main steam

available to the turbines in such a way to assure a smooth transition from

one operating configuration to another. Transitions of flow baths similar to

that described above are routinely accomplished manually by operators in both

nuclear and conventional power plants as part of their normal

responsibilities. It is planned that this transition sequence~ be automated.
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Starting U - No Other Reactor/Steam Supply in Operation

This reactor module/steam supply startup differs from the one previously

described in that the normal feedwater supply is used during startup.

The sequence described for startup to rated steam generator outlet conditions

of about 16.55 MPa (2400 psig) and 380C (100'F) remains the same. At this

point though, there is no necessity to transfer feedwater and steam paths.

Instead, it is necessary to accomplish the following:

1. Warm up and dry out the main steam headers to the turbine-generator

main steam stop valves

2. Change the main steam header to normal operating pressure and open

steam generator outlet isolation valve to the main steam header.

3. Roll the turbine-generator off the turning gear to rated speed

4. Raise voltage on the generator

5. Synchronize the generator to the utility grid

6. Increase load on the turbine-generator to transfer steam generator

outlet flow to the mainstream header from the Startup System steam

bypass to the condenser

7. Put the regenerative Feedwater Heating System into service

13.2.3.1.3.2 Shutting Down

Removing a reactor module/steam supply from service is in many respects a

reverse procedure to starting up.

Assuming the reactor module power level is about 25 percent, the first step

toward removal from service is to transfer the steam-generator feedwater
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supply and steam outlet flow path to those of the Startu .p System while

maintaining constant reactor module power and feedwater flow. This is

accomplished in the reverse of the sequence described in Section

13.2.3.1.3.1. It is planned that this transition sequence be aLutomated.

Once on the startup flow path, the steam generator can be isolated from the

main feedwater and steam headers and the shutdown sequence! may proceed as

follows:

1. Reduce reactor power at specified rate

2. Reduce feedwater flow to minimum that assures stabler steam-generator

performance

3. Reduce helium flow to allowable minimum rate

4. Continue to reduce reactor power to reduce steam outle t temperature

5. Reduce feedwater inlet temperature at defined rate

6. Continue to reduce reactor power until all control rods are inserted

and reactor is shut down

7. Continue to circulate minimum feedwater flow at rated outlet pressure

through steam-generator flood out

8. Continue to reduce feedwater temperature to minimum desired

9. Reduce feedwater flow, steam-generator outlet pressure, and helium

flow as core outlet temperature drops.

(It is anticipated that this shutdown sequence will be, automated with

appropriate holdpoints.)

13.2-10



HTGR-86-024/g

If there is only one reactor module/steam supply in operation and it is to be

removed from service, there is no need to transfer the feedwater supply to

the operating steam generator. It is necessary to transfer the

steam-generator outlet flow path to that used during startup.

Removal from service under these conditions is accomplished as follows:

1. Reduce load on the operating turbine-generator while maintaining

about 25 percent reactor power and constant feedwater flow by

transferring steam-generator outlet to shutdown flow path.

2. Isolate steam-generator outlet from main steam header

3. Complete shutdown per steps previously listed.

13.2.3.2 Energy Production

Each reactor module in the Energy Production mode produces thermal energy

which is being converted to electricity. These modules are controlled in a

sequential fashion (multimodule control) while the modules which might be in

another operating mode are controlled on an individual basis. The plant

operating conditions during the Energy Production mode of operation are

summarized in Table 13.2-1. The plant is under automatic control and

adjustments for any changes in power demand are made by control algorithms in

the PSCS.

13.2.3.2.1 Operator Responsibility

In the Energy Production mode, the primary role of the control room operator

is to monitor the plant status. The entire plant will be under automatic

control and the operators will normally not be required to perform any manual

control functions. However, the operators are provided with the controls and

monitors to take discretionary, manual control actions if the circumstances

dictate that such action is necessary. The five roving operators observe

automatic equipment operation as well as operate all of the locally

13.2-11



HTGR-86-024 ('C

controlled systems. Two of these operators are assigned to the

turbine-generator complex while the remaining three are a ssigned to the

reactor complex. A shift supervisor, whose presence in the czontrol room at

all times is not required, has overall responsibility for plant operational

activities including preparing systems for maintenance.

13.2.3.2.2 Systems

The active systems or groups of systems involved in operation during the

Energy Production mode and their associated PSID sections are:'I

Section

Reactor System 4.1I

Vessel System 5.2

Heat Transport System 5.3

Plant Protection and Instrumentation System 7.2

Plant Control, Data, and Instrumentation System 7.3

Miscellaneous Control and Instrumentation Group 7.4

Electrical Group 8.0

Reactor Service Group 9.1.2

Mechanical Service Group 9.1.3

Power Conversion Group 10.0

Heat Rejection Group 10.0

13.2.3.2.3 Control and Operation

The Energy Production mode covers the range of 25 to 100 percent of rated

reactor module power. This range of operation finds the reactor module/steam

supply in its normal flow path configuration, off of any steam bypasses and

receiving feedwater from and delivering steam to the main feedwater and steam

headers, respectively.

Operation of the plant, for the reactor modules in ' this power range, is

controlled automatically by the local distributed controls, and coordinated

through the PSCS under the management of the control room operator.
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Changes in plant output, as directed by the control room operator or system

dispatcher are coordinated and allocated to the individual reactor

module/steam systems and turbine-generators by the PSCS.

The load allocation and coordination through the PSCS is achieved based on

predetermined operating strategies contained in the PSCS software. Inputs

concerning limitations in plant component and system capabilities are

continuously supplied to the PSGS to be incorporated into the load allocation

determination. Administrative limits are inserted by the plant control room

operator.

Those services and supporting auxiliary subsystems whose controls are not in

the control room are monitored and controlled locally by those operators

assigned duties and responsibilities outside the control room. System and

component performance is continuously monitored locally and this information

is made available to the control room operator.

Plant electrical output is determined by the position of the steam admission

valves on the turbines. As these valves are adjusted, the steam-flow demand

from the reactor module/steam supplies verifies which, in turn, results in

demands for adjustments in individual reactor module/steam supply feedwater

demand, reactor module power, and helium circulation rate. All individual

reactor module/steam supply parameter adjustments are accomplished by the

local automatic controls in response to the PSCS allocation.

13.2.3.3.3 Shutdown

In the Shutdown mode of operation, thermal energy is not being produced by

one or more reactor modules. Since the four reactor modules are headered to

the two turbine-generators, it is possible to supply steam to both

turbine-generators if one to three modules are in the Shutdown mode. The

plant conditions during this mode of operation are summarized in Table

13. 2-1.
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13.2.3.3.1 Operator Responsibility

During the Shutdown mode, the primary role of the control room operator is to

monitor the shutdown status of the affected modules and turbine-generators.

The five roving operators observe automatic equipment operation as well as

operate all locally controlled equipment. The shiftj supervisor has

responsibility for plant operational (including preparations Ifor maintenance)

activities.

13.2.3.3.2 Systems

The active systems or groups of systems involved during the plant shutdown

state and their associated PSID sections are:

Section

Reactor System 4.1

Vessel System 5.2

Heat Transport System/Shutdown Cooling System 5.3/5.4

Plant Protection and Instrumentation System 7.2 

Plant Control, Data and Instrumentation System 7.3

Miscellaneous Control and Instrumentation Group 7.4 

Electrical Group 8.0 

Reactor Service Group 9.1.2

Mechanical Service Group 9.1.3

13.2.3.3.3 Control and Operation

Following the steps to shut down the reactor module/steam system, the basic

areas of operational concern are continued removal of decay heat and

maintenance of requirements to assure the reactor module is shut down.

Monitoring of core cooling and reactor module shutdown conditions are

accomplished in the control room.

The choice of decay heat removal, either through continued peration of the

main steam generator and main helium circulator or use of the Shutdown
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Cooling System (SCS), is determined by the purpose or reason for the shutdown

and the maintenance and inspection activities to be accomplished during

shutdown.

In the event the planned activities involve the steam generator, main helium

circulator, or the feedwater system, an operator-initiated automatic transfer

to the SS would be made and the equipment of interest isolated and prepared

for maintenance and/or inspection.

If activities are to be completed within the primary system boundary, the

primary coolant helium inventory would be transferred to torage. Final

isolation of equipment and preparation for maintenance is completed locally

by operating personnel. Information concerning equipment status is

maintained in the control room.

13.2.3.4 Refueling

In the Refueling mode, the primary operation is to replace spent fuel and

reflector elements. Normally one half of the fuel elements and one sixth of

the reflector blocks are replaced every 18 months. These operations are

performed remotely after a module has been shut down and depressurized.

Specially designed equipment is utilized for replacement of the fuel and

replaceable reflector elements through refueling penetrations in the top head

and upper plenum of the reactor vessel. The plant conditions during this

mode of operation are summarized in Table 13.2-1.

13.2.3.4.1 Operator Responsibility

The control room operators do not perform any refueling functions. During

refueling, control room operator-initiated functions which could add positive

reactivity (e.g. , control rod withdrawal), are logically deactivated.

Refueling control is performed by the refueling operations crew using the

Fuel Handling and Storage System (FHSS). The status of refueling control and

operations performed at the reactor module is monitored from the main control

room. The control room operator work station has data communication
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interconnections with the fuel handling control stations for mnitoring. The

control room and refueling operators are provided with voice communication

equipment at their respective work stations.

The five roving operators observe automatic equipment operation and operate

all locally controlled equipment. Two of these operators are assigned to the

turbine-generator complex and the remaining three to the Reactor Building.

The shift supervisor has overall responsibility for plant operational

activities. A refueling director coordinates all of the interacting tasks

associated with refueling.

13.2.3.4.2 Systems

The primary systems involved in refueling and their associated PSID sections

are:

Section

Reactor 4.1

Vessel System 5.2

Heat Transport System 5.3

Shutdown Cooling System 5.9

Plant Protection and Instrumentation System 7.2

Plant Control, Data and Instrumentation System 7.3

Miscellaneous Control and Instrumentation Group 7.4

Electrical Group 8.0

Fuel Handling, Storage and Shipping System 9.1.1

Reactor Services System 9.1.2

Mechanical Service Group 9.1.3

13.2.3.4.3 Control and Operation

Refueling is a special case of shutdown. Insofar as refueling involves

penetration of the primary system boundary, transfer of iprimary coolant

inventory to storage is accomplished as soon as primary system temperatures

allow.
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Refueling is accomplished by unique devices that extend through reactor

vessel tophead penetrations, engage the removable reflector and fuel elements

and remove them to a cask for transfer to fuel storage.

To facilitate access to the core to. accomplish refueling, a pair of control

rod drives and control rods must be removed from the core and top head

penetrations. Control rod withdrawal from the core is accomplished from the

control room under control room operator supervision.

To provide the proper ambient conditions in which to operate the refueling

equipment, maximum primary system pressure and core inlet temperature have

b n identified. These conditions are established automatically and

controlled by the appropriate local distributed control system under the

management of the PS and the control room operator.

The refueling operation ...s accomplished locally under the direction of

refueling supervisor who in turn maintains communication with the control

room.

13.2.4 Plant Automation

As indicated in Section 13.2.1, the Standard MHTGR plant is to be highly

automated with respect to its operational control and response to transient

conditions. It is intended that operational sequences such as starting up

and shutting down a reactor module/Steam Supply System; rolling, accelerating

to speed and synchronizing a turbine-generator; reactor module decay heat

removal transfer from the main steam generator to the Shutdown Cooling

System; transfer of primary system helium inventory, etc. , will be

automated. These automated operational sequences will include predetermined

holdpoints for operator verification of conditions and permissives to proceed

to the next portion of the sequence and holdpoint.

Supporting auxiliary and service system control will also be automated.

These systems will be put into service locally by those operators assigned

ar as of responsibility outside the control room.
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Automated monitoring and protective actions will b provid d for systems and

components to prevent operation outside defined operating envelopes. Where

applicable, auto-start of redundant components will also be included.

Process control of the operation of the plant in the normal' pwrane will be

completely automated, only requiring monitoring by the contrIol room operators.

13.2.5 Plant Resvonse

For additional information related to this section, refer to the response to

NRC Comment 13-15.

The Standard MHTGR is designed to accommodate continuous' operation at power

levels between steam-generator minimum stable and rated output. At the plant

level, this range of operation is a function of the number of reactor modules

and/or turbine-generators in service.

The plant output at any given time is a function of the number of reactor
modue/seamsuplie an tubin-generators in serlice, any operating

limitations that may apply, and the demand of the utility Igrid. Regulation of

plant load is accomplished automatically without holdpoints to accommodat

these three functions, and only requires monitoring by the control room

operators.

Loss of function of equipment, major and minor, is to be exp cted

periodically. In many cases, redundant components are available and will be

brought into service automatically. In other cases, where no redundant

components are available, assuming operation at full load, lplant output will be

reduced. If not operating at full load, internal reaIllocation of energy

production will facilitate plant output at the same or reduced output. In

either case, plant response to the loss of component funct ion is automatic and

is accomplished by the individual distributed microprocessor control systems

and PSCS and only requires monitoring by the control room operators.

Th PSCS, sensing a change f capability due t a malfunction, directs

reallocation of plant internal energy producti n based on a predefined

operating strategy contained in its software. Operain staegies are
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identified for various classes of events and situations. If portions of the

plant do not respond within the defined operating envelope for the control

strategy in use, that portion of the plant is automatically removed from

service. The response to plant internally and externally generated

transients is automatic. The required control room operator response will be

to confirm that the plant has been readjusted to a stable configuration

within defined operating envelopes.
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TABLE 13.2-1

REACTOR MODULE CONDITIONS

Startup/ Energy

Plant Parameter Shutdown Production Shutdown Refueling

Reactor Power (%) 0-25 25-100 0 0

Average Fuel Temp 21-650(70-1200) 650(1200) 21(70) 21(70)

0C(OF)

Reactor Pressure 0-6.38(0-925) 6.38(925) 0-6.38(0-925) <0

MPa(psig)

Multimodule Control No Yes No No

1 of 1
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13.3 PANT SECURITY

13.3.1 Functional Descriotion

13.3.1.1 General Performance Requirements

Nuclear Island: A Nuclear Island physical protection system and security

organization will provide protection with high assurance against successful

radiological sabotage by both of the following:

1. A determined violent external assault, attack by stealth, or

deceptive actions of several persons with the following attributes,

assistance, and equipment: (a) Well-trained (including military

training and skills) and dedicated individuals, (b) inside assistance

which may include a knowledgeable individual who attempts to

participate in both a passive role (e.g, provide information) and ah

active role (e.g., facilitate entrance and exit, disable alarms and

communications, participate in violent attack), (c) suitable weapons,

up to and including hand-held automatic weapons, equipped with

silencers and having effective long-range accuracy, and d)

hand-carried equipment, including incapacitating agents and

explosives for use as tools of entry or otherwise destroying the

reactor integrity.

2. An internal threat by an insider, including an employee (in any

position).

Energy Conversion Area: The Energy Conversion Area (ECA) Security will

provide protection from casual intruders.

13.3.1.2 - Physical Security Organization

Nuclear Island: The Physical Security Organization shall include:

1. A security organization, including guards, to protect the Nuclear

Island against radiological sabotage.
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2. At least one full-time m mber of the security organization, who has

authority to direct the physical security activities of the security

organization, shall be on site at all times.

3. Written security procedures which document thei structure of the

security organization and which detail the duties of guards,

watchmen, and other individuals responsible for security shall be

established, maintained, and followed.

4. An individual shall not be permitted to act as a ard, watchman, or

armed response individual unless such individual 'has been properly

trained and qualified, and has demonstrated an unaerstanding of the

security procedures and the ability to execute all duties required of

him by such procedures. Each guard, watchman, and armed response

individual shall be requalified at le ast annually. Such

requalification shall be documented.

Energy Conversion Area: The security organization shall maintain the Energy

Conversion Area as a secondary and separate facility to the Nuclear Island.

13.3.1.3 Physical Barriers

NJuclear Island:

1. Vital equipment shall be located only within a vital area which, in

turn, shall be located within a protected area sch that access to

vital equipment requires passage through at least two physical

barriers of sufficient strength to meet the performance requirements

to Section 13.3.1.1. More than one vital area may be located within

a single protected area.

2. The physical barriers at the perimeter of the protected area shall be

separated from any other barrier designated as a physical barrier for

a vital area within the protected area.
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3. Isolation z nes shall be maintained in outdoor areas adjacent to the

physical barrier at the perimeter of the protected area and shall be

of sufficient size to permit observation of the activities of people

on either side of that barrier in the event of its penetration. if

parking facilities are provided for employees or visitors, they shall

be located outside the isolation zone and exterior to the protected

area barrier.

4. Detection of penetration, or attempted penetration of the protected

area or the isolation zone adjacent to the protected area barrier,

shall be provided and assure that adequate response by the security

organization can be initiated. All exterior areas within the

protected area shall be checked periodically to detect the presence

of unauthorized persons, vehicles, or materials.

5. Isolation zones and all exterior areas within the protected area

shall be provided with illumination sufficient for the monitoring and

observation requirements, but not less than 0.2 footcandle measured

horizontally at the ground level.

For additional information related to this section, see the response to NRC

Comment R 13-10.

Energy Conversion Aea: The Energy Conversion Area shall be provided with

physical barriers of a degree to disallow easy access to unauthorized

personnel.

13.3.1.4 Access Requirements

Nuclear Island:

1. All points of personnel and vehicle access into a protected area

shall be controlled. Identification and search of all individuals

shall be made and authorization shall be checked at such points. The

search function for detection of firearms, explosives, and incendiary

devices shall be conducted ither by a physical search or by use of

equipment capabl of detecting such devices. The individual
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resp nsible for the last access-control function (controlling

admission to the protected area) shall be isolated within a

bullet-resistant structure to assure their ability to respond or to

summon assistance.

2. At the point of personnel and vehicle access into1 a protected area,

all hand-carried packages shall be searched for, devices such as

firearms, explosives, and incendiary devices, or 'other items which

could be used for radiological sabotage.

3. Prior to admittance into the protected area, lall packages and

material for delivery into the protected area shall be checked for

proper identification and authorization, and searched for devices

such as firearms, explosives, and incendiary devices or other it ms

which could be used for radiological sabotage, except those items

whose approved delivery and inspection activitie are specifically

designated by the licensee to be carried o within vital or

protected areas for reasons of safety, security, or operational

necessity.

4. All vehicles, except under emergency conditions, shall be searched

for items which could be used for sabotage purposes prior to entry

into the protected area. Vehicle areas to be searIched shall include

the cab, engine compartments, undercarriage, and cargo area. All

vehicles, except designated licensee vehicles, requiring entry into

the protected area shall be escorted by a member of the security

organization while within the protected area and, to the extent

practicable, shall be off loaded in the protected area at a specific

designated materials-receiving area that is not adjacent to a vital

area. Designated licensee vehicles shall be limited in their us to

onsite plant functions and shall remain in the protected area exc t

for operational, maintenance, repair security, and emergency

purposes. The licensee shall exercise positive control over all such

designated vehicles to assure that they are used only by authorized

persons and for authorized purposes.
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5. A numbered picture badge identification system shall be used for all
individuals who have authorized access to protected areas without
escort. An individual not employed by the licensee but who requires
frequent and extended access to protected and vital areas may be
authorized access to such areas without escort provided that he
receives a picture badge upon entrance into the protected area, which
must be returned upon exit from the protected area, and which
indicates (a) nonemployee no escort required, (b) areas to which
access is authorized, and (c) the period for which access has been
authorized. Badges shall be displayed by all individuals while
inside the protected area.

6. Individuals not authorized by the licensee to enter protected areas
without escort shall be escorted by a watchman, or other individual
designated by the licensee, while in a protected area and shall be
badged to indicate that an escort is required. In addition, each
such individual shall be required to register his name, date, time,
purpose of visit and employment affiliation, citizenship, and name of
the individual to be visited.

7. The licensee shall positively control all points of personnel and
vehicle access into vital areas. Access to vital areas shall be
limited to individuals who have authorized access to vital equipment
and who require such access to perform their duties. Authorization
for such individuals shall be provided by the issuance of specially
coded numbered badges, indicating vital areas to which access is
authorized. Access to vital areas for the purpose of general
familiarization and other nonwork-related activities shall not be
authorized, except for good cause shown to the licensee. Unoccupied
vital areas shall be locked and protected by an active intrusion

alarm system.

8. Access to the reactor area shall be through doors or hatches which
shall be alarmed and have lock, of substantial construction to offer
penetration resistance and impede both surreptitious and forced
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entry. Any time frequent access is permitted to the reactor area such as during refueling
or major maintenance, positive access control with a guard or watchman shall be
exercised by the licensee to assure that only authorized personnel and materials ae
permitted into the reactor aa.

For additional information related to this section, see the response to NRC Comments 13-12 and 13-17.

Enenzy Conversion Area: The security system associated with the Energy Conversion Area shall be
designed to facilitate access for authorized personnel. Guardihouses a provided at the two access points
(see Figure 1.3-1) to inspect entrants visually.

13.3.1.5 Detection Aids

Nuclear Island:

1. All alarms required annunciate in a continuously manned central alarm station located within the
protected areas and in at least oe other continuously manned station not necessarily onsite, so
that a single act cannot remove the capability of calling for assistance or otherwise responding
to an alarm. The onsite central alarm station os located within a building Iin such a manner that
the interior of the central alarm station os not visible from the perimeter of the protected area.
This station does not contain any operational activities tha would interfere' with the execution of
the alarm response function. The walls, doors, floor, ceiling, and any windows in the walls and
in the doors of the central alarm station are bullet-resisting. Onsite secondary power supply
systems for alarm annunciator equipment and non-portable communications equipment ae located
within vital areas.

2. All alarm devices including transmission lines to annunciators are tamper indicating and self-
checking, e.g., an automatic indication is provided with failure of the alarm system or a
component occurs, or when the
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syst m is on standby power. Th annunciation of an alarm at the alarm

stations indicates the type of alarm (e.g., instrusion alarms, emergency

exit alarm, etc.) and location.

3. All emergency exits in each protected area and each vital area are

alarmed.

Energy Conversion Area: There are no detection aids for the Energy

Conversion Area.

13.3.1.6 Communication Requirements

Nuclear Island:

1. Each guard, watchman, or armed-response individual on duty shall be

capable of maintaining continuous communication with an individual in

each continuously manned alarm station. This individual shall be

capable of calling for assistance from other guards, watchmen, and

armed-response personnel, and from local law enforcement

authorities.

2. The alarm stations shall have conventional telephone service for

communication with the law enforcement authorities as described in

Paragraph 1.

3. The capability of continuous communication, radio, or microwave

transmitted two-way voice communication, either directly or through

an intermediary, shall be established, in addition to conventional

telephone service, between local law enforcement authorities and the

facility, and shall terminate in each continuously manned alarm

station.

4. Nonportable communications equipment required by this section shall

remain operable from an independent power source in the event of the

loss of normal power.
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Energy Conversion Area: The tw ECA guardhouses (described in Section

13.3.14) shall have capabilities of communicating with ~the central alarm

station (CAS).

13.3.1.7 Testing and Maintenance

Nuclear Island: The licensee shall test and maintain instrusion alarms,

emergency alarms, communications equipment, physical barriers, and other

security related devices or equipment utilized pursuant o this section as

follows:

1. All alarms, communication equipment, physical baIrriers, and other

security related devices or equipment are maintained in operable

condition. The licensee shall develop and employ compensatory measures

including equipment, additional security personnel andlspecifc procedures

to assure that the effectiveness of the security system is not reduced by

failure or other contingencies affecting the operation of the security

related equipment or structures.

2. Each intrusion alarm shall be tested for performance a the beginning and

end of any period that it is used for security. I If the period of

continuous use is longer than seven days, the intrusion alarm shall also

be tested at least once every seven (7) days.

3. Communications equipment required for communications onsite shall be

tested for performance not less frequently than once at the beginning of

each security personnel work shift. Communications quipment required

for communications off-site shall be tested for performIance not less than

once a day.

4. The security program shall be reviewed at leastevr 12 months by

individuals independent of both security management and security

supervision. The review shall include a review and audit of security

procedures and practices, evaluation of the effectiveneIss of the physical

protection system testing and maintenance program and an audit of

commitments establish d for response by local auth riti s. The results
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of th review audit and evaluation along with recommendations for

corrections and improvements, if any, shall be documented, reported to

the licensee's management at least one level higher than that having

responsibility for the day to day plant operation. The reports shall be

kept available at the plant for inspection for a period of five years.

Enery-1 Conversion Area: There are no testing and maintenance requirements

for the Energy Conversion Area.

13.3.1.8 Response Requirements

Nuclear Island:

1. There shall be an established and documented liaison with local law

enforcement authorities.

2. The total number of guards and armed, trained personnel immediately

available at the facility to fulfill these response requirements

shall be consistent with postulated threats covered by the security

plan.

3. Upon detection of the abnormal presence or activity of persons or

vehicles within an isolation zone, a protected area, or a vital area,

or upon evidence of intrusion into a protected area or a vital area,

the facility security organization shall:

(a) Determine whether or not a threat exists

(b) Assess the extent of the threat, if any

(c) Inform local law enforcement agencies of the threat and requ st

assistance, if necessary

(d) Require guards or other armed response personnel to interpose

themselves between vital areas and any adversary attempting

ntry for purposes of radiological sabotag
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() Instruct guards or oth r armed response personnel to prevent or

delay an act of radiological sabotage by app lying a sufficient

degree of force to counter that degree of force directed at

them, including the use of deadly force when there is a

reasonable belief that it is necessary in self-defense or in

the defense of others.

4. To facilitate initial response to detection of penetration of the

protected area and assessment of the existence of a threat, a

capability of observing the isolation zones and the physical barrier

at the perimeter of the protected area shall be povided, pref rably

by means of closed circuit television or by other suitable means

which limit exposure of responding personnel to possible attack.

Energy Conversion Area: Standard industrial security shall be provided, but

there are no response requirements necessary to meet public health and safety

requirements.

13.3.2 Interface with Nuclear Island

Plant Security is present throughout the Nuclear Islan d. The Security

System, including exterior lighting, is supplied from normal ac power sources

backed-up by the backup generators. In addition, a dedicated security backup

generator is provided in case the station ac power supply becomes

unavailable. The electronic portions of the security system is supported by

a dedicated Uninterruptable Power Supply (UPS) which is also backed up by the

dedicated backup generator. A non-safety related normal power feed is

required to the UPS.

For additional information related to this section, see te response to NRC

Comment R 13-9.

13.3.3 Safety Evaluation of Interface

Th Plant Security interface with the Nuclear Island performs no

10CFR100-r lat d radionuclide control functions and there fore has not been
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designated "safety-related". The security system and plan will be developed in accordance with
appropriate codes, standards, and regulations to meet the reliability expectations developed by the user
and the MHTGR program.

For additional information related to Section 13.3, see the response to NRC Comments R 13-5, R 13-1 1,
R 13-12, R 13-13 and R 13-17.
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REFERENCES SECTION 13.3

1. 10CFR73.55, Code of Federal Regulations. Requiremen'ts for Physical

Protection of Licensed Activities in Nuclear Power Reactors Against

Radiological Sabotage.
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CHAPTER 15

SAFETY ANALYSIS

In this chapter, the Standard Modular High Temperature Gas-Cooled Reactor

(MHTGR) design is analyzed to demonstrate its compliance with the Top-Level

Regulatory Criteria in the design basis region (Figure 3.2-1). Specifically

addressed is the adequacy of the design to perform the functions necessary to

control accidental radioactivity releases to within the offsite dose limits

of 10CFR100. To accomplish this, a set of "bounding" design basis events

(DBEs) is evaluated considering the mechanistic response of the entire

plant. These events encompass the important physical phenomena which are not

expected to occur in the lifetime of a single Standard MHTGR plant but would

be expected realistically to occur at least once in the lifetime of several

hundred Standard MHTGR plants. Also discussed in this chapter are the

non-mechanistic limiting design conditions for the "safety-related" systems,

structures, and components (SSCs) which are derived from the DBEs to show

that the "safety-related" SSCs alone are sufficient to meet 1CFR100 (see

Section 3.2). Thus the "safety-related" design conditions (SRDCs) correspond

mechanistically to events that are lower in frequency than the DBEs. (Such

events are commonly referred to as beyond design basis events).

Chapter 15 is divided into three major parts. The first part, Section 15.1,

introduces the safety evaluation and discusses general features generic to

the many cases included. Following this, the second part of the chapter,

Sections 15.2 through 15.12, describes the analyses of each of the DBEs and

shows the values of the median and upper bound offsite doses, if any,

relative to 10CFR100 limits. Finally, the third part of the chapter, Section

15.13, provides an overview of the "safety-related" design conditions (SRD~s)

that are referred to in the SSC chapters and shows, relative to OCFR100

limits, the values of the median and upper bound offsite doses, if any, that

result when only "safety-related" SS~s are relied upon.

15.1 GENERAL FEATURES OF THE ANALYSES

In this section an overview of the safety evaluation is provided. The

section includes a discussion of the safety approach, a description of

various plant characteristics relevant to the analyses, including initial
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conditions, and brief descriptions of the computer codes and general

analytical methods used.

15 .1.1 Introduction

As discussed in Chapter 1, safety criteria have been established for the

Standard MH1-TGR plant. These criteria emphasize protection of the general

public for a broad spectrum of transients ranging from those anticipated to

occur during routine operation to very unlikely accidents. 10CIFR100 is one

criterion included among the several dose and risk limits of the top-level

regulatory criteria, and is the focus of this chapter. ~To demonstrate

compliance with this criterion, a set of events has been selected according

to the methodology described in Section 3.2 to bound the pn t performance

over the applicable range of frequency. Then analyses of these DBEs are

conducted with the objective of showing that the plant design is adequate to

control radiological releases, if any, resulting from these eents such that

the specified dose limit is met.

The safety approach, discussed in Section 15.1.2, focuses on h ow this release

of radionuclides is to be controlled. The approach taken in the design of

the Standard MHTGR is to rely on the HTGR coated fuel particles. Thus,

assuring that the limits of 10CFR100 are met is the same as assuring that the

retention capability of the coated fuel particles is not compromised. Three

functions have been identified which, when accomplished, assure that

radionuclide retention within the fuel remains acceptable:

1. Control heat generation

2. Remove core heat

3. Control chemical attack

While all these functions must be performed at all times, the DBEs can be

thought of as representing limiting challenges to these functions. For

instance, DBE-1, a loss of forced circulation cooling, represents a limiting

challenge to the function of removing core heat under pressurized

conditions. The functions of controlling heat generation and chemical attack
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must also be performed, but the primary focus of this event is heat removal.

DBE-2, -3, and -4 represent challenges to the function of controlling heat

generation. DBE-5, an earthquake, represents a challenge to the function of

removing core heat in addition to challenging the function of controlling

heat generation. DBE-6 and -7, by addressing moderate water ingresses,

challenge not only the function of heat generation control but also the

function of controlling chemical attack. DBE-8 and -9 with smaller water

ingresses, and DBE-10, which leaves the primary coolant system open to the

environment, also challenge the function of controlling chemical attack.

Finally DBE-11, a smaller depressurization event, challenges the function of

heat removal but under depressurized conditions.

15.1.2 Safety Design Approach

The numerical dose limits of 10CFR100, 25 rem whole body and 300 rem thyroid,

provide the basis for judging the acceptability of radionuclide releases for

the accidents considered in this chapter. For the Standard MHTGR, it is

shown that by controlling the fuel particle radionuclide releases during

normal operation to limit the activity in the primary coolant, and also

during transient or accident conditions, offsite doses from accidental

releases meet these limits. Thus, compliance with the 10CFR100 guidelines is

assured by the HTGR fuel performance attributes and the accomplishment of

those functions which directly support the fuel performance. The primary

coolant boundary and the Reactor Building, in contrast, are not essential

barriers but do provide further attenuation of accidental radionuclide

releases, and thus offer additional margins with respect to the regulatory

requirements.

The transport of fission products from the fuel into the coolant is kept at

extremely low levels by the retentive characteristics of the fuel kernel, the

high-temperature integrity of ceramic coatings on the kernel, and the

high-temperature integrity of graphite. Fuel particle quality, performance,

and normal operating conditions are controlled to limit fuel particle failure

and radioactivity release during normal operation. This minimizes

radionuclide levels in the circulating helium and surface plateout activities
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so that accidental releases from these sources will not exceed 10CFR100

guidelines. The fuel quality, performance, and conditions are also

controlled to limit fuel particle failures during accidents. However,

despite the good high-temperature properties of the highly retentive HTGR

fuel, assuring that accident conditions are compatible with the fuel requires

successful performance of the three "safety functions" previously

identified. There are many ways these functions can be accomplished, and the

various DBEs utilize different SSCs to perform the same function depending

upon the accident scenario. For example, the Standard MHTGR has three

independent and diverse cooling systems, any one of which can, and in certain

DBEs does, perform the function of removing core heat. However, while this

multiplicity of systems capable of performing these function~ contributes to

increasing the margin of safety for the Standard HTGR and is considered in

the DBE analyses, the Standard MHTGR safety design approach emphasizes a

minimum set of largely passive design features which, by themselves, are

sufficient to accomplish these functions.

This minimum set of features, summarized here but described in greater detail

in Chapter 3, shows the relative simplicity of the Standard IMHTGR's approach

to safety. The core heat generation is controlled by insertion of control

material to maintain a subcritical core configuration during the span of the

accidents. The core geometry, core power, core power densi ty, heat removal

geometry, and heat sinks are designed to provide passive core heat removal by

convection, conduction, and radiation to limit core temperatures during

accidents. To limit the potential for chemical attack of the Standard MHTGR

core, the primary coolant boundary is designed to make largeI ingress of air

and water very unlikely. Furthermore, the fuel particle coatings are highly

impervious to oxidizing agents that do enter the primary coolant.

As an introduction to the detailed accident analyses an ill ustration of the

Standard MTGR safety characteristics is made. To do thi, the available

fission product inventory is compared to the allowable activity release from

the plant that would satisfy the long-term 1FR100 thyroid dose limit. To

keep the example simple, only the dominanc contributor, I-131, is

considered. Assuming -131 contributes 70 percent to the tyroid ose, the
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allowable activity release of -131, which meets the 300 rem thyroid dose

limit at the 425-in low population zone (LPZ), which is also the exclusion

area boundary (EAB), is calculated using a weather-dilution factor of 6.5 x

104 sec/cu m, a building wake factor of 2.1, a breathing rate of 2.3 x

10 -4 cu m/sec, and a thyroid dose effectivity of 1.49 x 106 rem/Ci. The

weather-dilution factor is a dose-weighted average of the Regulatory Guide

1.4 (Ref. 1) weather-dilution factors, based on a case with the highest

long-term releases and highest doses. The result is an allowable -131

release of 840 Ci.

In comparison, the Standard MHTGR fission product inventories of -131 from

the radionuclide design criteria (see Section 11.1) are given below for an

equilibrium core:

Maximum Expected

Location I-131 Inventories (Ci)

Gore Within intact particles 9.0 x 106

Within failed particles 4.5 x 102

Contamination on particles 1.8 x 102

Vessels Plateout in circuit 20

Circulating 0.018

As shown above even if all of the plateout and circulating activity is

released, the total release is a factor of 40 lower than the 1CFR100

limits. In a similar fashion, it can be shown that only the intact particles

within the core have a radionuclide inventory if released capable of

exceeding 10CFR100 limits. Therefore, the safety approach is focused

logically on limiting release from fuel particles.

Accidents selected as design basis events for the Standard MHTGR are listed

in Table 3.2-2. These accidents were analyzed in detail in order to

demonstrate that the design complies with 1CFR100 limits. The selected

design basis events are those that are not expected to occur in the lifetime

of a single Standard MH-TGR plant, but would be expected to occur at least
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once in the lifetime of several hundred plants. These design basis events,

the associated event sequence, the functional capabilities of systems and

components, and the associated physical phenomena are treated mechanistically

with appropriate considerations for uncertainties in the data base and

calculational assumptions. The quantitative assessment of fission product

release and transport employs models for the retentive characteristics of not

only the fuel but also of the reactor core, primary system depressurization,

hydrostatic displacement, thermal expansion and contraction~ effects in the

reactor and steam generator vessels, and the opening of dampers, settling,

and plateout effects in the Reactor Building. The atmospheric dispersion

characteristics are statistically evaluated incorporating the models given in

Regulatory Guide 1.4. (Ref. 1)

In addition, the limiting "safety-related" design conditions are analyzed in

terms of fission product release to demonstrate the performance of the

"safety-related" systems, structures, and components. The SRDCs show that

"safety-related" SSCs alone are sufficient to accomplish the required

functions to limit the radioactivity release to within 1OCFR100. although

these SRDCs are nonmechanistic conditions derived from the DBEs, if thought

of as events, they are generally lower in frequency than DBEsI, i.e., they are

not expected to occur in the lifetime of several hundred plants.

15.1.3 Plant Characteristics

15.1.3.1 Initial Conditions for Analyses

The initial conditions specific to a given accident are, stated in the

sections describing the accident. The initial conditionIs used in this

analysis are the steady-state normal operating conditions which are described

in the design description sections for each system in Chlapters 4 and 5.

Those initial conditions that are common to all of the accidents are

described below.

The Standard MHTGR is assumed to be operating at 100 percent of its rated 350

MW(t) power. The fuel in the core is assumed to be at the end of a 18-month
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refueling cycle. The primary coolant pressure is 6378 kPa (925 psia), while

the primary coolant temperature at the steam generator inlet is 6860 C

(12660 F). The steam pressure at the steam generator outlet is 17,216 kPa

(2497 psia) while the steam temperature at the steam generator outlet is

5410C (1005-F). The maximum average graphite temperature in the core is

1071-C (19600 F). The maximum fuel temperature in the core was determined to

be 13290C (24250F). The average core temperature is 67000 (12380 F). The air

temperature in the Reactor Cavity Cooling System (RCCS) cooling panels is

430C (1100 F).

15.1.3.2 Protection System Actions

The Plant Protection and Instrumentation System (PPIS) provides the sense and

command features necessary to sense plant process variables to detect

abnormal plant conditions. The PPIS subsystems initiate plant protective

actions such as reactor trips, startup of the Shutdown Cooling System (SCS),

primary coolant pumpdown with the Helium Purification Subsystem (HPS), and

steam generator isolation and dump to mitigate the consequences of DBEs. The

PPIS is described in detail in Chapter 7.

The reactor trip subsystems initiate a rapid reduction in reactor power by

the automatic insertion of all outer control rods or by actuation of the

reserve shutdown control equipment (RSCE). The events which the PPIS senses

to initiate an outer control rod reactor trip are: high neutron-flux-to-

helium-mass-flow ratio, low primary coolant pressure, high primary coolant

pressure, high primary coolant moisture concentration, main loop trip signal,

and high steam generator inlet helium temperature. Upon initiation of the

reactor trip signal, all of the outer control rods are released into the

core.

The RSCE performs the reactor trip if the outer control rods fail to trip

when comm-anded or when excessive water enters the reactor core. The events

that actuate the RSCE, presented in Section 4.3, are high reactor neutron

flux to main helium circulator speed ratio (with an appropriate time delay to

allow the outer control rods to correct the transient) and high primary

coolant pressure.
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Upon actuation, the RSCE releases the reserve shutdown control (RSC) material

into the innermost columns of the active reactor core. The p rotective action

is completed when enough negative reactivity has been inserted into the

reactor core to ensure that a core shutdown margin of at least 0.010 Ak is

maintained under all credible post-trip conditions.

Both the outer control rods and the RSCE can be tripped Imanually. Upon

occurrence of a reactor trip, a signal is sent to the NI Control Subsystem to

initiate a feedwater-flow reduction to aid in an orderly rampdown of the

Nuclear Steam Supply System.

When the PPIS senses high primary coolant moisture concentration, such as

during a steam generator tube leak, the PPIS trips the main circulator and

initiates closure of the main steam and feedwater isolation valves.

Following successful isolation, the steam generator dump valjves open and the

water/steam inventory flows into the dump system tanks. The steam generator

dump terminates when the dump line pressure falls to slightly above the

primary coolant pressure. A signal is also provided to trip the main

circulator and initiate closure of the main steam and feedwater isolation

valves when the PPIS senses high primary coolant pressure. Steam generator

dump is not initiated on high primary coolant pressure.

The SS is started upon loss of the main loop. When the main loop stops, a

signal is sent to the SS Control Subsystem. Startup of the SS begins

5 minutes after the main loop shutdown.

Following a small primary coolant boundary leak, the PPIS senses low primary

coolant boundary pressure and high Reactor Building radiation . The PPIS then

initiates a primary coolant pumpdown with the Helium Purification Subsystem.

A summary of the trip parameters for each PPIS action along wihisaalysis

trip level is given in Table 15.1-1.
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15.1.3.3 Residual Heat Loads

Residual heat loads used for the accident analyses are included in

Chapter 4. The basis for the residual heat is full power operation with

equilibrium reload-cycle conditions. The residual heat distribution is shown

as a function of time in Table 4.2-15. The core average residual heat is

assumed to be distributed spatially according to the radial and axial power

distributions given in Chapter 4. The worst condition of power distribution

over the reload cycle is ued which results in a higher core temperature

condition for the accident analyses. The axial and radial power factors

selected for the accident analyses are shown in Figure 4.2-10.

15.1.3.4 Initial Radionuclide Inventories

Initial radionuclide inventories in the reactor vessel consist of fission

product activity in the fuel particles, in the graphite, and in the

circulating helium, and plated-out activity on the metallic surfaces. The

initial radionuclide inventories are given in Chapter 11.

The fission product inventory in the fuel is contained in intact fuel

particles, particles with manufacturing defects, and particles failed in

service. Also, radionuclides arise from fissions of the heavy metal

contamination on the particles. The in-service failed particles include

particles with exposed kernels and particles with only failed silicon carbide

(SiC) coating but intact outer pyrolytic carbon (OPyC) coatings. The

fractions of initially failed particles, the heavy metal contamination

fraction, and the fuel quality specifications used for the accident analyses

are listed in Table 15.1-2.

15.1.4 omputer Codes and Ceneral Methods

15.1.4.1 eneral Description

The analyses performed to demonstrate the safety of the Standard MHTGR

include the following:
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1. Reactivity responses to rod withdrawal and moisture ingress events.

2. Core thermal response to these reactivity events and to loss of

forced cooling events.

3. Pressure and flow response to depressurization events.

4. Radioactivity release from the fuel due to elevated1 temperatures or

due to the presence of water.

5. Radioactivity release from core or vessel surfaces due to graphite

oxidation in the presence of water, due to: steam-induced

reentrainment, or due to mechanical liftoff forces.

The analyses take into account not only appropriate activitylrelease but also

activity depletion mechanisms in the Reactor Building, Isuch as natural

deposition and radioactive decay and buildup. Atmospheric dilution is

considered as it affects the calculation of offsite doses.

The major computer codes used in these safety analIyses and their

relationships to the various accident categories are show'n in an events

diagram in Figure 15.1-1. Methods utilized by these programs and

calculational procedures employed are described briefly in the following

sections. Methods to determine transient core temperatures are described in

Section 15.1.4.2. Methods to determine transient pressures and flows are

described in Section 15.1.4.3. Methods used to determine the magnitude and

timing of radioactivity released to the primary coolant are described in

Section 15.1.4.4, including releases due to elevated core temperatures,

chemical reactions, or reentrainment. Release of radioactivity from the

vessel is calculated by the methods described in Section 15.11.4.5. Activity

depletion in the Reactor Building is determined by methods described in

Section 15.1.4.6. Atmospheric dilution is treated utilizing the methods

described in Section 15.1.4.7. Dose calculation methods are described in

Section 15.1.4.8.
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15.1.4.2 Transient Core Temperatures

Methods to determine transient core temperatures are necessary to assess the

response of SSCs to various thermal transients. The thermal transient is

also necessary to determine radioactivity release from the fuel due to either

the elevated temperatures or fuel hydrolysis if water is present. Graphite

oxidation in the presence of water is also temperature-dependent. The method

for determining transient core temperatures during forced convection cooldown

is described in Section 15.1.4.2.1. The method for determining transient

core temperatures during depressurized loss of forced circulation cooling is

described in Section 15.1.4.2.2. The method of determining transient core

temperatures during pressurized loss of forced circulation cooling is

described in Section 15.1.4.2.3. The method of determining transient core

temperatures during reactivity transients is described in Section 15.1.4.2.4.

For additional information rated to this section, see the responses to NRC

Comment 15-3.

15.1.4.2.1 Transient Core Temperatures During Forced Convection Cooldown

The multiple oop transient analysis program (MLTAP) is an integrated overall

plant dynamic simulation of the Standard MHTGR. The program incorporates

transient models of major reactor and HTS components, vessels, RCCS, SCS,

plant control and protection systems, and simplified Energy Conversion Area

(ECA) components. MLTAP provides systems-level transient response data for

the analysis of licensing basis events and plant design conditions with

forced core cooling. The MLTAP data are used as boundary conditions in other

more detailed component/subsystem analytical methods for calculating core

reactivity and temperature response, fission product transport, the effects

of reactor vessel depressurization, and the chemical reaction of reactor

materials with water. An iterative analysis involving MLTAP and the detailed

analytical methods is employed as required to ensure "best estimate"

transient results.

MLTAP utilizes one- and two-dimensional finite difference and algebraic

equations to model the system components and processes. Implicit numerical
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integration and iterativ solution techniques are used as iequired to avoid

the excessively small time step of explicit methods. Fluid transport models

assume homogeneous incompressible flow and neglect fluid inertia.

Compressibility effects are considered for certain flow paths such as valves

and depressurization orifices where critical pressure ratios may be

encountered.

The MLTAP and its predecessor single loop TAP code have been~ used for over 20

years to analyze HTGR-plant transients. The Fort St. Vrain (FSV) TAP code is

a verified design and safety analysis computer code. (Ref.12) The majority

of MLTAP mathematical models and solution methodology are the same as those

of the FSV TAP code. Preliminary MLTAP validation eorts ave been

performed using FSV data and comparison to the FSV TAP. 'Te results have

shown that MLTAP is generally in good agreement with the plant data and the

verified TAP code predictions.

More recent verification efforts, applicable to the currenIt Standard MHTGR

version of MLTAP, have stemmed from comparison with independULetly eveloped,

verified computer codes used in support of the PSID analysis. KLTAP reactor

power and core average temperature calculations for reactivity transients

have been compared with the BLOOST-7 code (Section 5.1.4.!2.4) results and

have shown good agreement. MLTAP primary coolant depressurization transient

results for system pressure and blowdown flow rate have shown good agreement

with the CONTEMPT-G code results. (Ref 3) Additional MLTAP validation work

and documentation are planned.

15.1.4.2.2 Transient Core Temperatures During Depressurized Loss of Forced

Circulation Cooling

The time-dependent evaluation of temperatures throughout the core and reactor

vessel is- conducted using the TAC2D computer program. (Ref. 4) TAC2D

contains models to simulate the heat generation due to decay of

radionuclides, the heat-transfer processes, and the heat exchange across open

core plenums during the course of a loss-of-forced-circulation event.

The TAC2D code has been in use since 1969. It has been tested against a
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series of benchmark problems comprised of exact analytical solutions as well

as numerical solutions which have been published in the literature. This
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verification program is documented in Ref. 5. It has demonstrated TAC2D to
be valid, consistent, and error-free in solving two-dimensional heat transfer
problems. A brief description of the code follows.

TAC2D was developed for obtaining temperature solutions in a wide variet of
two-dimensional thermal systems. Code calculations are governed by the heat
conduction equation, expressed as a set of linear finite difference
equations. These equations are solved for local temperatures at given points
in time by the implicit numerical method given in Ref. 6.

The geometrical input data for the TAC2D model is specified in terms of
material boundaries parallel to the coordinate axes. Cylindrical coordinates
are used, and the axes are denoted b r (radial) and z (axial). The material
boundaries define annular regions in which temperature nodal points are
located. These points each represent a nodal volume for which a central
temperature is calculated. Thermal properties may be dependent on
temperature, and some may also be dependent on time and location. Specific
heat, emissivity, conductivity, and volumetric heat generation are specified
as functionally dependent variables for solid materials.

Heat transfer across material boundaries is by conduction and/or radiation.
Radiation is treated by including gap voids between solid materials. These
gaps may contain fluids which conduct heat across the void. Gap material
conductivities for these cases and the radiation properties of the solid
materials on either side of the gap are specified. The radiation is
calculated one-dimensionally.

A geometric model of the entire reactor vessel and cavity is used to perform
the TAC2D analysis. The geometric model encompasses the active core; the
inner, outer, top, and bottom graphite reflector; the graphite core support
floor; the core support plates; the core barrel; the insulated upper plenum
shroud; the reactor vessel; radiation shielding material above and below the
reactor vessel; the top access floor; the first concrete partition below the
reactor vessel; and the concrete behind the air-cooled Reactor Cavity Cooling
System panels. Heat transfer within this model is principally by conduction
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through the core and reflectors to the top and bottom core surfaces and to the coreI periphery adjacent to
the core barrel. Heat is transferred by thermal radiation and conduction across the gas spaces separating
the core surfaces and the metal support stnuctures and shrouds, and across the ga;s spaces to the reactor
vessel. Free convection from heated surfaces is represented by placing a multiplicative factor on the
thermal conductivity of the gas in the spaces between surfaces. Heat is t-rnsferred predominantly by
thermal radiation across the gas spaces separating the reactor vessel and the reactor cavity cooling panels.
A convective flow of air through the cooling panels is calculated, which removesjI most of the heat from
the panels. Some heat is transferred by conduction from the panels to the reactoIr cavity walls.

The concrete walls, floor, and ceiling defining the reactor cavity are assumed to form the external
boundary of the conduction cooling model. The properties of these boundaries aedefined in such a way
that the boundaries are adiabatic.

For additional information related to this section, see the responses to NRC Comments 5-3 and 5-48.

15.1.4.2.3 Transient Core Temperatures During Pressurized Loss of Forced Circulation Cooling

The PANTHER computer code uses finite-difference methods to analyze system temperatures after a
pressurized loss of forced circulation PANTHER was adapted to analyze thermal transient problems
in nuclear systems. PANTHER is based on the classical thermal analyzer program TAP-LOOP, which
is described in Ref. 7. TAP-LOOP and its predecessors are used extensively in the aerospace industry,
and have been verified to be correct by comparison of their results versus computer generated analytical
solutions of classical heat transfer problems.

PANTHER models the Reactor System as a network of interconnected nodes. Te nodal map models
the active core, reflectors, core barrel, reactor vessel, and the RCCS. Each ne is assumed to be
connected to each of its neighbors by a conducting path to which a value call ed the "admittance," (Y)
is assigned. (The admittance is the reciprocal of the thermal resistance.) Each active core node is
assigned a generation rate equivalent to the rate of heat generation of the actual core column represented
by the node. The temperature assigned to each mode represents the temperature at the centroid of the
corresponding element of the physical system.

Heat generated within the active core is tr-ansferred by conduction both radially anid axially from node
to node within the core and reflectors. Within the fueled core there are three flow paths. Heat is also
transferred to the fluid nodes in each flow path, which transport heat by flown either upward or
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downward within the coolant passages. The flow rates were computed within the program by adding up
the hydrostatic head in each gas column and relating these to the frictional pressure loss in each column,
assuming that the pressures in the tip and bottom plena are uniform. This computation is done iteratively
at each time step by adjusting the plenum pressures until the conservation-of-mass condition is satisfied
for the flows. Ultimately, heat is radiated from the core barrel to the vessel, and, from the vessel, heat
is transferred to the RCCS panels via radiation and natural convection. Heat is then transferred from the
RCCS panels to the ultimate heat sink-naturally circulating air.

For additional information related to this section, see the responses to NRC Comments 5-3 and 5-48.

15.1.4.2.4 Transient Core Temperatures During Reactivity Transient

The kinetics code in use at GA Technologies is called BLOOST-7. BLOOST-7 solves the standard form
of the point neutronics kinetics equations by means of a fourth order Runge-Kutta integration method
(Ref. 8), modified to adjust the time step according to how fast the reactor power level is changing. It
is coupled with the two-dimensional time-dependent heat transfer program TAC2D), described in Section
15.1.4.2.2, to compute the temperature distribution and appropriate region average temperatures in a fuel
element at
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periodic intervals in the kinetics calculation. These temperatures are used
in conjunction with precomputed fuel and moderator temperature coefficient
tables to determine the reactivity feedback. For accident calculations, the
code is first run as a heat transfer problem to calculate the steady state
temperature distribution in the average fuel element model. The kinetics
calculation itself is then run for an average channel and the principal
result, the time-dependent core power, is saved on file. The temperatures
obtained in this calculation are those in a fuel element experiencing the
average core power density and are appropriate for calculating the reactivity
feedback. In an accident analysis, the temperatures of greatest interest are
the maximu.m values, and an additional calculation is required to obtain
these. This third calculation (called a power table calculation) is run for
the hottest fuel element in the reactor using the power-tim e table from the
kinetics calculation to vary the heat source term in the fuel region. Since
the initial power density in the hottest element is generally higher than
average, a separate steady state calculation for this element is usually
required as well.

The BLOOST-7 calculations for the Standard MHTGR use the same
thermo-hydraulic model as the Fort St. Vrain FSAR calculations. This model
represents a single fuel rod in a two-region cylindrical gometry with the
inner radial region (1) representing the fuel rod and the outer radial
region (2) representing the graphite surrounding a typical: fuel rod. The
outer boundary of region 2 represents the surface area of the coolant holes
surrounding a fuel rod. Region 1 is modelled in R-Z geometIry using 5 x 25
intervals with an outer radius of 0.625 cm (0.246 in.), equal to that of a
fuel rod, and a height of 793 cm (312.2 in.), equal to that of the active
c re. In order to obtain the correct average fuel temperatuIre in region 1,
this thermo-hydraulic model requires the correct power density (Kw/1) in the
fuel, the correct coolant inlet temperature, and a coolant fow rate (lb/hr)
adjusted to give the correct coolant outlet temperature foIr the fuel rod
volume in region 1. A gap of 0.011 cm (0.0045 in.) is used between regions 1
and 2. Region 2 with an outer radius of 1.17 cm (0.462 in .), models the
graphite block with three radial intervals. The 158.6 cm (62.44 in. ) of
graphite above and below the fuel rod cell models two graphite blocks above
and below the ten-block high core.
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The curr nt version of BLOOST-7 has been verified to be consistent with

previous versions by running standard test cases. The results of the code

have been compared with known analytical solutions and with the results of a

Fort St. Vramn control rod calibration transient.
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15.1.4.3 Transient System Pressures and Flows During Depressurization

The RATSAM computer program (Ref. 9) has been developed to evaluate the

transient thermal and fluid flow behavior of the entire primary coolant loop

of an HTGR during depressurization events. The program calculates pressure

gradients that result during the transient, as well as the parameters

required to predict the magnitude of fission product release (i.e.,

"liftoff") from primary coolant surfaces. The code has been validated

against experimental depressurization conducted on the Calder Hall Stage 1

reactor model, as discussed in Ref. 9. It has also been validated against an

experimental blowdown at the FSL-3 facility. A brief description of the code

is presented below.

The RATSAM program calculates the transient coolant pressure, temperature,

flow, and shear force ratio throughout the primary coolant, taking into

account the dynamic behavior of the circulator, the actions of plant

protection systems, and the heat transfer between core, coolant, and steam

generator. The shear force ratio is defined as the ratio of the

instantaneous shear force during depressurization over the shear force during

normal flow conditions. For a depressurization accident, the transient is

initiated by simulating a rupture somewhere in the primary coolant boundary.

Flow through this rupture is assumed to be restricted by critical flow

phenomena during the early stages of the transient. Maximum loads and shear

force ratios usually occur prior to cessation of critical flow.

The RATSAM model assumes that a thermal and fluid flow system of interest can

be divided into distinct subvolumes, or nodes, which are linked to one

another by flow paths. The conservation laws of mass and energy are applied

to each of these nodes, and conservation of momentum is applied to th flow

paths that connect these nodes.

The resulting set of ordinary differential equations for the entire system is

solved simultaneously using a backward difference (or implicit) integration

technique similar to that used in the FLASH4 program. (Ref. 10)
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The flow system inside the pressure vessels is represented by a model of

19 nodes, interconnected by 20 flow paths. The flow resistance of the flow

system is simulated by dimensionless flow resistances between pairs of nodes,

determined at steady-state conditions. The mass and energy stored in each

node are calculated from the conservation equations by assuming constant flow

and fluid properties during each time step. The conservation of momentum

equation describes the coolant motion accounting for fluid inertia, pressure

differential, circulator head, friction losses, and elevational head.

Heat transfer to the secondary coolant is simulated in the steam generator

node. Decay heat generation in the core is also computed; however, for a

rapid depressurization the large thermal capacity of the core makes this an

insignificant term for the short duration of the accident analysis since it

usually takes only a few seconds to reach the maximum pressure differentials

across components inside the pressure vessels.

The maximum pressure differentials across the various primary circuit

components are continuously computed and printed out at predetermined time

intervals.

In addition, the fluid shear force ratio across the steam generator tube

bundles is determined as a function of position and time. The shear force

ratio is defined as:

instantaneous shear force during depres surization

shear force ratio 
shear force during normal flow conditions

This shear force ratio is used in Section 15.1.4.4.1 to dete rmine the amount

of radioactive plateout that is lifted off the steam generatIor surfaces and

blown into the Reactor Building during the accident.

15.1.4.4 Release of Radioactivity to Primary Coolant

15.1.4.4.1 Reentrainment by Liftoff
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The Standard M4HTGR event sequences involving depressurization are important

from the viewpoint of radiological consequences. If the leak in the primary

coolant boundary inducing depressurization is large enough, liftoff becomes a

source of released activity. Specifically, liftoff means the removal of

fission and activation products from the surfaces of reactor components where

they have previously been deposited or plated out. Once lifted off these

surfaces, the subsequent transport of these products will depend on the

governing phenomena and could lead to retention or loss from the Reactor

System.

The physical and chemical phenomena involved in liftoff events include

1) particulate entrainment, 2) desorption, 3) diffusion, and 4) aerosol

formation. Particulate entrainment involves the removal of particulate matter

including carbonaceous, oxidic, and metallic particles from the reactor

component surfaces. Desorption refers to the removal of atoms or molecules

sorbed on the reactor component surfaces. Diffusion refers to the transport

of fission or activation products from the adsorbed state to the interior of

the component surfaces as well as from or to particulate matter deposited on

the surfaces. Finally, aerosol formation involves the mechanism by which the

particulates are formed. Given the incomplete understanding of the actions of

these phenomena, especially the lack of particle size distribution

measurements in the experimental data, an empirical approach is chosen for a

liftoff model, as described below.

Relevant experimental data have been collected. In all but one of the

experiments, a section of alloy was removed from the reactor or loop and a

range of surface shear stresses applied in blowdown tests. The one in situ

experiment exhibited liftoff values that were quite small relative to the ex

situ data. It is possible that the larger ex situ values result from the

handling of the alloy sections when cut and removed from the loop or reactor.

Nevertheless, in developing a model, all the experimental data have been

considered together. The model is constructed by using 1) the absolute values

of liftoff measured in the one in situ test and 2) the dependency of liftoff

on the shear stress ratio as given by the ex situ tests. This liftoff model

is used under dry conditions. When steam ingress is involved in an event, the

models for steam induced vaporization are used, as described below.
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For additional information related to this section, see the response to NRC

Comment 4-6.

15.1.4.4.2 Steam-Induced Vaporization and Recirculation

The phenomenon of steam induced vaporization and recirculat ion (SIVR) treats

the reaction and removal of fission and activation products sorbed on primary

circuit components by steam flowing over the surfaces of the components.

(The term washoff, often used in the past to include this phenomenon, refers

to the removal of fission and activation products by wat er in the liquid

state flowing over the surfaces in the form of droplets or bulk.)

Recent experiments of SIVR were designed to study the fraction of iodine,

sorbed on the surface of the alloy T-22, removed by the passage of steam over

the surface. The tests showed that no molecular iodine was sorbed on the

surface of the alloy. Rather, it was in the form of an iodide, possibly

FeI2. Two tests conducted resulted in significantly different amounts of

iodide being removed from the surface. The first SIVR tesIt, which resulted

in 60 percent iodide removal, was judged to better represeInt the conditions

in the reactor during transients. The second SIVR test, which involved an

unusual treatment of the surface by scrubbing with acidic s olution, resulted

in no significant iodide removal.

Selecting the result from the sample that was treated more in the manner of

the alloy surfaces to be used in the Standard MHTGR, the value of 60 percent

for SIVR of fission and activation products is used in the analysis of

Standard MHTGR events and conditions that involve the ingress of steam.

15.1.4.4.3 Core Release by Elevated Temperatures

The evaluation of fuel particle failure and the fission product release from

the core during temperature transients is calculated using he SORS computer

code. The core release calculated by SORS is the source activity due to

elevated temperatures which contributes to the total release upon which dose

calculations are based.
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SORS originated as two separate programs, described in Ref. 11. These

programs were designed to calculate 1) the release of volatile nuclides from

the fuel particles directly to the coolant and 2) the release of other

nuclides which are delayed by transport through the graphite. In 1978, the

two codes were combined into the present SORS code which solves nuclide

chains for each successive element and distinguishes between elements held up

in the graphite and those that are not. An independent review of the

original SORS codes was conducted for the NRC by Brookhaven National

Laboratory. (Ref. 12) Some of the comments from this review have been

incorporated in the present version of SORS along with other updates and

modifications that have not been reviewed independently.

SORS accepts core temperatures during a transient from other codes, such as

PANTHER, and calculates 1) release from heavy metal contamination in the fuel

rod matrix as a function of temperature and nuclide, 2) release from

initially exposed kernels in the core as a function of nuclide, fuel burnup

and temperature, 3) failure of initially intact fuel particles (both with and

without manufacturing defects) due to the mechanisms of pressure vessel

failure, SiC corrosion by fission products and SiC thermal decomposition and

5) diffusion of fission products through intact coatings. SORS further

accounts for diffusion of the nonvolatile nuclides through the fuel rod

matrix and core graphite and their transport by the primary coolant.

The procedure adopted in SORS is to describe the problem in terms of several

coupled first-order-differential equations with coefficients which are

dependent on time. The independent variables represent the total amount of

each isotope in one of the three parts of the core, i.e. , the fuel, the

graphite, or the coolant. The variable coefficients represent an average

probability of an atom moving from one part of the core to another, where the

probability has been averaged over the whole reactor. The differential

equations are integrated numerically using the Hanmmings predictor-corrector

technique. Since the Hammings technique is a four-step method, the

Runge-Kutta routine is used to set up the starting values. The Hammings

method is well established, accurate, and reliable.
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After release from the fuel particles, the nonvolatile fission products are

still confined by the matrix and structural graphite. To Iescape from the

core, the fission products must diffuse through the graphites to the coolant

channel, evaporate at the surface of the channel and be carIried out of the

coolant channel by the coolant stream. In SORS, diffusion and evaporation

are treated independently. For each section of the core; two potential

release rates are calculated based on evaporation or diffusion being the

controlling process. The smaller of these two rates is taken as the

controlling process and this rate is then used as the net release rate.

15.1.4.4.4 Chemical Reaction With Water

The computer program OXIDE (Ref. 13) is used to analyze the transient effects

of accidental inleakages of moisture to the primary coolant. The code

analyzes the three-dimensional effects of steam-graphite. and steam-fuel

reactions in the core and simulates the primary coolant and the Reactor

Building with respect to heat and mass transfer. The code can either

calculate or accept as input the spatial transient flow andrtemperatures as

conditions necessary for oxidation calculations. Nuclear heat generation,

graphite temperature, coolant temperature, total pressure, steam-graphite and

steam-fuel reaction rates, heats of reaction, and graphIite burnoff are

calculated as a function of space and time. Alternatively, graphite

temperatures can be provided to OXIDE from another code, such as PANTHER.

Plant protective system actions can be simulated in the code.

OXIDE methods were independently reviewed (Ref. 14) for the NRC and found to

be in good agreement with alternative methods, for the cases analyzed.

Shortcomings identified in that review have been addressed as they affect the

current use of the code for moisture-ingress events. A bri~f description of

the code is presented below.

The reaction of steam with graphite proceeds at significant rates when

temperatures exceed 700'C (1300'F). Thus, in an accident, when steam first

reaches the core, some reaction occurs mainly in the lower half of the
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core since the graphite there is hotter than 700'C (1300'F). The

steam-graphite reaction has been extensively investigated. (Refs. 15 through

23) The predominant chemical reaction is:

H2 0 +C - CO +H 2 -Q , (Eq. 15.1-1)

where the endothermic heat of reaction Q is 51,000 Btu/lb-mole of graphite.

Since this reaction produces two moles of gaseous product for each mole of

water reacting, any such reaction accelerates the primary circuit pressure

rise. Other secondary reactions are insignificant for the short time periods

of these accidents.

The kinetic expression used in the OXIDE code for the rate of reaction is a

rational function of steam and hydrogen pressure, with time-dependent

Arrhenius coefficients and modifiers that account for the effects of prior

reaction (burnoff) and the presence of catalysts. Possible inhibiting~

effects of CO and/or helium pressure on the steam-graphite reaction rate are

neglected for conservatism, and because current evidence is too limited to

take quantitative credit for these effects. Radiation effects on the

reaction rate have been shown to be negligible for nuclear-grade graphite.

(Ref. 16)

The reaction of steam with fuel can result in enhanced release of fission gas

due to hydrolysis and oxidation of failed UCO particles. The model used in

OXIDE accounts for hydrolysis and neglects the oxidation of UCO fuel. The

oxidation of UCO fuel is neglected because the oxygen concentrations during

accident conditions are expected to be very low. Under normal reactor

operating conditions, the estimated concentration is expected to be 0-9

(1 ppbv).

Th time.- dependent release of krypton, xenon, and iodine isotopes is

calculated. The fractional release of bromine, selenium, and tellurium is

considered the same as that of iodine.

In treating the response of a UCO kernel to hydrolysis, a distinction is made

between th portion of the kernel containing UC2 and U02. These two
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portions undergo hydrolysis in distinct ways. The fractional release is

determined by the addition of the release from each of these portions.

The core is modeled geometrically as a set of eight analysis regions with

variable numbers of columns and with- ten axial segments that extend beyond

the active core to include reflector blocks. Individual flow and power

density factors can be specified for each region; each axial segment can have

an individually specified power factor. In each segment a tpical element of

symm try (triangular in shape) around a Standard MTGR element coolant

channel is modeled with 17 nodes. The complete core analysis is accomplished

by performing the appropriate calculations on the symmetry element of each of

the 80 segments.

For additional information related to this section, see t response to NRC

Comment 15-2.

15.1.4.5 Release of Radioactivity from the Vessel System

Radionuclides circulating with the helium primary coolant may be released

from the primary coolant boundary either through a primary, coolant leak or

during pressure relief through the pressure relief valve. The activity

concentration in the primary coolant can exceed normal levels during a

transient because of mechanisms discussed in Section 5.1.4j4. By combining

the activity levels with the primary coolant release mechanisms, the rate of

radionuclide release throughout a transient can be determined.

The release of primary coolant through a leak is analytically determined by

the pressure difference and the leak area. The depressurization initially is

a choked gas flow with a constant volumetric rate. Below approximately twice

atmospheric pressure, the flow is no longer choked and t volumetric flow

rate declines along with the pressure in the reactor vessel. At atmosph ric

pressure, displacement of the helium by air because of hydrostatic forces

provides an additional mechanism of transporting radioactIivity out of the

vessel. If the temperature of the gas within the Ractor System is

increasing, th rmal expansion would force additional gas out of the vessel.
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The pressure relief valve will release primary coolant if th primary system

pressure exceeds 7.18 Pa (1041 psia). The pressure relief valve reseats

after opening when the pressure drops to 6.10 MPa (885 psia). This pressure

relief will release 15 percent of the primary coolant into the Reactor

Building over a very short time period.

The accounting of radioactivity release from the vessel is performed by the

TDAC code. (Ref. 24) The code simply takes an initial activity level in the

vessel, adds the time-dependent activity addition from all release mechanisms

and then determines the activity release based upon the time-dependent

volumetric release rate entered into the code. All important radionuclides

are accounted for in this manner by the TDAC code.

15.1.4.6 Activity Depletion in the Reactor Building

Radioactivity released from the vessel will enter either the steam-generator

cavity or the reactor cavity. During the initial phase of th

depressurization, the Reactor Building dampers open under elevated pressure

conditions. During this phase, no holdup or depletion occurs in the Reactor

Building. Release from the Reactor Building subsequent to damper reclosure

is governed by the building leakage rate and the rate of inleakage from the

pressure vessel. During this period of slow release, fission products will

be held up; thus gravitational settling, plateout on cool. surfaces, and

natural radioactive decay will reduce the radioactive inventory that is

available for release to the environment.

Holdup and depletion in the Reactor Building is considered in the release'

models of the TDAC computer code. Depletion mechanisms in the Reactor

Building are accounted for by the TDAC code as it tracks the release of

radionuclides from the reactor vessel to the Reactor Building and ultimately

to the atmosphere. Up to 64 decay chains are available to assess radioactive

decay and buildup.

The most fundamental depletion mechanism is radioactive decay. For some

radionuclides, however, radioactive buildup can be more dominant than

radioactive decay over a short period of time. Th dilution of activity in
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the large volume of the Reactor Building acts like a tiIme delay in th

release of radioactivity from the vessel. This delay aids in the natural

decay of the radioactivity before it is released to the atmosphere.

Two additional mechanisms of activity depletion in the Reac tor Building are

plateout of halogens and settling of particulates. Plateout of halogens

specifically examines the mass transfer of iodine in either a forced

convection or free convection situation. The mixture of te helium primary

coolant with the Reactor Building air is also taken into account in

calculating the mass transfer coefficient for iodine.

The radioactivity release to the environment from the Reactor Building is

governed by the dampers which open to relieve the building pressure, and by

the building leak rate after the dampers close.

For additional information re.Aated to this section, see te~ response to NRC

Comment 15-1.

15.1.4.7 Dilution and Dispersion During Transport to Exclusion Area Boundary

15.1.4.7.1 Atmospheric Dispersion

Th concentration of radioactive isotopes at the dose receptor is a function

of the release rate of radioisotopes and the amount of dilution available due

to atmospheric transport and dispersion.

The atmospheric dispersion factors (X/Qs) are functions of riind speed, wind

direction, atmospheric stability conditions, and obstructions in the path of

travel. The dose analysis for the design basis events uses atmospheric

dispersion factors in accordance with the methodology of Regulatory Guide

1.4. (Ref. 1) For the dose uncertainty analysis, 10 percent of the

R gulatory Guide 1.4 atmospheric dispersion factors were used in accordance

with Regulatory Guide 4.2 for the 50 percentile value (Ref. 25), and the

Regulatory Guide 1.4 atmospheric dispersion factors were u sed as the 95th

percentile value with a lognormal distribution. This m thodology was chosen

since it results in typical values for any pot ntial site and is expected to

envelope about 85 percent of all U.S. sites.
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15.1.4.7.2 Building Wake Effect

Ground-level releases from the reactor complex will enter a wake cavity

produced by the buildings near the release point. The release is diluted in

this cavity before being transported to the exclusion area boundary. This

dilution is taken into account by modifying the Regulatory Guide 1.4 X/Qs

with a Building Wake Correction Factor which is proportional to the building

cross-sectional area orthogonal to the wind direction. For this analysis,

the minimum cross-sectional area was chosen to bound the resultant

atmospheric dispersion conservatively.

The resultant atmospheric dispersion factors are presented in Table 15.1-3 at

the exclusion area boundary. These factors also apply at the low population

zone, since it is the same distance from the plant as the exclusion area

boundary.

15.1.4.8 Radiological Dose Methods

Radionuclides which are released and transported offsite can be taken up by

humans through several pathways. The most important, however, for accidental

releases are by inhalation and immersion. Food chain pathways are not

considered because of the many opportunities to exert administrative

controls. Some elements, such as iodine, are rapidly concentrated in certain

organs in the body. These effects are taken into account in dose conversion

factors (DCFs) which have been developed for each combination of isotope,

uptake mechanism, and organ dose. Dose conversion factors in this analysis

were taken primarily from Regulatory Guide 1.109. (Ref. 26) Other DCFs were

derived as described in Reference 24.

15.1.4.8.1 Cloud Immersion Doses

Doses to the skin from beta radiation and to the whole body from gamma

radiation can be incurred by a person immersed in the radioactive cloud. The

immersion dose is calculated for each isotope as follows:

DI i X/Qj x DCF i x A. (Eq. 15.1-2)
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where:

DI The dose from isotope j to the whole body (or to te skin) in rem
j 

X/Q Atmospheric dispersion factor in sec/cu m

DCF The whole body (or skin) DF for isotope j in rem-cu m/Ci-sec

A The activity released in curies

The doses from each isotope released are then summed together to determine

the total immersion dose.

15.1.4.8.2 Inhalation Doses

Doses to internal organs can be incurred by a person breathing the

radioactive cloud. The inhalation dose is calculated for each organ and

isotope as follows:

D.j - X/Q xBR xDF. x j(Eq. 15.1-3)

where:

D.j The dose from isotope j to organ i in rem

X/Q Atmospheric dispersion factor in sec/cu m

DCF. The DCF for isotope j and organ i in rem/Gi

BR Breathing rate in cu rn/sec

o - 8 hr - 3.47 x 10O4

8 - 24 hr - 1.75 x 10O4

1 - 30 days - 2.32 x 10-4

A. The activity released in curies
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The doses from each isotope released are then summed together to determine

the total inhalation dose.

15.1.4.8.3 Dose Uncertainty Analysis

A method for assessing the uncertainties in dose consequence prediction was

developed. The method uses simplified mathematical algorithms describing the

consequence controlling phenomena. The algorithms are used in a Monte Carlo

error propagation program to simulate dose consequence assessments and to

determine dose values that will not be exceeded at the 50 percent and 95

percent confidence levels. Cumulative probability distributions of

independent variables are specified as input to the program. This section

describes the algorithms for the dose consequences.

The dose consequence to an organ from the radionuclide release is the

summation of the incremental dose contributions over several time intervals:

D =ZDh

where:

D -total dose consequence,

Dh =incremental dose contribution during time interval h.

Individual time intervals are selected to adequately model time dependent

fission product release and transport phenomena, changes in meteorology, or

different breathing rates.

The dose contribution within a specific time interval is a summation over all

the radionuclides:

Dh = I;Q f(t; t1; 2; ... )C X/Q
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where:

Q =activity available for release from the pr1imary circuit

f~t;~l' 2' **) - fractional reduction in the nuclide due to buildup,

decay, settling, plateout, and other processes

involving the physical parameters, l; 2**

C - dose effectivity for whole body VY; dose efectivity times

breathing rate for ingestion dosesI

X/Q - atmospheric dispersion factor

The uncertainty in C is neglected in this study. Although some uncertainty

exists in dose effectivities, the exact amount varies from nuclide to

nuclide'. The present study uses upper bound estimates.

The uncertainty distribution for atmospheric dispersion uses Reg. Guide 1.4

dispersion factors (Ref. 1) as 95th percentile values with a factor of 10

reduction utilized to estimate the median. A discrete dis tribution using

meteorological data given in the PRA document (Ref. 27) andl Reg. Guide 1.4

atmospheric dispersion models is used for releases in the first 8 hours. For

releases occurring beyond 8 hours, a lognormal distribution isl assumed.

The activity available for release from the primary circuit in a specific

interval is:

Q = QCj + (FL + FW) Qp + (FHFF + FOFC + FT) QF

where QCis the circulating activity. Qp is the total plateout activity

modified by FL, the liftoff fraction, for the pIrimary coolant

depressurization, and by F, the washoff fraction, for the water ingress

events. QF is the total fuel body inventory. For water ingress events the

fraction of the fuel body inventory released to the primary circuit is the

fraction of the failed fuel particles that are hydrolyzed, FH, times the
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failed fuel particle fraction, FF, plus inventory residing in the graphite

blocks as contamination, F, times the graphite oxidation fraction, F.

The last term, FT, represents the fractional release during conduction

cooldown events.

The circulating activity, plateout activity, and fuel body inventory have a

lognormal uncertainty distribution with an uncertainty factor typically

ranging from 4 to 10.

The fractional reduction factor f (t; tl t2 . accounts for

time-dependent attenuation. Thus the t terms that contribute to its

uncertainty include:

1. Vessel to Reactor Building depressurization rate.

2. Reactor Building settling and plateout rates.

3. Radiological decay.

4. Reactor building to environment release rate.

Items 1, 3 and 4 are anticipated to have uncertainty factors (ratio of 95th

to 50th percentile values) below 1.5. However, item 2, the settling and

plateout rates are anticipated to have higher uncertainty factors of 10.

Therefore, the uncertainty in f (t; tl t2; ... ) is governed mainly by the

Reactor Building settling and plateout rates.

f (t, A); halogens

f (t; ti 2;** .. f (t, X); particulates

1 ;noble gases

where

XA plateout rate

X = settling rate

Sensitivity studies disclose that to within 1 percent accuracy:

f (t, X~ a a b
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and

bf (t, A~ a X p

where a a b5,1 and b are dependent upon the depressurization rate

and the Reactor Building conditions. The values of a and b were
p p

obtained by curve fitting the dose sensitivity results. The uncertainties in

the factors A5 and X are assumed to be lognormal with an uncertainty
s ~p

factor of 10.

15.1.5 Radiological Consequences

This Chapter analyzes the effects of postulated accidents with respect to

radiological consequences to demonstrate that the design~ complies with

10CFR100 limits. As described previously, two classes o analysis are

provided. First, a series of design basis events is analyzed (Sections 15.2

through 15.12). Design basis events are those sequences of events which are

not expected to occur in the lifetime of a single Standard M4HTGR plant, but

would be expected to occur at least once in the lifetime of several hundred

plants. These design basis events are treated mechanistically, with

radiological consequences assessed statistically. Both the median and the

upper 95th percentile radiological consequences are proyided in Table

15.1-4. It may be seen from the Table that even for the upper 95th

percentile consequence there is a large margin between the assessed doses and

the guidelines of 1CFRIOO.

To further ensure with the highest confidence that the design meets the

guidelines of OCFRIOO, a more bounding analysis of the "safet-y-related"

design conditions is provided in Section 15.13. Consistent with the safety

philosophy set forth in Section 1.2.1 that reliance be placed to the maximum

extent on iherent or passive means to protect the public health and safety,

the "safety-related" design conditions are those iImposed on the

"safety-related" SSCs if they alone were available to respond following the

initiation of any DBE. This deterministic assumption of unavailability for

those SSCs which are not designated "safety-related" is made Iin response to
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the uncertainty involved with reliance on active components or systems.

Similar to the DEs, the radiological consequences of the "safety-related"

design conditions are analyzed statistically with the results summarized in

Tabi 15. 1- 5. It may be seen from the Table that even with these

nonmechanistic assumptions, and with reliance primarily on passive or

inherent features of the design without operator actions, even the upper 95th

percentile dose assessments meet the guidelines of 10CFR100 with a

considerable margin.

The analysis of design basis events shows that operator actions are not

required during any design basis event to meet 1CFR100 requirements. Also

results of the probabilistic risk assessment show that 10CFR100 requirements

are satisfied regardless of any improper operator actions that were

analyzed. Therefore it has been concluded that the ability of the MHTGR to

meet 10CFR100 requirements is independent of operator actions. For this

reason, the plant operator iterf aces (i.e., the control room and the remote

shutdown area) are not classified safety-related.

For additional information related to the operator role, refer to the

response to NRC Comment 13-14.
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TABLE 15.1-1

PPIS TRIP PARAMETERS AND ANALYSIS TRIP LEVELS

PPIS Action Trip Parameter Analysis Trip Level

Reactor trip with the Neutron flux to helium 1.5
outer control rods mass flow ratio high

Primary coolant 5.69 MPa (825 psia)
pressure low

Primary coolant 7.07 MPa (1025 psia)
pressure high

Primary coolant 1200 ppmv
moisture high

Main loop shutdown (See Note 1)

Steam generator inlet 7600 C (1400-F)
helium temperature high

Reactor trip with the Neutron flux to HTS 1.9
reserve shutdown control circulator speed ratio
equipment and

time delay 50 sec 50 sec time delay
and

inhibit at low HTS inhibit at < 5%
circulator speed circulator speed

and
low neutron flux < 10% neutron flux

Primary coolant helium 7.07 MPa (1025 psia)
pressure high

Main oop shutdown HTS circulator speed + 1487 rpm
programmed by feedwater
flow (high or low)

Primary coolant pressure 7.07 MPa (1025 psia)
high

Primary coolant pressure 4.31 MPa (625 psia)
low

and
main steam temperature > 385-C (725-F)
not low

Steam generator isolation (See Note 2)
and dump signal
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TABLE 15.1-1 (Cont)

PPIS Action Trip Parameter Analysis TriD Level

Steam generator Primary coolant moisture 12I00 ppmv

isolation and dump concentration high

Steam generator Main steam pressure and 0.344 IjPa (75 psid)

dump terminate primary coolant pressure
difference low

Primary coolant pumpdown Primary coolant pressure 5.5 MPa (800 psia)

with the Helium low
Purification System and

Reactor Building radiation TBD
high

Shutdown Cooling System Main loop shutdown (See Note 1)
start

Notes: 1. See "Main oop shutdown" for trip levels
2. See "Steam generator isolation and dump" for trip evel
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TABLE 15.1-2

INITIAL FUEL QUALITY AND PERFORMANCE CRITERIA SUMMARY

Segment Average Value
Defect or Failure for Defects or

Category Failure Fraction

Missing buffer fraction 5.0 x 10-5

Defective SiC 5.0 x -

Missing or defective 4.0 x 10-5
IPyC

Missing or defective 1.0 x 1 4

OPyG

Heavy metal contamination 1.0 x 10O5

In-service failure fraction 5.0 x 0-5
for normal conditions
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TABLE 15.1-3
ATMOSPHERIC DISPERSION FACTORS

EA.LP

Distance in meters 425

Minimum building cross-sectional area 732 sq m

95th percentile atmospheric dispersion factors (sec/cu m)
(0 to 8 hours)

- From R.G. 1.4 2.54 x 10O3

- Including building wake 1.20 x 10O3
effect

95th percentile atmospheric dispersion factors (sec/cu m)
(for times > 8 hours)

- Including building wake effect 2.70 x 0O4

Median .atmospheric dispersion factors (sec/cu m)
(10% of R.C. 1.4)

- 0 to 8 hr 1.20 x 0-4

- > 8 hr 2.70 x 0O5
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TABLE 15.1-4
POTENTIAL OFFSITE DOSES FROM THE DESIGN BASIS EVENTS ANALYZED IN CHAPTER 15

Dose - 30 Day EAB
Thyroid Whole Bdy

Event DENo. Section (rem). (rem)

10CFR100 Guidelines 300 25

Loss of HTS and SCS Cooling 1 15.2 No Release No Release
HTS Transient w/o Control Rod Trip 2 15.3 No helease No Release
Control Rod Withdrawal w/o HTS Cooling 3 15.4 No Release No Release
Control Rod Withdrawal w/o HTS and SCS 4 15.5 No Release No Release

Cooling
Earthquake 5 15.6 No Release No Release
Moisture Inleakage 6 15.7 No Release No Release
Moisture Inleakage w/o SCS Cooling 7 15.8

- Median Dose .00244 .0000386
- 95th Percentile Dose .0352 .000466

Moisture Inleakage with Moisture 8 15.9 No Release No Release
Monitor Failure

Moisture Inleakage with Steam 9 15.10 No Release No Release
Generator Dump Failure

Primary Coolant Leak 10 15.11
- Median Dose .0024 .00034

95th Percentile Dose .18 .00410I
Primary Coolant Leak w/o HTS and SCS 11 15.12

Cooling
- Median Dose .064 .000185

- 95th Percentile Dose .61 .0015
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TABLE 15.1-5
POTENTIAL OFFSITE DOSES FROM THE "SAFETY-RELATED" DESIGN CONDITIONS ANALYZED IN CHAPTER 15

Dose - 30 Day EAB
Thyroid Whole Body

Condition SRDC No. Section (rem) (rem)

10CFRIOO Guidelines 300 25

Pressurized Conduction Cooldown 1 15.13.1 No Release No Release
Pressurized Conduction Cooldown 2 15.13.2 No Release No Release
w/o Control Rod Trip

Pressurized Conduction Cooldown. 3 15.13.3 No Release No Release
with Control Rod Withdrawal

Pressurized Conduction Cooldown. 4 15.13.4 No Release No Release
with Control Rod Withdrawal

Pressurized Conduction Cooldown 5 15.13.5 No Release No Release
with Earthquake

Depressurized Conduction Cooldown with 6 15.13.6
Moderate Moisture Ingress
- Median Dose .37 .0044
- 95th Percentile Dose 3.8 .045

Depressurized Conduction Cooldown with 7 15.13.7
Moderate Moisture Ingress
- Median Dose .37 .0044
- 95th Percentile Dose 3.8 .045

Depressurized Conduction Cooldown. with 8 15.13.8
Small Moisture Ingress
- Median Dose <.37 <.0044
- 95th Percentile Dose <3.8 <.045

Depressurized Conduction Cooldown with 9 15.13.9
Small Moisture Ingress
- Median Dose <.37 <.0044
- 95th Percentile Dose <3.8 <.045

Depressurized Conduction Cooldown with 10 15.13.10
Moderate Primary Coolant Leak
- Median Dose .0303 .000546
- 95th Percentile Dose .36 .00419

Depressurized Conduction Cooldown with 11 15.13.11
Small Primary Coolant Leak
- Median Dose .23 .00108

- 95th Percentile Dose 3.1 .0088
1 of 1 Amendment 6
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15.2 LOSS OF HTS AND SCS COOLING (DESIGN BASIS EVENT NO. 1)

Design basis event (DBE) No. 1 is a pressurized loss of forced cooling which

represents a unique challenge to the function of removing core heat. Because

of its threat to the continued retention of fission products, it is

considered in this section.

Section 15.2.1 briefly discusses accident initiators leading to a pressurized

loss of forced core cooling and describes the subsequent event sequence that

forms the basis of DBE-1. In Section 15.2.2, the system response to the loss

of forced cooling is described. Both the temperature and pressure transients

during the resulting passive heat removal are evaluated. The implication of

this transient to integrity of the reactor pressure vessel is considered.

Also considered are any fission product releases resulting from the fuel

temperature transient. Analyses show that, despite the challenges of DBE-1,

the functions of controlling heat generation, removing core heat, and

controlling chemical attack are performed such that fission products are

retained adequately within the fuel particles. Since the primary coolant

pressure boundary is found to remain intact, all fission products remain

within the vessel and no offsite dose occurs.

15.2.1 Identification of Causes and Event Sequence

A pressurized loss of forced core cooling results in an elevated temperature

transient in and around the core because of the mismatch between heat removal

and heat generation. This can result from either coincident failures of the

Heat Transport System (HTS) and the Shutdown Cooling System (SCS) or from

failure in systems common to both cooling loops. A sustained loss of all

normal ac power is one such common mode failure which would result in a loss

of forced core cooling. The most likely manner in which this could occur is

a loss of offsite power followed by an inadvertent turbine trip. The plant

is provided with two backup generator sets which normally would start up and

be available to power the electrical components of the SS under such

conditions. If, however, these units also were to fail, a complete loss of

forced cooling would result. Such an vent has been assessed as having a

mean frequency within the design basis region (see Figure 3.2-1) and

15.2-1
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encompasses other initiating eents which also result in pressurized loss of S

forced cooling.

The temperature transient resulting from a pressurized loss of forced cooling

increases the probability forl increased fission product release from the

core, elevated temperatures of metallic components in the core proximity such

as the control rod clad and the reactor pressure vessel, and venting of

primary coolant through the primary coolant relief valve. To mitigate the

impact of any such loss of forced cooling, the Standard MHTGR has been

designed to reject decay heat to the ultimate heat sink via the passive

Reactor Cavity Cooling System (RCCS) while staying within design limits

relying only on the natural phenomena of conduction, radiation, and localized

convection within the core.

In DBE-1 the plant response to a loss of all ac power, which envelops the

family of initiators resulting. in pressurized loss of forced cooling events,

is analyzed. The event sequence analyzed is:

1. Loss of offsite power and turbine-generator trip result in a loss

of the main circulator and feedwater pumps.

2. The Plant Protection and Instrumentation System (PPIS) senses the

loss of flow and automatically trips the reactor using the outer

control rods.

3. The SCS fails to start because of failure of the backup power

supply.

4. The RCCS continues to operate and to remove afterheat by conduction

and radiation.

5. The reactor vessel remains pressurized, primary coolant boundary

integrity is maintained, and no radionuclide release occurs.

15.2-2



HTGR-86-024 

15.2.2 Analysis of Effects and Conseauences

15.2.2.1 Pressure and Temperature Transient

The function of removing core heat is challenged when loss of offsite power,

turbine-generator trip, failure to start the two backup generator sets, and

failure of the SCS to start results in a loss of all forced circulation

cooling. This leads to a slow heatup of the core. Natural circulation

within the core redistributes heat from the hottest portions of the core to

the cooler regions, enhancing the conduction and radiation heat transfer from

the core by distributing the heat over a larger surface area. The function

of afterheat removal is then accomplished by conduction and radiation to the

RCCS. The thermal analysis of the pressurized conduction cooldown accident

was performed using the PANTHER code. The transient was evaluated until the

cooldown, as characterized by decreasing temperatures and pressure, was well

established. The thermal model and code are described in Section 15.1.4.2.3.

The core afterheat generation and removal rates are shown in Figure 15.2-1.

Most of the afterheat is removed in the radial direction by the RCCS. After

100 hours the overall heat removal rate exceeds heat generation at which time

system temperatures begin to go down.

The thermal transient experienced by the core is shown in Figure 15.2-2,

which presents both the maximum and average active core temperatures over

time. The maximum core temperature peaks at approximately 12860C (23470 F) at

100 hours. The average core temperature increases above its initial value

but remains well within the normal operating fuel limit of 12500C (22820F).

Gore temperatures decrease after 100 hours, and eventually reach cold

shutdown conditions.

As forced circulation flow through the core decays, natural convection within

the core develops, driven by the difference in hydrostatic head between hot

and cold regions in the core. The warming of the substantial volume of gas

in the core inlet plenum, caused by this recirculation, brings about a rapid

rise in primary coolant pressur. As seen in Figure 15.2-3, pr ssure rises

15.2-3
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from 6.38 MPa (925 psia) to approximately 6.90 MPa (1000 psia) in a short

period of time. Once the plenumi temperature reaches equilibrium with the

upper reflector temperature, however, further temperature change is limited

to the slow rate at which the reflector changes temperature and the rapid

pressure rise is terminated. Simultaneously, the heat loss from primary

coolant at other locations acts first to limit this pressure rise and

finally, beyond 10 hours, toreverse the transient while system pressure is

still well within the pressure relief valve setpoint of 7.18 MPa (1041 psia).

15.2.2.2 Structural Response to Transient

Continued core-heat removal and heat-generation control functions are ensured

by maintaining the integrity of the reactor core structure.

The ceramic Standard MHTGR core is capable of withstanding temperatures very

much in excess of those experienced during this transient with no loss in

strength. The stresses in the fuel elements are expected to be the same as

or lower than during normal operation since the normal temperature gradient

between the coolant and fuel holes will not be present. Therefore, the fuel

elements will continue to perform. their functions. The metallic components

in the proximity of the core, such as the upper plenum thermal protection

structure, the core barrel, And the metallic core support structure, are more

temperature sensitive. These components reach their maximum temperatures at

approximately 100 hours. The vessel top and side midwall peak temperatures

occur at approximately 120 hours, with the inner vessel wall peaking at 40600

(7640F) as shown in Figure 1 5.2-4. This temperature peaks when the pressure

is at 6.47 MPa (938 psia) . The maximum pressure experienced by the vessel

(6.90 MPa) occurs somewhat: earlier. The associated vessel stresses as

discussed in Section 5.2.2.5.5.1 would not be expected to cause damage or

prevent the vessel from performing its functions. Minimum vessel temperature

requirements are not exceeded, thereby meeting the maximum allowable local

shift in nil ductility temperature during irradiation based on the current

helium pressure and local wall temperatures.

As seen in Figure 15.2-5, the maximum outer control rod clad temperature is

8700C (15970F), well within its 100000 (18320F) transient limit. The amount

15.2-4



HTGR-86-201

of creep will be insignificant. The outer control rods are not damaged so

that the reactor remains subcritical and the function of controlling heat

generation is performed. The core barrel reaches 500'C (9320F) while the

maximum core support floor temperature is 3930 C (7390F) as shown in Figure

15.2-6. No damage to the core support structure will occur thus maintaining

core geometry and core heat removal. Compressive stresses in the metal cans

forming the topmost layer of the core may be high enough to cause yielding or

buckling but would not have any safety consequences since the outer control

rods are already inserted. The upper plenum shroud reaches a peak

temperature of 6990C (12360F) as shown in Figure 15.2-7. The upper plenum

shroud will remain intact thus preventing hot gas streaks from heating the

top of the reactor vessel.

15.2.2.3 Radioactivity Release from the ore

The fuel failure and fission product release and transport from the core

during the transient are analyzed using the SORS code. The methods and

models used by the SORS code are discussed in Section 15.1.4.4.3. The

release of fission products can be attributed to failed particles with

exposed kernels, particles with failed silicon carbide (SiC) coating but

intact outer pyrolytic carbon (OPyC) coating, intact fuel particles, and

heavy metal contamination. The initial fission-product release from the fuel

is from the heavy metal contamination that is present in the fuel rods and

from a small fraction of fuel particles that, prior to the accident during

normal power operation fail because of manufacturing defects. The release

from exposed kernels is inhibited within the kernels by diffusion for both

the metallic and gaseous fission products. The particles with a failed SiC

coating and intact OPyC coating exhibit metallic fission product release, but

the remaining OPyC layer inhibits gaseous fission product release.

Temperatures do not get high enough to cause incremental failure of particles

beyond those that are initially failed.

The gaseous fission products, including halogens, are released directly to

the reactor vessel without significant attenuation by the fuel rod matrix

graphite and fuel element graphite. However, the metallic fission products
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released from the fuel particle s are delayed by adsorption and slow diffusion

through the fuel rod matrix land the fuel element graphite. Subsequent

metallic fission product tran~port is governed by evaporation, convection

along the coolant channel, and resorption in the cooler portions of the

core. Therefore, significant~ fractions of the small amount of metallic

fission products released from the particles are retained in the cooler

portions of the core and in the reflector graphite.

Activity is released from the: core as a function of time. The halogens,

noble gases, and other volatiles are released slowly from the core over a

period of hundreds of hours which allows for significant decay of short-lived

isotopes. The total release from the fuel is small since most of the fission

products are retained in the particles. Despite the challenge to the

function of removing core heat, the primary coolant remains pressurized and

the primary coolant boundary integrity remains intact. Thus, there is no

release from the vessel, no release from the Reactor Building, and no offsite

dose.
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15.3 HEAT TRANSPORT SYSTEM TRANSIENT WITHOUT CONTROL ROD TRIP

(DESIGN BASIS EVENT NO. 2)

Design basis event (DBE) No. 2 is an anticipated transient without scram

(ATWS) which represents simultaneous challenges to the functions of

controlling heat generation and removing core heat. Because of its threat to

the continued retention of fission products, it is considered in this

section.

Section 15.3.1 discusses accident initiators leading to a loss of the normal

cooling path using the Heat Transport System (HTS) and without a control rod

trip, and the subsequent event sequence that forms the basis of DBE-2. In

Section 15.3.2 the system response to such an ATWS is described. The

potential for a detrimental temperature excursion occurring as the result of

the power-to-flow mismatch is investigated. Core power, temperature, and

primary system pressure transient behavior are all considered. The

structural response to the transient is also discussed. Analyses show that,

despite the challenges of DBE-2, the functions of controlling heat

generation, removing core heat, and controlling chemical attack are performed

such that fission products are retained adequately within the fuel

particles. Since the primary coolant pressure boundary is found to remain

intact, all fission products remain within the vessel and no offsite dose

occurs.

15.3.1 Identification of Causes and Event Seguence

A loss of the HTS coincident with the failure of the outer control rods

results in an immediate temperature rise in and around the core. This

situation can result from simultaneous failures of the Heat Transport System

and the Plant Protection and Instrumentation System (PPIS). Failures that

typify a loss of the HTS include circulator trips and losses of feedwater.

Loss of offsite power followed by a turbine trip also leads to loss of the

HTS. Failure of control rod insertion could be due to either a control

system or mechanical failure in the control rod drive mechanisms or trip

breakers. Since the HTS fails to remain on line, the Shutdown Cooling System

(SCS) is started automatically.

15.3-1
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In DBE-2, the plant response to the loss of HTS followed by failure to insert

control rods is analyzed. The frequency of such an event is within the

design basis region (see Figure 3.2-1). The event sequence analyzed is:

1. A loss of HTS event occurs requiring a reactor trip

2. The PPIS using outer control rods fails to operate successfully

3. The reactor trips automatically because of high power-to-circulator-

speed ratio using the reserve shutdown control equipment (RSCE)

4. The SCS is started successfully following completion of the main oop

trip

5. The reactor vessel remains pressurized, primary coolant boundary

integrity is maintained, and no radionuclide release occurs

15.3.2 Analysis of Effects n.~d Conseguences

15.3.2.1 Core Power Respos

The function of removing core heat is challenged when, with the reactor

initially at 100 pe rcent power, the HTS experiences a transient which causes

it to trip. Outer control rod insertion, which normally results

automatically from loss of te HTS, fails. Instead, the reactor continues to

operate at full power for a brief period, challenging the function of

controlling heat generation. Since the primary coolant flow has been

dramatically reduced, the core temperatures begin to rise significantly. Due

to the negative temperature coefficient of reactivity the rise in core

temperatures is accompanied by a decrease in the power level as shown in

Figure 15.3-1.

Heat generation is brought back under control at 56 seconds into the

transient, when the PPIS releases the reserve shutdown control (RSC) material

into the core as the result of the ratio of core power-to-circulator speed

15.3-2
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being great r than 1.9 for more than 50 seconds. At that time, the core

power has been reduced to 33 percent as the result of a temperature rise

yielding -0.19 percent Ak. Following the RSC material insertion, the core

power drops rapidly to the decay heat power level.

15.3.2.2 Pressure and Temperature Transient

The loss and isolation of the main loop are followed by closure of the

feedwater isolation valves resulting in the termination of feedwater flow.

Initially, the primary coolant flow drops rapidly as the main circulator

coasts down. However, the rate of flow decrease is reduced as flow drops,

since the pressure rise across the circulator is a function of the helium

flow. At 105 seconds, the primary coolant flow falls below percent of full

flow. The main loop helium shutoff valve closes at that time. The pressure

does not vary significantly from normal. The core temperature rise is very

minor and well within normal operation limits as shown in Figure 15.3-2.

As described in Section 15.3.2.1, the effect of the negative temperature

coefficient is to mitigate the core temperature rise that would otherwise

occur. Beyond 56 seconds, when the RSC material is inserted, the transient

is similar to a normal HTS trip as discussed for AOO-l in Chapter 11.

Resumption of the function of core heat removal begins 5 minutes after the

HTS is lost, with automatic startup of the SCS. First, the secondary coolant

flow rate is increased from 2.5 kg/s (5.5 lbm/s) (standby mode) to 29.3 kg/s

(64.4 lbm/s), maximum flow. This ramp increase requires 30 seconds. At time

400 seconds, the SCS circulator is started and attains minimum operational

speed (about 5 percent of design) in a few seconds. At time 404 seconds the

automatic circulator speed control of the SCS is activated and the SCS heat

exchanger water outlet temperature setpoint on which the speed is controlled

is ramped from 430C (110'F) to 2320C (4500F) in 60 seconds. The SCS

secondary flow rate is held constant. Circulator speed is controlled to

maintain the cooling water outlet temperature at 2320 C (450'F).

Just prior to SCS circulator startup, the average core temperature is 7250 C

(1337-F). This is 550C (990F) higher than the steady state full power
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average cre temperature of' 670CC (12380F) but well within the 1000C

(18320 F) transient limit. Aout two-thirds of this increase occurs during

the interval prior to the RSC material insertion. As can be seen in Figure

15.3-2, the average core temperature decreases after 400 seconds, and falls

below 260'C (500'F) within 1.3 hour.

15.3.2.3 Structural Response to Transient

Continued accomplishment of Icore-heat removal and heat-generation control

functions is ensured by maintaining the integrity of the reactor internals.

The ceramic Standard MHTGR core is capable of withstanding temperatures very

much in excess of those experIienced during this transient with no loss in

strength. The stresses in thie fuel elements are expected to be the same as

or lower than during normal peration since the normal temperature gradient

between the coolant and fuel holes will not be present. Successful startup

of the SS after a 5-minute delay will assure that all metallic components

remain within their design limits.

After the HTS is tripped, there is a moderate heatup of the steam generator

(Figure 15.3-3) because of the longer time required for circulator coastdown

than for feedwater isolation. However, no damage is expected. Also, this

condition is less severe than the design condition for the component, a loss

of feedwater flow. Upon startup of the SS, the steam generator begins to

cool down because of the desiged1 percent helium backflow through the HTS

helium shutoff valve.

15.3.2.4 Radioactivity Release from the Core

As a result of the large Sdard MHTGR core heat capacity and the large

negative temperature coefficient, the fuel temperature transient experienced

during DBE-2 is well within design limits and no significant temperature

induced incremental fission product release from the core is predicted, in

spite of the challenges to te functions of controlling heat generation and

removing core heat.
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Because the primary coolant boundary remains intact during this event, there

will be no radioactivity release from the vessel, no release from the Reactor

Building, no offsite release, and no offsite dose.
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15.4 CONTROL ROD WITHDRAWAL WITHOUT HTS COOLING (DESIGN BASIS EVENT NO. 3)

Design basis event (DBE) No. 3 is a control rod withdrawal event which

represents a challenge to the function of controlling heat generation.

Because of its threat to the continued retention of fission products, it is

considered in this section.

Section 15.4.1 briefly discusses accident initiators leading to the spurious

withdrawal of a group of three outer control rods, and summarizes the

subsequent event sequence that forms the basis for DBE-3. System responses

considered in Section 15.4.2 include the reactivity and thermal responses of

the core. Since core temperatures are found to remain within normal

operation limits, no incremental release of fuel activity is calculated.

Analyses show that despite the challenges of DBE-3, the functions of

controlling heat generation, removing core heat, and controlling chemical

attack are performed such that fission products are retained adequately

within the fuel particles. Furthermore, since all fission products are found

to remain within the pressure boundary, no offsitedose occurs.

15.4.1 Identification of Causes and Event Sequence

The spurious uninhibited withdrawal of an outer reflector control rod group

without reactor power setback actions can result in a reactivity transient

producing excess power above normal levels and increased core temperatures.

If the Heat Transport System (HTS) fails to remain on line following the

reactor trip by the Plant Protection and Instrumentation System (PPIS) on

high power-to-flow ratio, core temperatures could gradually increase until

sufficient forced circulation cooling is restored. Elevated core

temperatures raise the potential for the release of fuel body activity to the

primary coolant. Control rods are normally moved in groups of three

symmetrically located rods to minimize flux tilting. The spurious withdrawal

of an outer control rod group of three control rods could occur because of

failure of the neutron flux controller, although other causes are

conceivable.

To mitigate the effects of a spurious control rod group withdrawal,

instrumentation is provided to detect neutron flux, and pressure and
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temperature parameters from wich helium mass flow can be calculated. If the

core power increases more rap idly than does the flow that would remove core

heat, then the reactor is tripped on high power-to-flow ratio. If the HTS

fails to remain on line following the reactor trip, the Shutdown Cooling

System (SCS) is automatically tarted.

In DBE-3, the plant response to the spurious withdrawal of a maximum worth

outer control rod group, followed by loss of HTS cooling, is analyzed. The

frequency of such an event is within the design basis region (see Figure

3.2-1). The event sequence analyzed is:

1. A fully inserted, maximum worth outer control rod group is spuriously

withdrawn at the maximum withdrawal speed

2. The PPIS trips the reactor automatically on high power-to-flow ratio

-using all outer control rods

3. The HTS fails to remaiIn on line following the reactor trip

4. The SS is successfully started following the HTS failure

5. The reactor vessel ean pressurized primary coolant boundary

integrity is maintained and no radionuclide release occurs

15.4.2 Analysis of Effects and Conseguences

15.4.2.1 Core Power Response

The function of controlling heat generation is challenged when, with the

reactor initially at 100 peIrcent power, a group of three outer reflector

control rods is spuriously withdrawn from a fully inserted position at the

maximum withdrawal speed of 3.0 cm/sec (1.2 in./sec). The group reactivity

worth for full withdrawal is 2.5 percent Ak, which includes a 20 percent

uncertainty margin over the calculated maximum outer rod group worth.
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- Reactor power begins to increase slowly at first, then more quickly as the

rod-induced reactivity addition increases as the rod group is further

withdrawn. As core temperatures increase, the reactivity defect due to

temperature becomes more negative and thus mitigates the reactivity increase

caused by the rod group withdrawal. Heat generation is brought back under

control at 99 seconds, when the PPIS reactor trip setpoint on high core

power-to-flow ratio of 1.5 is attained and all outer reflector control rods

are tripped, including the group that had been withdrawn spuriously. Due to

helium flow reduction, the peak reactor power reaches only 147 percent, and

is attained at 100 seconds as shown in Figure 15.4-1. After the control rods

ar tripped, the core power drops rapidly to the decay heat power level.

15.4.2.2 Pressure and Temperature Transient

Initiation of this event occurs when an outer reflector control rod group is

withdrawn spuriously. Reactor and H-TS temperatures increase as a result of

the power increase. The main steam temperature controller commands a

decrease in circulator speed to counter the increasing steam temperature.

The resultant helium flow reduction aggravates the reactor helium temperature

rise. At 99 seconds, the reactor trips by inserting all outer reflector

control rods and HTS rampdown is initiated. At 120 sec the HTS fails to

remain on line. The SS is started automatically, maintaining the function

of core heat removal following trip of the HTS.

During the rod withdrawal period with HTS cooling, the average fuel

temperature increases 660G (118'F) as shown in Figure 15.4-2. The

conservatively calculated peak fuel temperature increases 170'C (306'F) to

13940G (2541'F), as shown in Figure 15.4-2, then decreases when the reactor

trips. When the influence of the outer reflector is realistically taken into

account, the peak temperature is found to be approximately 100'C (180'F)

lower. Thus, the peak temperature remains near the normal fuel operation

limit of 1250'C (22820F) . The decay of the maximum fuel temperature, as

shown in Figure 15.4-2, is representative of the maximum fuel temperature

falloff for all transients terminated by a reactor trip. Maximum primary

coolant pressure is calculated as 6.383 MPa (925.5 psia); the pressure
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remains well below the pressur e relief setpoint of 7.18 Ma (1041 psia). SCS

startup begins at 10 minutes by ramping the cooling water flow from standby

mode [2.5 kg/sec (5.5 m/sec)] to pressurized operation [29.3 kg/sec (64.4

lbm/sec) maximum flow] in 30 seconds. At 11.5 minutes, the SS circulator is

started and attains minimum operational speed (about 5 percent of design) in

a few seconds. The SCS circulator speed is adjusted to control SS heat

exchanger water outlet Ltperaure. The temperature setpoint is ramped in 60

seconds from the standby value of 430C (110'F) to the pressurized operation

value of 23200 (450*F).

As the reactor cools down, the SS circulator speed increases to maintain

water outlet temperature. At 107.6 minutes, the SCS circulator becomes

power-limited by the motor. SCS cooling continues, but the core cooldown

rate is reduced (Figure 15.4-2).

Approximately 10 percent of the SS helium flow is designed to backflow

through the HTS helium shutoiff valve to cool the steam generator. This

backflow mixes with the core outlet flow before reentering the SS heat

exchanger.

During the transition from HTs to SS cooling, there is minor core heatup

(average fuel temperature increases about 1500 (270F) above nominal to 68600

(12670F)) as shown in Figure 15.4-2. This temperature increase is well

within normal operation limitIs. At 300 minutes (after about 4.81 hours of

SCS cooling) the average fuel temperature has cooled to about 19200 (3770F).

Primary coolant pressure remains below the relief valve setpoint for the

duration of this event.

15.4.2.3 Structural Response ~to Transient

Continued accomplishment of core-heat removal and heat-generation control

functions is ensured by maintaining the integrity of the reactor internals.

The stresses in the fuel blocks increase initially and reach a maximum after

about 100 seconds after which~ they decrease. The maximum stresses will rise

less than 10 percent above the corresponding steady-state stress levels.

15.4-4



HTGR- 8602

This stress increase would have no adverse effects on the int grity of the

elements. SCS startup at 10 minutes prevents the metallic components in the

proximity of the core from experiencing elevated temperatures capable of

causing damage.

15.4.2.4 Radioactivity Release from the ore

In spite of the challenge of adequately controlling heat generation, the core

temperature during the event remains within normal operation limits.

Therefore, no incremental release of fission products from the fuel particles

or the core is calculated.

Because the primary coolant boundary remains intact during this event, there

is no radioactivity release from the vessel, no release from the Reactor

Building, no offsite release and no offsite dose.
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15.5 CONTROL ROD WITHDRAWAL WITHOUT HTS AND SCS COOLING

(DESIGN BASIS EVENT NO. 4)

Design basis event (DBE) No. 4 is a control rod withdrawal event with loss of

forced circulation which represents simultaneous challenges to the functions

of controlling heat generation and removing core heat. Because of its threat

to the continued retention of fission products, it is considered in this

section.

Section 15.5.1 briefly discusses accident initiators leading to the spurious

withdrawal of a group of three outer control rods, and summarizes the

subsequent event sequence that forms the basis for DBE-4. System responses

considered in Section 15.5.2 include the reactivity response of the core to

the rod withdrawal and the thermal response of the core to that and to a

subsequent loss of forced circulation. The implication of the thermal

transient on release of fuel activity is considered. Analysis shows that,

despite the challenges of DBE-4, the functions of controlling heat

generation, removing core heat, and controlling chemical attack are performed

such that fission products are adequately retained within the fuel

particles. Since all fission products are found to remain within the

pressure boundary, no offsite dose is calculated.

15.5.1 Identification of Causes and Event Seguence

The spurious uninhibited withdrawal of an outer reflector control rod group

without reactor power setback actions can result in a reactivity transient

producing excess power above normal levels and increased core temperatures.

If the Heat Transport System (HTS) fails to remain on line following the

reactor trip by the Plant Protection and Instrumentation System (PPIS) on

high power-to-flow ratio, core temperatures could gradually increase unless

forced circulation cooling is restored. Failure of the Shutdown Cooling

System (SCS) to start will result in a gradual core heatup due to a loss of

forced circulation cooling. Elevated core temperatures raise the potential

for the release of fuel activity to the primary coolant. Control rods are

normally moved in groups of three symmetrically located rods, to minimize

flux tilting. The spurious withdrawal of an outer control rod group of three
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control rods could occur because of failure of the neutron flux controller,

although other causes are conceivable.

To mitigate the effects of a spurious control rod group withdrawal, sensors

are provided to detect neutron' flux, and pressure and temperature parameters

from which helium mass flow c an be calculated. If the core power increases

more rapidly than the flow thIat would remove core heat, then the reactor is

tripped on high power-to-flow ratio.

In DBE-4, the plant response to the spurious withdrawal of a maximum worth

outer control rod group, followed by loss of HTS cooling and failure of SS

to start, is analyzed. The requency of such an event is within the design

basis region (see Figure 3.2-1).

The event sequence analyzed is:

1. A fully inserted, maximum worth outer control rod group is spuriously

withdrawn at the maximum withdrawal speed

2. The HPIS trips the reIactor automatically on high power-to-flow ratio

using all outer controlI rods

3. The HTS fails to remai n on line following the reactor trip

4. The SS fails to start following the HTS failure

5. The Reactor Cavity Cooling System (RCCS) continues to operate and to

remove afterheat by coInduction and radiation

6. The reactor vessel remains pressurized, primary coolant boundary

integrity is maintained, and no radionuclide release occurs
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- 15.5.2 Analysis of Effects and Conseguences

15.5.2.1 Core Power Response

The function of controlling heat generation is challenged when, with the

reactor initially at 100 percent power, a group of three outer refl ctor

control rods is spuriously withdrawn at the maximum withdrawal speed of 3.0

cm/s (1.2 in./sec) from a fully inserted position. The group reactivity

worth for full withdrawal is 2.5 percent Ak, which includes a 20 percent

uncertainty margin over the calculated maximum outer rod group worth.

Reactor power begins to increase slowly at first, then more quickly as the

rod-induced reactivity addition increases as the rod group is further

withdrawn. As core temperatures increase, the reactivity defect due to

temperature becomes more negative and thus mitigates the reactivity increase

caused by the rod group withdrawal. Heat generation is brought back under

control at 99 sec, when the PPIS reactor trip setpoint on high core

power-to-flow ratio of 1.5 is attained and all outer reflector control rods

are tripped, including the group that had been withdrawn spuriously. Due to

helium flow reduction, the peak reactor power reaches only 147 percent, and

is attained at 100 seconds as shown in Figure 15.5-1. Afterwards, the core

power drops rapidly to the decay heat power level. The reserve shutdown

control poison is tripped at 6 hours when the PPIS setpoint on high system

pressure of 7.07 MPa (1025 psia) is attained.

15.5.2.2 Pressure and Temperature Transient

Initiation of this event occurs when an outer reflector control rod group is

withdrawn spuriously. Reactor and HTS temperatures increase as a result of

the power increase. The main steam temperature controller commands a

decrease in circulator speed to counter the increasing steam temperature.

The resultant helium flow reduction aggravates the reactor helium temperature

rise. At 99 seconds, the reactor trips by releasing all outer reflector

control rods, and HTS rampdown is initiated. The function of removing core

heat is challenged at 120 seconds when the HTS fails to remain on lin and

the SCS fails to start following trip of the HTS.
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During the rod withdrawal ~period with HTS cooling, the average fuel

temperature increases 660C (118'F) as shown in Figure 15.5-2. The

conservatively calculated peak fuel temperature increases 170'C (306'F) to

13940G (2541'F), as shown in F~igure 15.5-2, then decreases when the reactor

trips. When the influence o the outer reflector is taken into account

realistically, the peak temperature is found to be approximately 100'C

(180'F) lower. Thus, the initial temperature increase is near the normal

fuel operation limit of 1250'C 22820 F).

Loss of forced circulation cooling leads to a slow heatup of the core.

Natural circulation within the core redistributes heat from the hottest

portions of the core to the cooler regions, enhancing the conduction and

radiation heat transfer from t corey distributing the heat over a larger

surface area. The function of removing core afterheat is accomplished by

conduction and radiation to the~ RCCS.

The thermal analysis of the pressurized conduction cooldown accident was

performed using the PANTHER code. The thermal model and code are described

in Section 15.1.4.2.3. The thermal transient experienced by the core is

shown in Figure 15.5-2, which presents both the maximum fuel and average

active core temperatures over time. The transient was evaluated until the

cooldown was well established1 as characterized by decreasing temperatures

and pressure. The maximum core temperature peaks at approximately 13070G

(23840 F) at 90 hours. Beyond this point, the core heat-removal rate exceeds

the core afterheat generation rate, as shown in Figure 15.5-3, resulting in a

slow cooldown of the core to cold shutdown conditions. The system pressure

peaks at 7.01 MPa (1016 psia),I as shown in Figure 15.5-4, which is below the

relief valve setting of 7.18 lMPa (1041 psia), and slowly decreases with time

after 10 hours.

15.5.2.3 Structural Response to Transient

Continued accomplishment of thIe core-heat removal and heat-generation control

functions is ensured by maintaining component temperatures, pressures, or

stresses within acceptable limits for all components that perform these

functions.
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The stresses in the fuel blocks increase initially and reach a maximum after

about 100 seconds after which they decrease. The maximum stresses rise less

than 10 percent above the corresponding steady-state stress levels. This

stress increase would have no adverse effects on the integrity of the

elements or on the capability to remove core heat or to control heat

generation.

The ceramic Standard MHTGR core is capable of withstanding temperatures very

much in excess of those experienced during this transient with no loss in

strength. However, the metallic components in the proximity of the core are

significantly more temperature sensitive. The thermal and pressure

transients of DBE-4 are very similar to DBE-1, with a maximum vessel peak

temperature 4 (70F) higher and with a maximum reactor pressure only 0.1 MPa

(16 psi) higher. The associated vessel stresses are not expected to cause

damage r prevent the vessel from performing its functions as concluded in

Section 15.2.2.2.

The maximum outer control rod temperature is 882CC (1619'F), which is well

within its 1000'C (18320 F) transient limit. The amount of creep is

insignificant. The control rods are not damaged so heat generation remains

under control and the reactor remains subcritical. The core barrel reaches

51200 (9530F) while the maximum core support structure temperature is 404'C

(760'F). No damage to the core support structure occurs, thus maintaining

core geometry. Compressive stresses in the metal cans forming the topmost

layer of the core may be high enough to cause yielding or buckling but have

no safety consequences since the outer control rods are inserted. The upper

plenum shroud reaches a peak temperature of 680'C (12560F). The upper plenum

shroud will remain intact, thus preventing hot gas streaks from heating the

top of the reactor vessel as concluded in Section 15.2.2.2.

15.5.2.4 Radioactivity Release from the Gore

The fuel failure and fission product release and transport from the core

during the transient are analyzed using the SORS code. The methods and

models used by the SORS code are discussed in Section 15.1.4.4.3.
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Temperatures do not get high enough during this event to fail a significant

fraction of particles beyond tose that are initially failed.

The gaseous fission products,~ including halogens, are released directly to

the reactor vessel without significant attenuation by the fuel rod matrix

graphite and fuel element grapIhite. However, the metallic fission products

released from the fuel particl'es are delayed by adsorption and slow diffusion

through the fuel rod matrix~ and the fuel element graphite. Subsequent

metallic fission product tranIsport is governed by evaporation, convection

alon thecoolnt hannel, ad resorption in the cooler portions of the

core. Therefore, significan I fractions of the small amount of metallic

fission products released from the particles are retained in the cooler

portions of the core and in the reflector graphite.

The curies released from the pore as a function of time are shown in Figure

15.5-5 for some of the important nuclides. The halogens, noble gases, and

other volatiles are released s~lowly from the core over a period of hundreds

of hours which allows for significant decay of short-lived isotopes. The

total release from the fuel is small since most of the fission products are

in the intact particles andi an insignificant amount of intact particle

failure occurs. Because of the challenges to adequately controlling heat

generation and removing core heat, the slow heatup of the core during this

accident will result in the release of some fission products to the primary

coolant from failed fuel. Because the primary coolant remains pressurized

and the primary coolant boundary integrity remains intact, there is no

release from the vessel, no release from the Reactor Building, and no offsite

dose.
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15.6 EARTHQUAKE (DESIGN BASIS EVENT NO. 5)

Design basis event (DBE) No. 5 is an earthquake which represents simultaneous

challenges to the functions of removing core heat and controlling heat

generation. Because of its threat to the continued retention of fission

products, it is considered in this section.

Section 15.6.1 discusses the possible consequences of a large earthquake and

summarizes the subsequent event sequence that forms the basis for DBE-5. In

Section 15.6.2 the system response to the earthquake is described. The

primary coolant pressure is investigated as well as the reactor core and fuel

temperatures. The ability of the structural components to withstand the

seismic loads superimposed on the existing thermal/irradiation stresses is

also investigated. Analyses show that, despite the challenges of DBE-5, the

functions of controlling heat generation, removing core heat, and controlling

chemical attack are performed such that fission products are retained

adequately within the fuel particles. Since the primary coolant boundary

remains intact, all fission products remain within the vessel and no offsite

dose occurs.

15.6.1 Identification of Causes and Event Seguence

A large earthquake could cause the main oop to trip for a variety of

reasons. The main loop trip signal from the Plant Protection and

Instrumentation System (PPIS) causes the reactor to trip on the outer control

rods. The Shutdown Cooling System (SCS) is assumed to start following

completion of the main circulator coastdown. The seismic loads during the

large earthquake could have effects above and beyond the initial trip of the

main oop and therefore the consequences of seismic loads are considered in

this event.

In DBE-5, the plant response to an earthquake is analyzed. The frequency of

such an event is within the design basis region (see Figure 3.2-1). The

event sequence analyzed is:

1. A large earthquake occurs with an acceleration of 0.3 g resulting in

a main oop trip
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2. The PPIS trips terator automatically on main loop trip using the

outer control rods

3. The SCS is started successfully, thus restoring forced circulation

cooling

4. The Reactor Cavity ool'ing System (RCCS) continues to operate and to

remove afterheat by conduction and radiation

5. The reactor vessel remains pressurized, primary coolant boundary

integrity is maintained, and no radionuclide release occurs

15.6.2 Analysis of Effects andConsequences

15.6.2.1 Pressure and Temperatu re Transient

A large earthquake with an cceleration of 0.3 g initiates this event

resulting in a trip of the Heat, Transport System (HTS) and a challenge to the

function of removing core heat. The reactor is tripped automatically on main

loop trip signal. Spindown of the circulator occurs 94 seconds later, at

which time the helium shutoff '-alve closes by gravity because the decreasing

helium flow is insufficient tol keep the flapper-type valve open. All outer

reflector control rods are inseIrted upon reactor trip and reactor power drops

quickly to decay-heat level. The reactor remains pressurized, and the

primary coolant pressure remaihs essentially constant until the function of

removing core heat is resumed automatically by the SCS. When the SCS

circulator starts after 400 seconds, the pressure begins to decrease.

Reactor core temperatures decrease initially following reactor trip due to

HTS circulator coastdown. During the transition from HTS to SCS cooling, the

maximum core temperature increases slightly, but remains below the initial

value. After SS circulator sartup, the core temperature begins to decrease

gradually. The average fuel temperature cools to below 204'C (400'F) at

2 hours, as shown in Figure 15.6-1.
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15.6.2.2 Structural Response to Transient

The DBE-5 earthquake analysis indicates that the core is able to withstand

the event without jeopardizing the ability to control heat generation and

remove core heat. The core elements are estimated in Section 4.2.5.4 to be

able to withstand the seismic loads superimposed on the existing

thermal/irradiation-induced stresses for element impacts resulting from core

acceleration of up to 2 g. It is expected that the maximum acceleration

imposed on the core from the DBE-5 earthquake will be less than 2 g. The

magnitude of seismic loads transmitted to reactor internals components

depends mainly on the structural coupling between the reactor vessel and

ground acceleration. Limits of 2 g peak horizontal acceleration and less

than 1 g vertical acceleration of the reactor vessel have been adopted as a

basis for component structural design.

Horizontal displacement of the core-support blocks relative to the core

support floor causes the core-support posts to tilt slightly from vertical.

The allowable load decreases with an increasing post angle increment from the

true vertical position. The upper post seat is located in the post block

layer of the core-support blocks. If the layer of blocks is moved in the

same direction, the gaps between the blocks will diminish until the layer

goes solid, thus producing a maximum offset. This offset corresponds to an

angular post rotation of 0.74 degrees. The load capacity is reduced with a

0.74-degree rotation and the allowable load becomes 40,300 kg (88,600 lb).

The normal steady state vertical load is <2722 kg (<6000 lb). For the

vertical acceleration limit of <1 g the vertical load increases to

approximately <5440 kg (<12,000 lb) which is still well below the allowable

limit of 40,300 kg (88,600 lb.) The core support structure remains intact,

thus ensuring that a safe shutdown geometry is maintained, that heat

generation can be controlled, and that core heat can be removed.

15.6.2.3 Radioactivity Release from the Core

In spite of the challenge to removing core heat, forced convection core

cooling is maintained throughout the transient so that fuel temperatures
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remain below the normal operating limits. As a result, no incremental

fission-product release from the core is attributed to this event.

Furthermore, because the primary coolant boundary remains intact, there is no

radioactivity release from the: vessel, no release from the Reactor Building,

no offsite release, and no off~ite dose.
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15.7 MOISTURE INLEAK(AGE (DESIGN BASIS EVENT NO. 6)

Design basis event (DBE) No. 6 is a steam-generator tube leak which

represents a unique challenge to the function of controlling chemical

attack. Because of its threat to the continued retention of fission

products, it is considered in this section.

Section 15.7.1 briefly discusses steam-generator tube leaks as an accident

initiator and summarizes the subsequent event sequence that forms the basis

of DBE-6. System responses considered in Section 15.7.2 include the primary

coolant pressure response and the effect of moisture on core reactivity. The

extent and implications of the reaction of steam with core, reflector, and

support block graphite are considered. The release of fission products from

the fuel due to a reaction with steam is evaluated for intact and failed fuel

particles. Analyses show that, despite the challenges of DBE-6, the

functions of controlling heat generation, removing core heat, and controlling

chemical attack are performed such that fission products are retained within

the fuel particles. Since all fission products are found to remain within

the pressure boundary, no offsite dose occurs.

15.7.1 Identification of Causes and Event Seguences

Leakage of moisture into the primary coolant system of the Standard MHTGR

raises the potential for a reactivity increase, fuel hydrolysis, graphite

oxidation and venting of primary coolant through the primary system pressure

relief valve. The steam generator, with its multiplicity of tubes carrying

high-pressure water and steam, is the most likely source of water inleakage.

Tube failures can result from a variety of causes including corrosion,

mechanical damage, and weld failures.

To mitigate the effect of such leaks, moisture monitors are provided to

detect high moisture levels. Upon detection, the affected module is shut

down automatically and its steam generator is isolated from both feedwater

and steam and its inventory dumped.
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In DBE-6, the plant response to a bounding leak having a mean frequency

within the design basis region' (see Figure 3.2-1), equivalent to the rupture

of a single steam-generator tbe, is analyzed. The event sequence analyzed

is:

1. Moderate [5.7 kg/sec (i2.5 lbm/sec)] steam generator tube leak occurs

2. Moisture monitors detect the leak

3. Reactor is tripped using outer control rods

4. Main cooling loop is shutdown

5. Steam generator is isolated at feedwater and steam headers

6. Steam generator inventory is emptied successfully to "dump" tanks and

dump valves reclose

7. Shutdown Cooling System (SCS) is started successfully, thus restoring

forced circulation cooling

8. The reactor vessel emains pressurized, primary coolant boundary

integrity is maintained, and no radionuclide release occurs

15.7.2 Analysis of Effects and Consequences

15.7.2.1 Core Power Response

The event is initiated by a steam generator leak equivalent to an

instantaneous offset tube rup ture near the feedwater tubesheet. Leaks near

the feedwater tubesheet result in slightly higher moisture ingress rates than

those near the steam tubesheet. The leak rate is initially 27.2 Kg/sec (60

lbm/sec) as the water/steam inventory of a single tube is expelled into the

primary coolant. This rapidly (within 1.5 sec) reduces to a quasi-steady

leak rate of 5.7 Kg/sec (12.5 lbm/sec). This flow is due to 1.9 Kg/sec (4.2
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lbm/sec) from the feedwater end limited primarily by the steam generator flow

stability orificing and 3.8 Kg/sec (8.3 lbm/sec) from the steam end limited

by choked flow conditions.

Within a few seconds, the moisture added to the primary coolant reaches the

core and produces an increase in core reactivity. The function of

controlling heat generation is performed by the neutron flux controller,

which responds to the resulting rise in power and begins to insert multiple

control rod groups in an attempt to rematch core power with demand. When

high moisture levels (above 1200 ppm) are sensed, the moisture monitors

initiate an automatic reactor trip about 22 seconds after the onset of the

leak, inserting all outer reflector control rods.

The overall end-of-cycle temperature coefficient of reactivity at full power

operating temperatures is composed of a strong prompt negative Doppler

coefficient of about -3.0 x 10-5/oC and a slightly delayed moderator

temperature coefficient component which is slightly positive (about +0.3 x

10-5/OG). At the time of the outer control rod trip, the average fuel

element temperature has increased by 480C (870F) and the negative reactivity

due to the core temperature rise plus control rod adjustments is -0.302

percent Ak. The largest net positive reactivity calculated prior to the

control rod trip is 0.196 percent Ak.

Figure 15.7-1 shows the reactor power response for this event. At 9 seconds,

reactor power reaches a peak of about 180 percent of rated power because of

the moisture reactivity excursion, but the effects of the temperature

coefficient and partial control rod insertion are to arrest the transient

quickly, and the power is seen returning to 100 percent. Of course, after

reactor trip the reactor power drops quickly to decay heat levels.

15.7.2.2 Pressure and Temperature Transient

As a result of the very large heat capacity of the graphite Standard MHTGR

core, the transient over-power condition experienced during the initial

seconds of the event has only a small effect on fuel and moderator
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temperatures. As seen in Figure 15.7-2, average fuel temperature rises only

about 480C (87*F). The peak fuel temperature remains well below the normal

fuel operation limit of 1250'C (22820F).

Following the reactor trip on high moisture levels, the Heat Transport System

(HTS) is shut down and the feedwater and steam valves are closed

automatically to isolate the steam generator. Following successful steam

generator isolation, the dump, valves open and transfer most of the steam

generator water to the dump tnk , minimizing the amount of water that enters

the primary coolant and controlling chemical attack. To keep primary coolant

from entering the dump system, the dump valves close just before the steam

generator pressure reaches the primary coolant pressure. The integrated

inleakage into the primary coolant prior to detection and during the

30 seconds required to isolate: and dump the steam generator is less than 270

kg (600 lbm).

At the same time the inleakage of moisture is being terminated, the tripped

main circulator coasts down. When the circulator-reaches about 1 percent of

nominal flow at 113 seconds, the flapper type helium shutoff valve closes by

.gravity.

With the main loop shutdown, the SS is started automatically and maintains

the function of core heat removal after a delay of roughly 5 minutes. SGS

startup is begun by switching the cooling water pumps from standby mode to

pressurized operation with maximum flow of about 29.3 kg/sec (64.44

lbm/sec) in 30 seconds. Ninety seconds later, the SS circulator is started

and attains minimum operational speed (about 5 percent of design) in a few

seconds. The helium flow is about 8.8 kg/sec (19.4 lbm/sec) at minimum

speed. The automatic circulator speed control is designed to control the SCS

heat exchanger water outlet temperature. The temperature setpoint is ramped

from 430C (110'F) to 23200 (450'F) in the 60 seconds following circulator

startup. Later, as the reactor cools down, the SS circulator speed

increases to maintain water outlet temperature. At 5600 seconds the SCS

circulator becomes power-limited by the motor. SOS cooling continues, but

water outlet t mperature begins to drop below 2320 C (450'F) and, as

illustrated in Figure 15.7-2, the core h at-removal rate is reduced.
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The transient temperature, pressure, and flow rate characteristics of the gas

mixture in the pressure vessel are calculated by the MLTAP and OXIDE computer

codes for the DBE-6 steam leak. To estimate the maximum coolant pressure, it

is assumed that any large short-term steam generator leakage appears as steam

and adds to the primary coolant pressure along with steam-graphite reaction

products. All gases are assumed to be mixed uniformly throughout the primary

coolant at the average coolant temperature. As shown in Figure 15.7-3, the

addition of water to the primary coolant causes an initial sharp rise in

coolant pressure. While the ingress is terminated quickly, pressure

continues to rise, though at a much reduced rate, as the water begins to

react with the graphite producing two moles of reaction product gases for

each reacting mole of water (H20 + C -- > CO + H2). The slight rise in

core temperature between the main loop shutdown and SS startup also

contributes to the rising pressure. Before the SS starts, pressure rises

from 6.38 MPa (925 psia) to 6.52 MPa (945 psia). With the resumption in

cooling, the pressure rise is terminated well below the relief valve setpoint

of 7.18 MPa (1041 psia). The cooldown also limits the extent of graphite

oxidation as discussed in Section 15.7.2.3.

Throughout the event, core temperatures never exceed the levels reached in

the first seconds of the transient. As stated, temperatures decrease

following reactor trip and HTS circulator coastdown. During the transition

from HTS to SS cooling, the average fuel temperature increases slightly but

decreases again following startup of the SS circulator. By 9000 seconds the

average fuel temperature has cooled to 20400 (4000 F) and the system reaches a

stable state of cold shutdown.

15.7.2.3 Steam-Graphite Reaction

The moisture in the primary coolant is available for chemical attack.

Calculations have been performed with OXIDE to determine the extent of

localized oxidation by steam of the bulk moderator core graphite. The

reaction occurs mainly in the hotter bottom half of the core and in the

central part of the core with respect to radius. There is no significant

localized oxidation damage even in the hottest coolant channels. The primary

15.7-5



HTGR- 86-024/C)

reason for the low overall graphite oxidation is the decrease in graphite

temperatures following reactor trip. Table 15.7-1 shows results for the

DBE-6 steam leak evaluated after 5 hours, when the steam-graphite reaction is

essentially complete. The effect of the steam-graphite reaction on the

bottom reflector blocks and the core support components has been examined.

The core model for OXIDE includes the bottom reflector blocks as the last

axial segment. The fractional1 oxidation obtained for the reflector blocks is

higher than it is in the core support blocks and posts for the following

reasons:

1. The ratio of exposed surface area to graphite volume is much greater

for the bottom reflector blocks than for the core support blocks and

posts

2. The bottom reflector blocks are hotter than the core support blocks

-and posts

The average fractional burnoff throughout the entire mass of bottom reflector

blocks for this design basis moisture inleakage accident (DBE-6) is about 2 x

10O4 weight fraction, and the maximum local (hot channel) fractional

burnoff is 9 x 0-4. The core support blocks and posts incur less

burnoff. Nevertheless, this mall amount of weight loss will not affect the

strength of the core support c5mponents. Burnoff is mainly on the surface of

the core support blocks and po sts, and should be considered together with the

burnoff occurring during normal operation to assess the effect on the core

support structure to perform its function. Since the safety margin for the

core support components is a factor of 3, no significant loss of core support

capability can occur as a result of steam attack during this moisture ingress

event.

The pyrocarbon coatings of the fuel particles are protected from chemical

attack because of the reaction of steam with the outer bulk graphite and the

fuel rod matrix before the steam can reach the fuel particles. The matrix

material, with a high-impurity content and porosity, is approximately 20

times more reactiv with steam than H1-451 graphite or pyrocarbon. With
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respect to oxidation rates, only insignificant amounts of water vapor reach

the fuel since the reactive matrix is sacrificially protective. Therefore,

no significant oxidation of the fuel particle pyrocarbon coatings occurs, and

no coatings fail because of the presence of steam.

15.7.2.4 Reaction of Steam With Failed Fuel

A small fraction of the fuel particles have defective coatings as a result of

the manufacturing processes. Other particle coatings fail because of

operational conditions of temperature, temperature gradient, irradiation, and

burnup. Estimates of coating failures due to manufacturing defects and

operational conditions are less than 5 x 105 core average. During a

moisture ingress event, small amounts of water vapor diffuse through the

graphite webs and chemically attack exposed fuel kernels inside failed

coatings. Water vapor and exposed UO react at all normal fuel temperatures

in the core so that the process that limits chemical attack during this event

will be either transport of water vapor to the fuel or temperature-controlled

kinetics.

The OXIDE code is used to calculate the fractional release of iodines and

noble gases from UO fissile kernels with failed coatings that react with

steam diffusing through the bulk moderator. For a design steam leak with

correct protective actions, the fraction of iodine released from particles

with failed coatings (5 x 0-5 fraction of all fuel particles) is

calculated to be 2.3 percent after 5 hours. The fraction of noble gases

released from failed particles is calculated to be 6.1 percent for the

conditions of this event.

15.7.2.5 Structural Response to Transient

Continued accomplishment of the core-heat removal and heat-generation control

functions is assured by maintaining the integrity of the reactor internals.

The ceramic Standard M4HTGR core is capable of withstanding temperatures very

much in excess of those experienced during this transient. The OXIDE code

predicts an average burnoff of 0.02 percent and 0.09 percent in the bottom

15.7-7



HTGR-86-024/0

reflector and hot channel, respectively, as presented in Section 15.7.2.3.

No significant loss of core support capability occurs as a result of steam

attack during this moisture ingress event. The metallic components in the

proximity of the core are significantly more temperature sensitive. However,

successful startup of the SS after a 5-minute delay assures that all

metallic components remain within their design limits.

15.7.2.6 Radioactivity Release' from the Core

Steam inleakage challenges the function of maintaining control of chemical

attack, and results in fission-product release to the primary coolant by

three mechanisms: hydrolysis of UCO particles having failed coatings,

liberation of sorbed fission products in the bulk moderator graphite which is

oxidized, and steam-induced vaporization and recirculation of fission

products plated out on metallic surfaces. The short-term moderate-

temperature transient prior to reactor trip induces no incremental

fission-product release from the fuel. Table 15.7-2 shows the total release

by nuclide for each mechanism.' The noble gas release to the primary coolant

is calculated to be on the order of 60 Ci. The iodine release is about 108

Ci. The release of metallic fission products from oxidized bulk moderator

graphite is estimated to be' about 1 Ci; the release of metallics from

steam-induced recirculation is 43 Ci. By comparison, the nominal circulating

noble gas activity in the primary coolant is about 23 Ci. No venting of the

fission products occurs from the pressure vessel, and they are fully

contained within the primary system. Therefore, no offsite dose results.

Eventually, the reentrained fission products plate out once again on the

surfaces of the primary circuit. Other radionuclides are removed by the

Helium Purification Subsystem and by natural radioactive decay.

15.7-8



HTGR-86-024/,5

TABLE 15.7-1

CONSEQUENCES OF MODERATE STEAM LEAK (DBE-6)

Total H20 inleakage 272 kg (600 b)

Amount of H20 reacted(') 16.5 kg (36.4 b)

Percent H120 reacted 6.1

Weight of core graphite reacted 11.2 kg (24.4 b)

Maximum reactor vessel pressure 6.52 MPa (945 psi)

(')Includes reaction with failed fuel.
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TABLE 15.7-2

FISSION PRODUCTS RELEASED TO PRIMARY COOLANT BECAUSE OF

MODERATE STEAM LEAK (DBE-6)(1 )

Curies Released by Mechanism
Hydrolysis Graphite Recirculation

Nuclide of Failed Fuel Oxidation of Plateout Total Ci

Kr-85m 11.4 ---- 11.4

Kr-88 30.3 -- -- 30.3

Rb-88 -- 0.01 3.1 3.1

Sr-89 -- 0.11 1.0 1.1

Sr-90 ---- 0.20 0.20

Y-91 -- 0.13 0.25 0.38

Zr-97 -- 0.14 0.05 0.19

Ag-i10m -- -- 5.1 5.1

Te-129m- 0.56 -- 1.1 1.7

I-131 10.7 -- 12.0 22.7

Te-131m 1.9 -- 0.76 2.7

I-132 15.7 -- 11.7 27.4

Te-132 15.5 -- 9.9 25.4

I-133 23.3 -- 9.0 32.3

Xe-133 62.0 -- -- 62.0

Cs-134 -- 0.01 9.0 9.0

I-135 21.8 - - 4.0 25.8

Xe-135m 11.3 ---- 11.3

Xe-135 7.6 ---- 7.6

Cs-137 -- -- 42.0 42.0

Ba-137m ---- 39.7 39.7

Ba-140 -- 0.15 0.44 0.59

La-140 -- 0.15 0.50 0.65

Ce-144 -- 0.10 0.04 0.14

(1) Listed by release mechanism.
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15.8 MOISTURE INLEAKAGE WITHOUT SCS COOLING (DESIGN BASIS EVENT NO. 7)

Design basis event (DBE) No. 7 is a steam generator leak without forced

circulation cooling which represents simultaneous challenges to the functions

of removing core heat and controlling chemical attack. Because of its threat

to the continued retention of fission products, it is considered in this

section.

Section 15.8.1 briefly discusses a steam generator tube leak and subsequent

loss of forced cooling as an accident initiator and summarizes the subsequent

event sequence that forms the basis of the DBE. System responses considered

in Section 15.8.2 include the primary coolant pressure response and the

effect of moisture on core reactivity. The extent and implications of the

reaction of steam with core, reflector, and support block graphite are

considered. The release of fission products from the fuel due to a reaction

with steam is evaluated for intact and failed fuel particles. Analysis shows

that, despite the challenges of DBE-7, the functions of controlling heat

generation, removing core heat, and controlling chemical attack are performed

such that fission products are adequately retained within the fuel

particles. Therefore, the release that does occur during this event results

in an offsite dose well within the specified limits of 10CFR100.

15.8.1 Identification of Causes and Event Sequences

Leakage of moisture into the primary coolant system of the Standard MTGR

raises the potential for a reactivity increase, fuel hydrolysis, graphite

oxidation, and venting of primary coolant through the primary system pressure

relief valve. The steam generator, with its multiplicity of tubes carrying

high-pressure water and steam, is the most likely source of water inleakage.

Tube failures can result from a variety of causes including corrosion,

mechanical damage, and weld failures. Within the range of frequencies

included in the design basis region, a 5.7 kg/sec (12.5 lbm/sec) steam

generator tube leak, equivalent to an offset tube rupture, has been found to

encompass the ingress events expected.
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To mitigate the effect of such leaks, moisture monitors are provided to

detect high-moisture levels. Upon detection, the affected module is

automatically shut down and its steam generator is isolated from both

feedwater and steam and its inventory dumped. In the course of isolating the

steam generator, the Heat Transport System (HTS) is shut down and the

Shutdown Cooling System (SCS) started to provide continued core cooling.

However, several mechanisms exist by which the SCS could fail to start.

These include failure of the' startup sequencer or other control equipment,

failure of the SCS circulator, or failure of the SCS water circulating pump

to start. The higher core temperatures resulting from the loss of forced

circulation would tend to exacerbate the consequences of the leak relative to

the discussion of Section 15.7.

Since the failure of the SCS. to provide cooling following a steam generator

leak has been assessed as sufficiently likely for the event to fall within

the design basis region (See Figure 3.2-1), analysis of a moisture inleakage

without forced cooling is included here and referred to as DBE-7. The event

sequence analyzed is:

1. Moisture inleakage at 5.7 kg/sec (12.5 lbm/sec) through moderate

steam generator leak

2. Moisture monitors detect the leak

3. Reactor trips on outer control rods

4. Main loop trips automatically on PPIS signal

5. Steam-Generator Isolation and Dump Systems function properly

6. SCS does not start on demand

7. Core-heat removal is by convection, conduction, and radiation to the

Reactor Cavity Cooling System (RCCS)
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8. Pressure relief valve opens once to release a fraction of the primary

coolant, resulting in offsite dose

15.8.2 Analysis of Effects and onseguences

15.8.2.1 Core Power Response

The event is initiated by one or more steam-generator tube leaks with a total
leak rate of 5.7 kg/sec (12.5 lbm/sec). The resulting moisture ingress of
secondary coolant into the primary coolant causes a rapid increase in primary
coolant moisture concentration. Within a few seconds, the moisture produces
a sharp increase in core reactivity. The function of controlling heat
generation is performed by the neutron flux controller, which begins to
insert the controlling rod group in an attempt to rematch core power with
demand. When high moisture levels (above 1200 ppm) are sensed, about 22
seconds after the onset of the leak, the moisture monitors initiate an

automatic reactor trip.

The overall end of cycle temperature coefficient of reactivity at full power
operating temperatures is composed of a strong prompt negative Doppler

coefficient of about -3.0 x 10-5/OG and a slightly delayed moderator
temperature coefficient component which is slightly positive (about +0.3 x
10-5/OC). The end of cycle is the time when the temperature coefficient of
reactivity is the least negative for full power temperature conditions. At

the time of the outer control rod trip, the average fuel element temperature
has increased by 480 C (870F). The negative reactivity due to the core
temperature rise plus control rod adjustments is -0.302 percent A k. The
largest net positive reactivity calculated prior to the control rod trip is

0.196 percent Ak. Figure 15..8-1 shows the reactor power response for this
event for times up to 300 hours. The initial core power response is the same

as for DBE-6 (Figure 15.7-1). After reactor trip, the reactor power drops

rapidly to decay heat power level. Subsequently, when system pressure
increases above 7.07 MPa (1025 psia), the reserve shutdown control material

is inserted.
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15.8.2.2 Pressure and Temperature Transient

As a result of the very large heat capacity of the Standard MHTGR graphite

core, the transient over-power condition experienced during the initial

seconds of the event has only a small effect on fuel and moderator

temperatures. Fuel temperature rises only about 480G (870F). The peak fuel

temperature remains well below the normal fuel operation limit of 1250'C

(22820 F).

Following the reactor trip on: high moisture levels, the HTS is shut down and

the feedwater and steam valves are closed automatically to isolate the steam

generator. Following successful steam-generator isolation, the dump valves

open and transfer most of the steam-generator water to the dump tank,

minimizing the amount of water that enters the primary coolant and

controlling chemical attack. To avoid primary coolant entering the dump

system, the dump valves close just before the steam generator pressure

reaches the primary coolant pressure.

At the same time the inleakage of moisture is being terminated, the tripped

main circulator coasts down. 'When the circulator reaches about 1 percent of

nominal flow at 113 seconds, the flapper-type helium shutoff~valve closes by

gravity.

Following trip of the main circulator, the SS normally would be expected to

start. However, in this event the SCS fails to provide forced core cooling.

The function of core heat removal is performed instead by natural convection,

conduction, and radiation to the RCCS.

The transient temperature, pressure, and flow rate characteristics of the gas

mixture in the pressure vessel were calculated by the MLTAP, PANTHER, and

OXIDE computer codes for DBE-7. MLTAP (Section 15.1.4.2.1) was used to

analyze the first few minutes of the accident, while the leak was occurring

and the PPIS was responding, until forced core cooling stopped. PANTHER

(Section 15.1.4.2.3) was used to analyze local temperatures and core flows

during the portion of the accident with no forced cooling. OXIDE was used to
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determine the extent of the steam-graphite reaction, and its effect on system

pressure; kinetic relationships described in Section 15.1.4.4.2 were used.

The core afterheat generation and RCCS heat removal rates are shown in Figure

15.8-1. After 100 hours, the overall heat removal rate exceeds heat

generation at which time system temperatures begin to cool down.

The thermal transient experienced by the core is shown in Figure 15.8-2,

which presents both the maximum and average active cre temperatures versus

time. The maximum core temperature peaks at approximately 127400 (23250 F) at

100 hours. The average core temperature peaks at approximately 5880C

(1090'F) at 100 hours. Most of the afterheat is removed in the radial

direction to the RCS. The RS airflow and heat removal capability (Figure

15.8-1) increase during the transient, reaching a peak at close to 100

hours. The maximum airflow is 14.8 kg/sec (1.17 x 05 lbm/hr) occurring

between 100 and 150 hours. The maximum air outlet temperature is 61'C

(321'F,) and the corresponding maximum RCS panel temperature is 206'C

(402'F). The maximum RCCS heat load is 1. 74 MW. Af ter 100 hours, the core

heat removal rate exceeds the core afterheat-generation rate, resulting in a

slow cooldown of the core to cold shutdown conditions.

Most core and metallic components reach their maximum temperatures at

approximately 100 hours. The maximum outer control rod temperature is 86300

(15860F), and the maximum core barrel temperature is 5060C (9420F). The

maximum core hot streak temperature is 1011'C (18520F), while the maximum

inlet plenum temperature is 75800 (13960F). The maximum core outlet plenum

temperature, 68600 (12660 F), occurs initially and then decreases slightly

during the transient. The maximum core support floor temperature is 3930C

(7400 F). The upper plenum shroud reaches a peak temperature of 67300

(12430 F). The maximum upper plenum element temperature is 9980C (18290 F).

Th vessel top and side midwall peak temperatures occur at approximately 120

hours, with the top of the vessel peaking at 33600 (6370F) and the side of

the vessel peaking at 39400 (7420F).

Figure 15.8-3 shows the transient pressure r sponse for this accident. In
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the initial half -minute, the primary coolant pressure rises about 0. 2 MPa

(30 psi) . The pressure then decreases when the circulator trips and the

moisture ingress stops. Subsequently, the pressure increases because of the

transient coolant temperatures and the reaction of moisture with graphite.

The system pressure peaks at 7.08 MPa (1026 psia) , below the lower relief

valve setting of 7.18 MPa (041 psia), and slowly decreases with time after

10 hours. The steam-graphite reaction stops after about 10 hours, when all

the moisture has reacted. There is no pressure-vessel gas venting through

the pressure relief valves for the nominal moderate steam-leak accident

without SS cooling. However, if the valve setpoint drifts downward and the

helium inventory is higher than nominal, the relief valve may open once and

reseat when the pressure drops to 6.10 MPa (885 psia). The probability of

this occurring falls within the design basis region. Such a pressure relief

would occur in the first 10 hours of the accident, since after that time the

pressure decreases.

15.8.2.3 Steam-Graphite Reaction

The moisture in the reactor vessel is available for chemical attack.

Calculations have been performed with OXIDE to determine the extent of

localized oxidation by steamof the bulk moderator core graphite. The extent

of the reaction peaks in the central part of the core and is relatively

uniform with respect to core radius. There is no significant localiz d

oxidation damage even in the hottest coolant channels. The primary reason

for the low overall graphite oxidation is that only 28% of; the total amount

of water ingressed is available to react with the core. This calculation

accounts for the lack of circulation between the steam generator vessel and

the reactor vessel, thus only the water in the reactor and reactor plenumns is

available for reaction with the core. Table 15.8-1 shows typical results for

the DBE-7 steam leak evaluated after 10 hours, when the steam-graphite

reaction is essentially complete. The average fractional burnoff throughout

the entire mass of active ore fuel elements for this design basis moisture

inleakage accident is about. 5.2 x 0-4 weight fraction. Even if all the

water in the primary circuit is assumed to react with the core, the average

fractional core burnoff is limited to 1.8 x 103 weight fraction.
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The effect of the steam-graphite reaction on the bottom reflector components

and the core support blocks has been examined. The core model for OXIDE

includes the bottom reflector blocks as the last axial segment (see model in

Section 15.1.4.4.2.). The fractional oxidation obtained for the reflector

blocks is higher than it is in the core support blocks and posts for the

following reasons:

1. The ratio of exposed surface area to graphite volume is much greater

for the bottom reflector blocks than for the core support blocks and

posts

2. The bottom reflector blocks are hotter than the core support blocks

and posts

The average fractional burnoff throughout the entire mass of bottom reflector

blocks for this design basis moisture inleakage accident is about 4 x 10O4

weight fraction, and the maximum local (hot channel) fractional burnoff is

8 x 10O4. The core support blocks and posts incur less burnoff.

Nevertheless, this small amount of weight loss does not affect the strength

of the core-support components. Burnoff is mainly on the surface of the core

support blocks and posts, and should be considered together with the burnoff

occurring during normal operation to assess the effect on the core support

structure to perform its function. Since the safety margin for the core

support components is a factor of 3 to 4, no significant loss of core support

capability would occur as a result of steam attack during this moisture

ingress event.

The pyrocarbon coatings of the fuel particles are protected from chemical

attack due to the reaction of steam with the outer bulk graphite and the fuel

rod matrix before the steam can reach the fuel particles. The matrix

material, with a high impurity content and porosity, is approximately

20 times more reactive with steam than H-451 graphite or pyrocarbon. With

respect to oxidation rates, only insignificant amounts of water vapor reach

the fuel since the reactive matrix is sacrificially protective. Therefore,

no significant oxidation of the fuel particle pyrocarbon coatings should

occur, and no additional coatings fail because of the presence of steam.
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15.8.2.4 Reaction of Steam With Failed Fuel

A small fraction of the fuel particles have defective coatings as a result of

the manufacturing processes. Other particle coatings fail because of

operational conditions of temperature, temperature gradient, irradiation, and

burnup. Estimates of coating failures due to manufacturing defects and

operational conditions are about 9 0-6 core average. Additional

particle coatings fail because of the elevated temperatures of this event.

The total failure fraction increases to about 4 x l- 5 core average.

During a moisture ingress event, small amounts of water, vapor eventually

diffuse through the graphite webs and chemically attack exposed fuel kernels

inside failed coatings. Water vapor and exposed UCO react at all normal fuel

temperatures in the core so that the process that limits chemical attack

during this event will be either transport of water vapor to the fuel or

temperature-controlled kinetics.

The OXIDE code is used to calculate the fractional release of iodines and

noble gases from UCO fissile kernels with failed coatings that react with

steam diffusing through the bulk moderator. For a design steam leak without

SOS cooling, the fraction :of iodine released from particles with failed

coatings (2 x 0O5 fraction of all fuel particles at 10 hours) due to

hydrolysis is 7.9 percent after 10 hours when hydrolysis is complete. The

fraction of noble gases released from failed particles is lso calculated to

be 7.9 percent for the conditions of this event. Moisture does not affect

particles that are not failed.

15.8.2.5 Structural Response to Transient

Continued accomplishment of the core-heat removal and heat-generation control

functions is assured by maintaining the integrity of the reactor internals.

The ceramic Standard MTGR core is capable of withstanding Itemperatures very

much in excess of those experienced during this transient. The OXIDE code

predicts an average burnoff of 0.04 percent and 0.08 percent in the bottom

reflector and hot channel, respectively, as presented in Section 15.8.2.3.

No significant loss of cor support capability occurs as a result of steam

attack during this moisture ingress event. The metallic components in the
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proximity of the core are significantly more temperature sensitive. However,

the temperature transient for this event is bounded by the DBE-l transient.

15.8.2.6 Radioactivity Release From the Core

Steam inleakage without SS cooling challenges the function of controlling

chemical attack. That challenge is exacerbated by the simultaneous challenge

of the function of removing core heat. As a result, fission products are

released to the primary coolant by four mechanisms: hydrolysis of those UO

particles having failed coatings, liberation of sorbed fission products in

the bulk moderator graphite which is oxidized, diffusion (due to elevated

temperatures) of fission products out of fuel particles that have failed, or

steam-induced vaporization and recirculation of fission products plated out

on metallic surfaces. Table 15.8-2 shows the total release by nuclide for

each mechanism. The noble gas release to the primary coolant is calculated

to be on the order of 300 Ci. The iodine release is about 440 Ci. The

release of metallic fission products from oxidized bulk moderator graphite is

estimated to be about 1.7 Ci; the release of metallics from newly failed fuel

and from steam-induced recirculation is about 140 Ci. By comparison, the

nominal circulating noble gas activity in the primary coolant is about 23 Ci.

Nominally, no venting of the fission products occurs from the pressure

vessel, and they are fully contained within the primary system. However, as

noted in Section 15.8.2.2, the relief valve may open once and reseat. if

that occurs, less than 15 percent of the circulating gases and particulates

will be released from the vessel. Such a pressure relief will occur within

the first 10 hours of the accident. The fission products that would be

available for release at 10 hours are shown by nuclide in Table 15.8-3, for

each mechanism by which fission products can enter the primary coolant.

15 .8 .2 .7 Environmental Consequences

The radioactive releases to the environment were obtained using the TDAC

computer code as described in Section 15.1.4.5.
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The resultant doses are calculated using the methodology described in Section

15.1.4.8. Median and 95th percentile doses are assessed by statistically

combining the uncertainties in the releases from the plant with the

uncertainties in the meteorol ogical model. The uncertainty factor in the

releases from the plant, ratio of 95th to 50th percentile, when combined with

the uncertainty factor of 10 for the meteorology, results in an overall

uncertainty factor for the thyroid dose of 14 as shown in Table 15.8-4.

As seen in the table, retention of fission products within the HTGR fuel

particles is more than adequAte to meet the dose limits of 10CFR100. For

example, comparing the 95th percentile upper bound thyroid dose of Table

15.8-4 with the applicable 300 rem limit, a factor of margin of about 8500 is

noted. Other doses show even greater margin.
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TABLE 15.8-1

CONSEQUENCES OF MODERATE STEAM LEAK WITHOUT SS COOLING (DBE-7)

Total H20 inleakage 267 kg (588 b)

Amount of H20 reacted(') 75 kg (166 b)

Percent H20 reacted 28.3

Weight of core graphite reacted 50 kg (111 b)

Maximum reactor vessel pressure 7.08 MPa (1026 psi)

(')Includes reaction with failed fuel.

1 of 1
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TABLE 15.8-2

FISSION PRODUCTS RELEASED TO PRIMARY COOLANT BECAUSE OF MODERATE STEAM LEAK

WITHOUT SS COOLING (DBE-7)(1 )

Curies Released by Mechanism
Hydrolysis Graphite Recirculation Elevated

Nuclide of Failed Fuel Oxidation of Plateout Temperatures Total Ci

Kr-85m 6.5 - 0.10 6.6

Kr-88 17.3 ---- 6.4 23.7

Rb-88 -- -- 3.12 -0 3.12

Sr-89 -- 0.220 1.03 0.002 1.25

Sr-90 -- 0.011 0.201 -0 0.212

Y-91 -- 0.271 0.250 0.002 0.521

Zr-97 -- 0.291 0.050 -0 0.341

Ag-110m -- 0.014 5.060 -0 5.07

Te-129m. 0.84 -- 1.145 0.047 2.03

I-131 16.3 -- 12.0 89.8 118.1

Te-131m 2.94 -- 0.76 -0 3.70

I-132 23.9 -- 11.66 104.4 140.0

Te-132 23.5 -- 9.93 23.4 56.8

I-133 35.4 -- 8.96 76.3 120.7

Xe-133 35.4 -- -- 197.3 232.7

Cs-134 -- 0.018 8.96 -0 8.98

I-135 33.0 -- 4.04 24.8 61.8

Xe-135m 6.47 ---- -.0 6.47

Xe-135 4.33 -- -- 28.2 32.5

Cs-137 -- 0.014 42.0 -0 42.0

Ba-137m -- 0.014 39.7 -0 39.7

Ba-140 -- 0.311 0.444 0.003 0.758

La-140 -- 0.320 0.497 0.002 0.819

Ce-144 -- 0.202 0.044 0.002 0.248

(1) Listed by release mechanism
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TABLE 15.8-3

FISSION PRODUCTS AVAILABLE FOR RELEASE FROM PRIMARY COOLANT AT 10 HOURS

BECAUSE OF MODERATE STEAM LEAK WITHOUT SCS COOLING (DBE-7)(1)

Curies in Primary Coolant by Mechanism

Hydrolysis Curies For
Initially of Graphite Recirculation Elevated Release

Nuclide Circulating Failed Fuel Oxidation of Plateout Temperatures Total Ci (15% of Total)

Kr-85m 2.30 6.5 - 0.10 8.90 1.33
Kr-88 5.16 17.3 ---- 5.78 28.2 4.24
Rb-88 0.0678 -- -- 3.12 .-0 3.19 0.48
Sr-89 -0 -- 0.220 1.03 -0 1.25 0.19
Sr-90 -O - 0.011 0.201 -O 0.21 0.032
Y-91 -0 -- 0.271 0.250 -0 0.52 0.078
Zr-97 -0 -- 0.291 0.050 -0 0.34 0.051
Ag-110m -0 -- 0.014 5.06 -O 5.07 0.76
Te-129rn -0 0.84 -- 1.145 -0 1.99 0.30
I-131 0.0179 16.3 -- 12.0 11.3 39.6 5.94
Te-131m -0 2.94 -- 0.76 -0 3.70 0.55
1-132 0.223 23.9 -- 11.66 16.0 51.8 7.77
Te-132 -0 23.5 -- 9.93 9.33 42.8 6.41
I-133 0.118 35.4 -- 8.96 21.3 65.8 9.87
Xe-133 2.32 35.4 -- -- 24.8 62.5 9.38
Cs-134 -0 - - 0.018 8.96 -O 8.98 1.35
I-135 0.191 33.0 -- 4.04 15.2 52.4 7.86
Xe-135m 1.20 6.47 -- -0 7.67 1.15
Xe-135 3.49 4.33 -- -- 5.94 13.8 2.06
Cs-137 -O -- 0.014 42.0 -0 42.0 6.30
Ba-137m -0 -- 0.014 39.7 -0 39.7 5.96
Ba-140 -0 -- 0.311 0.444 -0 0.76 0.11
La-140 -0 -- 0.320 0.497 -0 0.82 0.12
Ce-144 -0 -- 0.202 0.044 -0 0.25 0.037

(1)Listed by release mechanism

1 of 1
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TABLE 15.8-4

DBE-7 30-DAY EAB DOSE ANALYSIS RESULTS(')

Median 95th Percentile

Inhalation Pathways

Thyroid 2.44 x 10O3 3.52 x io-2

Lung 5.18 x 10O4 6.42 x 1O-3

Bone 3.39 x 10O4 4.37 x 10O3

Cloud Immersion Pathways

Whole Body 3.86 x 10O5 4.66 x 10O4

Dose limits specified by 10CFR100

Thyroid 300 rem

Whole body 25 rem

(')Doses in rem

1 of 1
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15.9 MOISTURE INLEAKAGE WITH MOISTURE MONITOR FAILURE

(DESIGN BASIS EVENT NO. 8)

Design basis event (DBE) No. 8 is a small steam generator leak with moisture

monitor failure which represents a unique challenge to the function of

controlling chemical attack. Because of its threat to the continued

retention of fission products, it is considered in this section.

Section 15.9.1 briefly discusses a small steam-generator tube leak and

moisture monitor failure as an accident initiator and summarizes the

subsequent event sequence that forms the basis of DBE-8. System responses

considered in Section 15.9.2 include the primary coolant pressure response

and the effect of moisture on core reactivity. The extent and implications

of the reaction of steam with core, reflector, and support block graphite are

considered. The release of fission products from the fuel due to a reaction

with steam is evaluated for intact and failed fuel particles. Analyses show

that despite the challenges of DBE-8, the functions of controlling heat

generation, removing core heat, and controlling chemical attack are performed

such that fission products are adequately retained within the fuel

particles. Since all fission products are found to remain within the

pressure boundary, no offsite dose occurs.

15.9.1 Identification of Causes and Event Sequences

As discussed in Sections 15.7 and 15.8, leakage of moisture into the primary

coolant of the Standard MHTGR raises the potential for a reactivity increase,

fuel hydrolysis, graphite oxidation, and venting of primary coolant through

the primary system pressure relief valve. To mitigate the effects of leaks,

high moisture levels are normally detected by moisture monitors whereupon the

affected module is tripped automatically and the steam generator isolated and

dumped. However, for this event, the moisture monitors fail to detect high

moisture levels. As the moisture ingress continues, the reactor module could

be tripped alternatively on either high power-to-flow ratio or high primary

coolant pressure. However, if the moisture-inleakage rate is low, the

control system responds to a reactivity increase by inserting control rods,

so that the power level does not rise
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excessively, and the power-to-flow ratio setpoint for reactor trip is not

exceeded. Thus, for a low moisture-inleakage rate, reactor trip will occur

on high pressure. Since the' reactor remains at full power for some time

while the inleakage occurs, the potential exists for graphite oxidation and

fuel hydrolysis.

One or more small steam generator tube leaks, resulting in moisture ingress

at the total rate of 0.05 kg/s (0.1 lbm/sec), followed by a failure of the

moisture monitors, encompass this family of accidents and have been assessed

as having a frequency within the design basis region (see Figure 3.2-1). The

event sequence analyzed is:

1. Moisture inleakage at 0.05 kg/s (0.1 lbm/sec) in the steam generator

2. Moisture monitors fail- to detect high moisture level

3. Control rods compensate to hold power at initial full power level

4. Reactor trips automatically on high pressure

5. Main loop trips automatically on high pressure. Steam generator

isolation valves function properly

6. Within 20 minutes, steam generator is dumped manually. The

integrated leakage totals 841 kg (1850 lbm)

7. Shutdown Cooling System (SCS) starts on demand

8. The reactor vessel remains pressurized, primary coolant boundary

integrity is maintained, and no radionuclide release occurs
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15.9.2 Analysis of Effects and Consequences

15.9.2.1 ore Power Response

With the reactor at 100 percent power, a small steam-generator leak results

in a quasi-steady 0.05 kg/s (0.1 lbm/sec) moisture ingress to the primary

coolant. The core power remains unchanged since the automatic neutron flux

controller, performing the function of controlling heat generation,

compensates for the moisture reactivity effect by inserting control rods.

With constant power, the core power-to-flow ratio decreases as the density of

the primary coolant increases until the main circulator becomes

torque-limited as a result of the increasing fluid density. After this

point, the circulator speed begins to decrease to balance the compressor

torque with the available motor torque. Automatic control rod group

reshimming occurs at 0.8 hour and 4.3 hours in order to maintain the control

rod group within the nominal limits of automatic control. When the reactor

trip is initiated at 4.8 hours on high pressure, all outer reflector control

rods and reserve shutdown control (RSC) material are inserted. The total

reactor core power drops rapidly to decay-heat power level.

15.9.2.2 Pressure and Temperature Transient

The small steam generator tube leak results in the inleakage of high pressure

water and steam into the relatively low pressure coolant. As shown in Figure

15.9-1, the coolant pressure increases because of the addition of steam and

the generation of gasborne steam-graphite reaction products. Primary coolant

pressure reaches the reactor trip setpoint of 7.07 MPa (1025 psia) at 4.8

hours. Pressure drops slightly following the reactor trip and Heat Transport

System (HTS) trip; pressure drops rapidly when the SS takes over the

function of removing core heat. The pressure remains below the primary

coolant pressure relief valve setpoint of 7.18 MPa (1041 psia) throughout the

course of the event.

As shown in Figure 15.9-2, reactor core temperatures initially decrease

slightly as a result of the enhanced heat transfer with the denser primary
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coolant. After the main circulator speed starts to decrease, core

temperatures increase slightly. Secondary coolant conditions are maintained

nearly constant by the automatic control system. After the reactor trip,

core temperatures rapidly decrease as the core power drops and the SS

removes core heat.

The transient temperature, pressure, and flow rate characteristics of the gas

mixture in the pressure vessel were calculated by the MLTAP and OXIDE

computer codes for the DBE-8 steam leak with moisture monitor failure. MLTAP

(Section 15.1.4.2.1) was used to analyze the overall system response to the

accident. OXIDE was used to determine the extent of the steam-graphite

reaction using the kinetic relationships described in Section 15.1.4.4.2.

Due to the HTS trip, the circulator is tripped and the steam generator is

isolated, but moisture trapped in the steam generator continues to ingress

into the primary coolant. Within 20 minutes, the steam generator is manually

dumped, terminating the inleakage.

After the reactor trip, the function of core heat removal is performed by the

SGS. Automatic SS startup begins at 4.89 hours with switching of the

cooling water pumps from standby mode to pressurized operation, with a

maximum flow of about 29.3 kg/s (64.44 lbm/sec) being reached in 30 seconds.

At 4.91 hours the SCS circulator is started and attains minimum operational

speed and helium flow (about 5. percent of design) in a few seconds. The SS

heat exchanger water outlet temperature setpoint, on which the circulator

speed is controlled, is ramped from 430C (1100 F) to 232*C (4500F) in

60 seconds. SCS cooling water is maintained at 29.3 kg/sec (64.44 lbm/sec)

and 430C (110'F) at the inlet.' The water outlet temperature is controlled to

2320G (450'F) by adjusting circulator speed.

As a result of the reduced flow during the transition from HTS to SCS

cooling, the average fuel temperature increases to the temperature that

existed prior to reactor trip (Figure 15.9-2). At approximately 8.3 hours,

(after about 3.4 hours of SS cooling) the average core fuel temperature has

cooled to about 1620C (3240F).
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As the reactor cools down, the SCS circulator speed increases to maintain
water outlet temperature. At 6.1 hours, the SS circulator becomes

power-limited by the motor. SCS cooling continues, but water outlet
temperature begins to drop below 2320G (450'F) and the core cooldown rate is

reduced.

Approximately 10 percent of the SCS helium flow is designed to backflow
through the HTS helium shutoff valve to cool the steam generator. This
backf low mixes with the core outlet flow before reentering the SS heat

exchanger.

15.9.2.3 Steam-Graphite Reaction

The moisture in the primary coolant is available for chemical attack.
Calculations have been performed with OXIDE to determine the extent of
localized oxidation by steam of the bulk moderator core graphite. The

reaction occurs mainly in the hotter bottom half of the more recently fueled
higher power regions of the core. There is no significant localized
oxidation damage even in the hottest coolant channels. Nearly all of the
graphite oxidation that does occur happens prior to the reactor trip. The

primary reasons for the low overall graphite oxidation are the limited leak
rate and the relatively low normal operating temperatures. After reactor
trip, the core temperatures decrease and the steam ingress is terminated

after approximately 20 minutes, thus limiting any additional graphite
oxidation. Table 15.9-1 shows results for the DBE-8 steam leak evaluated

after 10 hours, when the steam-graphite reaction is essentially complete.

The average fractional burnoff throughout the entire mass of active core

graphite for this design basis moisture-inleakage accident is about

1.3 x 10- weight fraction. The effect of the steam-graphite reaction on
the bottom reflector blocks and the core support blocks has been examined.
The core model for OXIDE includes the bottom reflector blocks as the last
axial segment (see model in Section 15.1.4.4.2). The fractional oxidation
obtained for the reflector blocks is higher than for the core support blocks

and posts for the following reasons:
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1. The ratio of exposed surface area to graphite volume is much greater

for the bottom reflector blocks than for the core support blocks and

posts

2. The bottom reflector blocks are hotter than the core support blocks

and posts

The average fractional burnoff :throughout the entire mass of bottom reflector

blocks f or this design basis moisture inleakage accident (DBE-8) is about

1.6 x 103 weight fraction, and the maximum local (hot channel) fractional

burnoff is 6.1 x l1s. The core support blocks and posts incur less

burnoff. Nevertheless, this small amount of weight loss will not affect the

strength of the core support components. Burnoff is mainly on the surface of

the core support blocks and posts, and should be considered together with the

burnoff occurring during normal operation to assess the effect on the core

support structure to perform its function. Since the safety margin for the

core support components is a factor of 3 to 4, no significant loss of core

support capability occurs as a result of steam attack during this moisture

ingress event.

OXIDE results show that the coatings of the fuel particles contained in

graphite are protected from chemical attack due to the reaction of steam with

the outer bulk graphite and the fuel rod matrix before significant amounts of

steam can reach the fuel particles. The matrix material, with a higher

impurity content and porosity, is approximately 20 times more reactive with

steam than the H-451 graphite of the fuel elements or the pyrocarbon used to

coat the fuel particles. With respect to oxidation rates, only insignificant

amounts of water vapor reach the fuel since the reactive matrix is

sacrificially protective. Therefore, no significant oxidation of the fuel

particle coatings should occur, and no additional coatings fail because of

the presence of steam.

15.9.2.4 Reaction of Steam With Failed Fuel

A small fraction of the fuel particles have defective coatings as a result of
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the manufacturing processes. other particle coatings fail because of

operational conditions of temperature, temperature gradient, irradiation, and

burnup. Estimates of coating failures due to manufacturing defects and

operational conditions are less than 5 x 105 core average. During a

moisture ingress event, small amounts of water vapor diffuse through the

graphite webs and chemically attack exposed fuel kernels inside failed

coatings. Water vapor and exposed UCO react at all normal fuel temperatures

in the core so that the process that limits chemical attack during this event

is either transport of water vapor to the fuel or temperature-controlled

kinetics.

The OXIDE code is used to calculate the fractional release of iodines and

noble gases from UO fissile kernels with failed coatings that react with

steam diffusing through the bulk moderator. For a small steam leak with

moisture monitor failure, the fraction of iodine released from particles with

failed coatings (5 x 105 fraction of all fuel particles) is calculated to

be 7.0 percent after 10 hours. The fraction of noble gases released from

failed particles is calculated to be 7.1 percent for the conditions of this

event.

15.9.2.5 Radioactivity Release from the ore

Steam inleakage challenges the function of maintaining control of chemical

attack and results in fission-product release to the primary coolant by three

mechanisms: hydrolysis of UO particles having failed coatings, liberation

of sorbed fission products in the bulk moderator graphite which is oxidized,

and steam-induced vaporization and recirculation of fission products plated

out on metallic surfaces. Table 15.9-2 shows the total release by nuclide

for each mechanism. The noble gas release to the primary coolant is

calculated to be on the order of 116 Ci. The iodine release is about 254

Ci. The release of metallic fission products from oxidized bulk moderator

graphite is estimated to be about 13 Ci; the release of metallics from

steam-induced vaporization and recirculation is 113 Ci. The nominal

circulating noble gas activity is about 23 Ci. No venting of the fission

products occurs from the pressure vessel, and they are fully contained within

the primary system. Therefore, no offsite dose results.
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TABLE 15.9-1

CONSEQUENCES OF SMALL STEAM LEAK WITH MOISTURE MONITOR FAILURE (DBE-8)

Total H20 inleakage 841 kg (1850 b)

Amount of H20 reacted(') 188 kg (413 b)

Percent H20 reacted 22

Weight of core graphite reacted 125 kg (275 b)

Maximum reactor vessel pressure 7.03 MPa (1020 psia)

(')Includes reaction with failed fuel.

1 of 1
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TABLE 15.9-2

FISSION PRODUCTS RELEASED TO PRIMAR~Y COOLANT BECAUSE OF SMALL STEAM LEAK

WITH MOISTURE MONITOR FAILURE (DBE-8)(1 )

Curies Released by Mechanism

Hydrolysis Graphite Recirculation

Nuclide of Failed Fuel Oxidation of Plate-out Total Ci

Kr-88 35.2 -- -- 35.2

Rb-88 -- 0.920 3.12 4.04

Sr-89 -- 1.21 1.03 2.24

Sr-90 -- 0.067 0.201 0.268

Y-91 -- 1.46 0.250 1.71

Zr-97 -- 1.58 0.050 1.63

Ag-110m -- 0.074 5.06 5.13

Te-129m 1.69 -- 1.145 2.84

I-131 32.57 -- 12.0 44.57

I-132 47.66 -- 11.66 59.32

Te-132 46.98 -- 9.93 56.92

I-133 70.67 -- 8.96 79.63

Xe-133 71.97 -- -- 71.97

Cs-134 -- 0.096 8.96 9.06

I-135 66.02 -- 4.04 70.06

Xe-135 8.78 -- -- 8.78

Cs-137 - - 0.077 42.0 42.077

Ba-137m -- 0.074 39.73 39.80

Ba-140 -- 1.69 0.444 2.14

La-140 -- 1.69 0.497 2.19

Pr-143 -- 1.55 0.147 1.70

Ce-144 -- 1.12 0.044 1.16

Pr-144 -- 1.12 0.080 1.20

(1) Listed by release mechanism

1 of 
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15.10 MOISTURE INLEAKAGE WITH STEAM GENERATOR DUMP FAILURE (DESIGN BASIS

EVENT No. 9)

Design basis event (DBE) No. 9 is a small steam generator leak with failure

of a steam generator dump valve to reclose which represents a unique

challenge to the function of controlling chemical attack. Because of its

threat to the continued retention of fission products, it is considered in

this section.

Section 15.10.1 briefly discusses a steam generator tube leak and dump

failure as an accident initiator and summarizes the subsequent event sequence

that forms the basis of DBE-9. System responses considered in Section

15.10.2 include the primary coolant pressure response and the effect of

moisture on core reactivity. The extent and implications of the reaction of

steam with core, reflector, and support block graphite are considered. The

release of fission products from the fuel due to a reaction with steam is

evaluated for intact and failed fuel particles. Analyses show that, despite

the challenges of DBE-9, the functions of controlling heat generation,

removing core heat, and controlling chemical attack are performed such that

fission products are adequately retained within the fuel particles. Since

the steam generator dump tank is capable of sustaining the full pressure of

the primary coolant through this event, no fission products are released to

the environment and no offsite dose is calculated.

15.10.1 Identification of Gauses and Event Seguences

A leak in the steam generator can result in moisture inleakage into the

primary coolant. To mitigate the effects of leaks, moisture monitors are

provided to detect high-moisture levels, whereupon the affected module is

automatically tripped and the steam generator is isolated and dumped. High

moisture levels also cause an automatic trip of the main circulator of the

Heat Transport System (HTS) and the startup of the Shutdown ooling System

(SGS). For a moisture inleakage event, the potential exists for graphite

oxidation and fuel hydrolysis.
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One or more small steam generator tube leaks, resulting in moisture ingress

at the total rate of 0.05 kg/s (0.1 lbm/sec) followed by a failure of a

steam-generator dump valve to reclose, have been assessed to have a frequency

in the design basis region (see Figure 3.2-1). The event sequence analyzed

is:

1. Moisture inleakage at:0.05 kg/s (0.1 lbm/sec) in the steam generator

2. Control rods compensate for reactivity effect of moisture, hold power

at initial full-power level

3. Moisture monitors detect the leak

4. Reactor trips on outer control rods

5. Plant Protection and Instrumentation System (PPIS) trips the main

cooling loop

6. Steam Generator Isolation System functions properly

7. Steam generator is dmped. The integrated inleakage totals 18.1 kg

(39.9 lbm)

8. Dump System valves fail to reclose and the dump tank reaches the

primary coolant pressure

9. SS provides core cooling

10. The reactor vessel remains pressurized and no release occurs

15.10.2 Analysis of Effects and Consequences

15.10.2.1 Core Power Response

The moisture entering the circulating coolant is carried to the reactor core,
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where it causes a reactivity increase. The function of controlling heat

generation is performed by the control system, which responds to the

reactivity increase by inserting control rods, so that the core power remains

at the initial full power level. When high moisture levels (1200 ppm) are

sensed, about 380 seconds after onset of the leak, the moisture monitors in

the steam generator initiate an automatic reactor trip. All outer reflector

control rods are inserted and the core power drops rapidly to the decay heat

power level.

15.10.2.2 Pressure and Temperature Transient

The small steam generator tube leak will result in the inleakage of high

pressure water and steam into the lower pressure coolant. The coolant

pressure increases according to the mass of steam that remains in the gas

phase and the mass of gaseous steam-graphite reaction products. The pressure

increases until the reactor trips on high moisture. The high moisture signal

also trips the main loop. The feedwater and steam valves are automatically

closed in order to isolate the steam generator. Following a successful steam

generator isolation, the dump valves open and transfer most of the steam

generator water to the dump tank, thereby controlling chemical attack by

minimizing the amount of water that enters the primary coolant. The dump

valves normally close just before the steam generator pressure reaches the

primary coolant pressure, about 30 seconds after the reactor trip. However,

during this event, the dump valves fail to close, resulting in a

pressurization of the dump tank by the primary coolant through the Dump

System. After the main loop trips, the SS is started and maintains the

function of core heat removal.

The transient temperature, pressure, reaction, and flow rate characteristics

of the gas mixture in the pressure vessel are calculated using the MLTAP and

OXIDE computer codes for the DBE-9 steam leak with steam generator dump

failure. MLTAP (Section 15.1.4.2.1) is used to analyze the overall system

response to the accident. OXIDE is used to determine the extent of the

steam-graphite and steam-failed-fuel reaction using the kinetic relationships

described in Section 15.1.4.4.2. Figures 15.10-1 and 15.10-2 depict the
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behavior of key parameters of the primary coolant. Primary coolant pressure

is reduced by about 2.07 MPa (300 psia) in the first 12 hours of the

transient. This reduction is caused by the cooldown of the coolant due to

reactor trip and SCS operation. Core and primary coolant temperatures

decrease rapidly immediately after the reactor trip. More cooling results

after the SCS starts, and in 8 hours, a stable trend is obtained as the

cooling is slowed down.

In the time prior to reactor trip, the primary coolant pressure is calculated

to rise by only 9.7 kPa (1.4 psi). Cool-off of the core graphite to

temperatures below which chemical attack of steam takes place occurs

gradually over the first 2 hours after reactor trip.

15.10.2.3 Steam-Graphite Reaction

The moisture in the Primary System is available for chemical attack.

Calculations have been performed with OXIDE to determine the extent of

localized oxidation by steam of the bulk moderator core graphite. The

reaction occurs mainly in the hotter bottom half of the core. There is no

significant localized oxidation damage even in the hottest coolant channels.

The primary reason for the low' overall graphite oxidation is the decrease in

graphite temperatures following reactor trip. Table 15.10-1 shows typical

results for the DBE-9 steam leak evaluated after 11 hours, when both the

steam-graphite and steam-failed-fuel reactions are essentially complete. The

average fractional burnoff throughout the entire mass of active core in DBE-9

is about 4.7 x 10 . The effect of the steam-graphite reaction on the
bottom reflector blocks and the core support components has been considered.

The core model for OXIDE includes the bottom reflector blocks as the last

axial segment. The fractional oxidation for the reflector blocks will be

higher than for the core-support blocks and posts for the following reasons:

1. The ratio of exposed surface area to graphite volume is much greater

for the bottom reflector blocks than for the core-support blocks and

posts
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2. The bottom reflector blocks are hotter than the core support blocks

and posts

The average fractional burnoff throughout the entire mass of bottom reflector

blocks for DBE-9 is about 8 x 105 weight fraction, and the maximum local

(hot channel) fractional burnoff is 3 x 0-4. The core support blocks and

posts incur less burnoff. Nevertheless, this very small amount of weight

loss does not affect the strength of the core support components. Burnoff is

mainly on the surface of the core support blocks and posts, and should be

considered together with the burnoff occurring during normal operation to

assess the effect on the core support structure to perform its function.

Since the safety margin for the core support components is a factor of 3 to

4, no significant loss of core support capability occurs as a result of steam

attack during this moisture ingress event.

OXIDE results show that the coatings of the fuel particles contained in

graphite are protected from chemical attack because of the reaction of steam

with the outer bulk graphite and the fuel rod matrix before significant

amounts of steam can reach the fuel particles. The matrix material, with a

higher impurity content and porosity, is approximately 20 times more reactive

with steam than the H-451 core graphite or the pyrocarbon fuel coatings.

With respect to oxidation rates, only insignificant amounts of water vapor

reach the fuel since the reactive matrix is sacrificially protective.

Therefore, no significant oxidation of the fuel particle coatings should

occur, and no additional coatings fail because of the presence of steam.

15.10.2.4 Reaction of Steam With Failed Fuel

A small fraction of the fuel particles have defective coatings as a result of

the manufacturing processes. Other particle coatings fail because of

operational conditions of temperature, temperature gradient, irradiation, and

burnup. Estimates of coating failures due to manufacturing defects and

operational conditions are less than 5 x 105 core average. During a

moisture ingress event, very small amounts of water vapor diffuse through the

graphite webs and chemically attack exposed fuel kernels inside failed
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coatings. Water vapor and exposed UCO react at all normal fuel temperatures

in the core so that the process that limits chemical attack during this event

is either transport of water vapor to the fuel or temperature-controlled

kinetics.

The OXIDE code is used to calculate the fractional release of iodines and

noble gases from UO fissile kernels with failed coatings that react with

steam diffusing through the bulk moderator. For DBE-9 the fraction of iodine

released from particles with failed coatings (5 x 105 fraction of all fuel

particles) is calculated to be 1.5 percent after 11 hours. The fraction of

noble gases released from failed particles is calculated to be 6.1 percent

for the conditions of this event.

15.10.2.5 Radioactivity Release

Steam inleakage challenges the function of controlling chemical attack, and

results in fission-product release to the primary coolant by three

mechanisms: hydrolysis of UCO particles having failed coatings, liberation

of sorbed fission products in the bulk moderator graphite which is oxidized,

or steam-induced vaporization and recirculation of fission products plated

out on metallic surfaces. Table 15.10-2 shows the total release by nuclide

for each mechanism. The noble gas release to the primary coolant is

calculated to be on the order of 124 Ci. The iodine release is about 83 Ci.

The release of metallic fission products from oxidized bulk moderator

graphite is estimated to be about 0.3 Ci; the release of metallics from

steam-induced vaporization and recirculation is 137 Ci. The nominal

circulating noble gas activity is about 23 Ci. The steam-generator dump tank

sustains the primary coolant pressure resulting from failure of the Dump

System valves to reclose, and no offsite dose occurs.
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TABLE 15.10-1

CONSEQUENCES OF SMALL STEAM LEAK WITH STEAM GENERATOR DUMP FAILURE (DBE-9)

Total H~20 inleakage 18.1 kg (39.9 b)

Amount of H-20 reacted(') 6.85 kg (15.1 b)

Percent H20 reacted 38

Weight of core graphite reacted 4.58 kg (10.1 b)

Maximum reactor vessel pressure 6.39 MPa (926.5 psi)

(')Includes reaction with failed fuel.
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TABLE 15.10-2

FISSION PRODUCTS RELEASED TO PRIMARY COOLANT BECAUSE OF SMALL STEAM LEAK

WITH STEAM GENERATOR DUMP FAILURE (DBE-9)(1 )

Curies Released by Mechanism

Hydrolysis Graphite Recirculation

Nuclide of Failed Fuel Oxidation of Plate-out Total Ci

Kr-85m 11.4 ---- 11.4

Kr-88 30.3 -- -- 30.3

Rb-88 -- 0.024 3.12 3.14

Sr-89 0.031 1.03 1.06

Sr-90 -- 0.002 0.201 0.203

Y-91 -- 0.038 0.250 0.288

Zr-97 -- 0.041 0.050 0.091

Ag-110m -- 0.003 5.06 5.06

Te-129m 0.364 - - 1.15 1.51

I-131 7.01 -- 12.0 19.0

Te-131m 1.24 -- 0.757 2.00

I-132 10.3 -- 11.7 22.0

Te-132 10.1 -- 9.93 20.0

I-133 15.2 -- 8.96 24.2

Xe-133 62.0 -- -- 62.0

Cs-134 -- 0.002' 8.96 8.96

I-135 14.2 - - 4.04 18.2

Xe-135m 11.3 ---- 11.3

Xe-135 7.56 -- -- 7.56

Cs-137 -- 0.002 42.0 42.0

Ba-137m -- 0.002 39.7 39.7

Ba-140 -- 0.044 0.444 0.488

La-140 -- 0.044 0.497 0.541,

Pr-143 -- 0.040 0.147 0.187

Ce-144 -- 0.029 0.044 0.073

Pr-144 -- 0.029 0.080 0.109

(1) Listed by release mechanism
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15.11 PRIMARY COOLANT LEAK (DESIGN BASIS EVENT NO. 10)

Design basis event (DBE) No. 10 is a moderately sized primary coolant leak

encompassing the range of leak sizes occurring within the design basis region

which represents a unique challenge to the functions of controlling chemical

attack and removing core heat. Because of its threat to the continued

retention of fission products, it is considered in this section.

Section 15.11.1 briefly discusses accident initiators leading to leaks in the

primary coolant boundary and summarizes the subsequent event sequence that

forms the basis of DBE-10. System responses considered in Section 15.11.2

include the primary coolant pressure response and the thermal response of the

core and steam generator under conditions of reduced coolant density. The

implications of air ingress to the function of controlling chemical attack

and the extent of the reaction of air with core and reflector graphite are

considered. Analyses show that, despite the challenges of DE-10, the

functions of controlling heat generation, removing core heat, and controlling

chemical attack are performed such that fission products are adequately

retained within the fuel particles. Circulating activity and the liftoff of

plate-out fission products are considered as sources of activity releas from

the reactor vessel. The resultant doses at the exclusion area boundary (EAB)

are found to meet 10CFR100 guidelines with margin.

15.11.1 Identification of Causes and Event Sequence

Primary coolant leakage from the reactor vessel carries circulating activity

with it.' Depending on the size of the leak, there is potential for the

liftoff and release of plated-out activity, for graphite oxidation due to air

ingress, and for off-normal differential pressure loads on structural

components. Numerous instrument and service system lines penetrate the

pressure vessel. A failure in any of these lines could cause a primary

coolant leak ranging in size from barely detectable [2 x 104 sq cm

(3 x 105 sq in.)] to an offset rupture of the line.

To mitigate the effects of such leaks, pressure sensors are provided to

detect low-pressure levels. Upon detection, the affected module is tripped,
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the Heat Transport System (HTS) is shut down, and the Shutdown Cooling System

(SCS) is started. Depending on the size of the leak, the Helium Purification

Subsystem (HPS) can reduce the leakage from the vessel by pumping primary

coolant to storage.

In DE-10, the plant response to a bounding leak, equivalent to the rupture

of the pressure relief valve. line, is analyzed. This leak size is the

largest with a frequency within the design basis region (see Figure 3.2-1).

The event sequence analyzed is:

1. A moderate size leak of 81.9 sq cm (12.7 sq in.) occurs equivalent to

failure of the pressure relief valve line penetrating the primary

circuit

2. The reactor trips on low primary system pressure signal using the

outer control rods

3. The main loop trips on low primary system pressure signal

4. The SCS successfully starts, thus restoring forced circulation

Cooling

5. The pumpdown of the primary coolant using the HPS is ineffective

because of the size of the leak

6. Primary coolant leaks from the Reactor Building and offsite dose

occur

15.11.2 Analysis of Effects and Consequences

15.11.2.1 Pressure and Temperature Transient

The primary circuit pressure and temperature transient was analyzed using the

computer codes RATSAM and MLTAP. The methods used by RATSAM and MLTAP are
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described in Section 15.1.4. The RATSAM model is used to obtain the short

term transient effects that result in liftoff of the primary circuit plateout

and off-normal pressure loads. The MLTAP model is used to obtain the primary

circuit pressure and temperature at later times in the transient.

In the MLTAP simulation of this transient, initiation of the event occurs

when an 81.9 sq cm (12.7 sq in.) opening is created in the primary coolant

boundary equivalent to failure of the pressure relief valve. The function of

removing core heat is challenged when the primary coolant pressure decreases

rapidly from its initial value of 6.38 MPa (925 psia), as shown in Figure

15.11-1. Within 9 seconds, the primary coolant pressure falls below 5.69 MPa

(825 psia), and the Plant Protection and Instrumentation System (PPIS)

initiates a reactor trip from 100 percent power. Heat generation is

controlled by insertion of the outer control rods and the power level drops

sharply.

The reactor cre temperatures start to decrease immediately following the

reactor trip at time 9 seconds. This is because the HTS is still effective

in removing heat from the reactor. At 30 seconds, the HTS is lost because of

a low helium pressure signal to the PPIS at 4.31 MPa (625 psia). As the main

loop circulator coasts down, the core temperatures begin to rise gradually

due to afterheat generation. This continues until the SS is placed in

service.

Startup of the SS begins automatically at 320 seconds, after the HTS trip,

maintaining the function of core-heat removal. First the secondary coolant

flow rate is ramped from 2.49 kg/sec (5.5 lbm/sec) (standby mode) to 29.2

kg/sec (64.4 lbm/sec) (maximum flow) in approximately 30 seconds. At 414

seconds the SS circulator is started and attains minimum operational speed

in a few seconds. At 418 seconds, the setpoint for the SS heat exchanger

water outlet temperature is ramped from 44.700 (112.5 0F) to 23200 (4500F)

over 60 seconds. However, since the Primary Coolant System is completely

depressurized when the SS circulator is started, sufficient helium flow is

available to attain a water outlet temperature of only 11900 (2460F).
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As shown in Figure 15.11-2, operation of the SCS under depressurized

conditions is sufficient to maintain heat removal and arrest the gradual rise

in core temperature. However, the subsequent cooldown to cold shutdown

conditions is very slow, because of the low primary coolant flow.

Figure 15.11-3 shows the response of the steam generator (SG) tube

temperatures to the depressurization and the subsequent reactor and HTS

trips. Immediately following the start of the depressurization, the steam

generator temperatures start to drop. This is because the helium mass flow

rate is decreasing because of the falling primary coolant density, while the

feedwater flow remains essentially unchanged. After the HTS trip, this trend

is reversed. The feedwater flow stops very rapidly as the isolation valves

are closed, but the helium flow continues at a reduced rate for about 90

seconds as the circulator coasts down. After closure of the main loop helium

shutoff valve at time 134 seconds, the steam-generator temperatures remain

constant until the SS circulator is started.

As in the case of the reactor core, cooldown of the steam generator under

depressurized conditions is significantly slower than under pressurized

.conditions. ooldown of the hotter, superheat section of the steam generator

is somewhat more rapid than the evaporator and economizer sections because it

accounts for a relatively small fraction of the steam-generator mass.

The ONTEMPT-G computer program is used to obtain the pressure and

temperature transients in the reactor vessel and steam generator vessel

cavities. Primary coolant depressurizes directly into the steam generator

vessel cavity through the failed pressure relief valve line. The ambient

temperature of the steam generator vessel cavity increases to approximately

218'C (4250F) in less than 30 seconds and decreases to 430G (110'F) after 10

minutes as shown in Figure 15.11-4. The ambient temperature of the reactor

vessel cavity increases to approximately 1380C (280'F) in 90 seconds as shown

in Figure 15.11-5.
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15.11.2.2 Structural Response To Transient

Continued accomplishment of the core-heat removal and heat-generation control

functions is assured by maintaining the integrity of the reactor internals.

The core flow does not reverse during the DBE-10 transient, and the maximum

pressure drop across the core is just slightly greater than the normal

pressure drop of 34.5 kPa (5 psi). Thus the structural integrity of the core

is maintained during this transient, as is the capability of controlling heat

generation and removing core heat.

Various kinds of vessel cavity boundaries are exposed to the accident

environment during this event such as the concrete structure, the steel

decking, the ducting, electrical conduits and cable trays, and the reactor

vessel.

Two distinct boundaries are selected to show their response during the

transient. They are the ducting, electrical conduits and cable trays, and

the concrete. The former boundary is analyzed as a thin steel layer, 0.159

cm (1/16 in.) thick, exposed to the accident environment from both sides.

The latter corresponds to the vertical 0.914 m (3 ft) thick cylindrical outer

wall of the S cavity.

The reported temperatures for the concrete are for the surface exposed to the

accident environment, while the reported ones for the ducting, electrical

conduits and cable trays are for the whole metal, since the thermal

conductivity is high and the thickness is small. However, the electrical

insulation of the cables exhibits a very different thermal behavior. A sharp

temperature gradient develops at the exposed surface of the insulating

material (skin effect) because of its low thermal conductivity, so this

exposed surface follows closely the prevailing ambient temperatures shown in

Figures 15.11-4 and 15.11-5.

The SG cavity ducting, electrical conduits, and cable trays show a peak

temperature of 109'C (2290 F) at 300 seconds into the event. These
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temperatures rapidly decrease to approximately 43*C (110'F) after 30
minutes. The exposed concrete surface of the S cavity has a peak

temperature of 430G (110'F) occurring approximately 200 seconds into the
accident and decreasing to 290G (850 F) after 30 minutes. The peak

temperature for the ducting, electrical conduits and cable trays in the
reactor cavity is 71'C (159 0F) while the peak exposed concrete temperature is
380G (100'F). These results are shown in Figure 15.11-6. These boundaries

are exposed to moderate temperature only, therefore their functions are not
affected by a primary coolant leak. Also, the functions performed during this
event by the SS components are not affected by the temperature in the
reactor cavity. The functions of controlling heat generation and maintaining

heat removal are accomplished..

15.11.2.3 Inflow of Reactor Building Atmosphere

As the primary coolant depressurizes to between 2 and 1 atmospheres,

hydrostatic forces due to density differences between the reactor vessel
helium and the Reactor Building atmosphere contribute to the pressure

difference across the leak site. At about 1 atmosphere, hydrostatic forces
begin to cause the helium in the reactor vessel to be displaced by air
challenging the function of controlling chemical attack. Hydrostatic

displacement of the helium through the 81.9 sq cm (12.7 sq in. ) leak is a
rapid transport process which lasts until 1 hr into the event. As the core
region continues to cool, thermal contraction of gases in the reactor vessel

draws additional air into the vessel.

At temperatures above 700'C (1300'F), oxygen reacts with graphite to produce

two moles of carbon monoxide per mole of oxygen. At temperatures below 700'C

(1300'F), the oxidation process produces a mixture of carbon monoxide and
carbon dioxide. However, since the CO reaction consumes twice as much
graphite per mole of oxygen, it is assumed, to be conservative, to be the
dominant reaction at all temperatures where oxidation is significant. Below

500 0C (930 0F), the oxidation reaction is too slow to oxidize significant

additional graphite.
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During hydrostatic displacement, the helium in the vessel is replaced with

air. For every mole of helium escaping, a mole of air replaces it. Thermal

contraction draws in additional air. During the f irst 4 hours of the event,

while temperatures exceed 500'C (930'F) , this air reacts with the graphite

producing twice as much CO as oxygen consumed, and thereby lessens the amount

of air that the vessel can contain. The result is that during hydrostatic

displacement and thermal contraction, a total of 21 lb-mole of air enters and

8.8 lb-mole or 0.0085 percent of graphite mass in the core is oxidized.

Complete consumption of the oxygen in the air is assumed. Thus the amount of

graphite that can be oxidized by air ingress is limited by the temperature

dependent reaction rate and by the amount of air which is contained in the

reactor vessel. For additional information regarding the reaction of air and

graphite, see the response to NRC Comment 15-10.

Most of the air entering the vessel reacts with the core graphite over a wide

surface area. In particular, the reaction is along the coolant channels in

the fuel and reflector blocks. The small fraction of total graphite mass

that is oxidized results in a negligible structural loss and does not affect

safe shutdown and the ability to control heat generation and maintain

afterheat removal.

15.11.2.4 Radioactivity Release

Because of the challenges to the functions of removing core heat and

controlling chemical attack, fission products are released from two sources

during a primary coolant leak: the initially circulating activity and the

liftoff of a portion of the plated-out activity.

The amount of plated-out activity varies from surface to surface, depending

on surface temperature, area, and nuclide. The liftoff of plated-out

activity is calculated by combining the distribution of plated-out activity

with the distribution of liftoff that results from peak surface shear force

ratios. Local surface shear force ratios during the depressurization are

calculated using the RATSAM code. The methods used by RATSAM are described

in Section 15.1.4.3. The liftoff is correlated to shear force ratio

according to the relationships described in Section 15.1.4.4.1. During the
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leak considered in this event, the circulator outlet and cold duct surfaces

experience a peak shear force ratio of 1.15. Shear force ratios on various

steam generator surfaces peak at between 1.009 and 1.048. Other surfaces in

the system see lower peak shear force ratios.

Table 15.11-1 presents the liftoff and circulating activities available for

release from the vessel. Sufficient forced circulation cooling is available

to prevent any release of core activity. Most of the initially circulating

and liftoff activity in the primary coolant oop is released during the

initial depressurization since the primary coolant pumpdown to storage is

ineffective in reducing the release. The release from the vessel is into the

Reactor Building from which the fission products can be transported to the

atmosphere through the Reactor Building dampers or by leakage.

The transport mechanisms from the reactor vessel consist of the initial

helium depressurization and hydrostatic displacement of helium. Most of the

circulating activities are released during the initial 6 minutes of

depressurization. Beyond the initial depressurization, hydrostatic

displacement is virtually the only mechanism available by which fission

products remaining in the primary circuit may escape. Beyond 1 hour,

hydrostatic displacement is essentially complete so that no additional

fission product release from the vessel can occur.

The decay and transport of fission products were modeled using the TDAC

code. The methods used by TDAC are described in Section 15.1.4. The amount

of fission products released to the Reactor Building is less than the

circulating activity and the portion of the plated-out activity lifted off,

because of the lack of strong transport mechanisms out of the reactor vessel

once depressurization and hydrostatic displacement are complete.

The transport mechanisms from the Reactor Building initially consist of

depressurization through the building louvers, which open to mitigate

elevated pressure conditions, then reclose after about 10 minutes when

pressures equilibrate. Subsequent release from the Reactor Building is

governed by the building leak rate and the rate of inleakage from the reactor
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vessel. Also during this period of slow release, the Reactor Building

provides cool surfaces for plateout, and fission product holdup to allow time

for gravitational settling and radioactive decay. Analysis shows that Kr88,

Xel33 and Xel3S have the greatest total releases from the Reactor Building.

These are 2.15, 2.13 and 2.00 Ci respectively.

15. 11. 2 .5 Environmental Consequences

The radioactive releases to the environment were obtained from the TDAC

computer code as described in Section 15.1.4.5. The resultant doses are

calculated using the methodology described in Section 15.1.4.8. Median and

95th percentile doses were assessed by statistically combining the

uncertainties in the releases from the plant with the uncertainties in the

meteorological model. The uncertainty factor in the releases from the plant,

ratio of 95th to 50th percentile, when combined with the uncertainty factor

of 10 for the meteorology, results in an overall uncertainty factor for the

thyroid dose of 56 as shown in Table 15.11-2.

As seen in the table, retention of fission products within the HTGR fuel

particles is more than adequate to meet the dose limit specified by

10CFR100. Comparing the calculated 95 percentile upper bound thyroid dose of

Table 15.11-2 with the applicable 300 rem limit, a factor of more than 2,000

margin is noted. Other doses show even greater margin.
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TABLE 15.11-1
LIFTOFF AND CIRCULATING ACTIVITIES FOR DBE-10 (SOURCE TERMS)

Nuclide Circulating (Ci) Liftoff (Ci)

Kr-85m 2.30 0

Kr-87 2.96 0

Kr-88 5.16 0

Rb-88 6.78-02 4.49-03

Kr-89 1.24 0

Rb-89 1.98-02 1.13-04

Sr-89 1.39-06 2.63-031

Kr-90 0.55 0

Sr-90 7.29-10 5.13-04

I-131 1.79-02 9.83-03

I-132 2.23-01 9.55-03

I-133 1.18-01 7.34-03

Xe-133 2.32 0

I-134 5.41-01 2.57-03

Cs-134 3.23-06 1.29-03

I-135 1.91-01 3.31-03

Xe-135m 1.20 0

Xe-135 3.49 0

Xe-138 1.21 0

Cs-138 9.37-03 1.12-04

Ag-110m 5.43-06 1.40-03

Cs-137 1.98-06 6.04-03
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TABLE 15.11-2

DBE-10 30-DAY EAB DOSE ANALYSIS RESULTS(')

Median 95th Percentile

Inhalation Pathways

Thyroid 2.4 x 0O3 0.18

Lung 1.8 x 1 3 0.23

Bone 4.8 x 10O4 0.13

Cloud Immersion Pathways

Whole Body 3.4 x 10-4 4.10 x -

Dose limits specified by 1CFR100

Thyroid 300 rem

Whole Body 25 rem

(1) Doses in rem

I of 1 Amendment 2
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15.12 PRIMARY COOLANT LEAK WITHOUT HTS AND SCS COOLING (DESIGN BASIS EVENT

NO. 11)

Design basis event (DBE) No. 11 is a small primary coolant leak with a

subsequent loss of forced circulation which represents a unique challenge to

the function of removing core heat. Because of its threat to the continued

retention of fission products, it is considered in this section.

Section 15.12.1 briefly discusses leaks in the primary coolant boundary as

accident initiators, and summarizes the subsequent event sequence that forms

the basis of DBE-11. System responses considered in 15.12.2 include the

primary coolant pressure response and the core thermal response under

conditions of loss of forced coolant circulation. The implications of air

ingress to the function of controlling chemical attack and the extent of the

reaction of air with core and reflector graphite are considered. Circulating

activity and fuel body activity are considered as sources of activity release

from the reactor vessel. Analyses show that, despite the challenges of

DBE-11, the functions of controlling heat generation, removing core heat, and

controlling chemical attack are performed such that fission products are

adequately retained within the fuel particles. The resultant doses at the

exclusion area boundary (EAB) are found to meet 10CFR100 guidelines with

margin.

15.12.1 Identification of Causes and Event Sequence

Primary coolant leakage from the pressure vessel carries circulating activity

with it. A primary coolant depressurization imposes a transient on the Heat

Transport System (HTS) such that it may not be able to maintain the

capability to remove afterheat. If the Shutdown Cooling System (SCS)

subsequently fails to start on demand, a loss of forced circulation cooling

could result, in conjunction with the primary coolant leak, in raising the

potential for elevated core temperatures, in the release of fuel body

activity, and in air ingress. Numerous instrument and service system lines

penetrate the pressure vessel. A failure in any of these lines could cause a

primary coolant leak ranging in size from-barely detectable [2 x 10O4 sq cm

(3 x 0O5 sq in.)] to an offset rupture of the line.

15. 12-1
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In order to mitigate the effects of such leaks, pressure sensors are provided

to detect low-pressure levels. Upon detection, the affected module is

tripped. Depending on the size of the leak, the Helium Purification

Subsystem (HPS) can reduce the leakage from the vessel by pumping primary

coolant to storage.

In DBE-1l, the plant response to a primary coolant leak without HiTS and SCS

cooling is analyzed. This event sequence has a frequency in the design basis

region (see Figure 3.2-1) for leak sizes up to that of an instrument line

rupture. Thus, the area of an instrument line rupture is taken to be the

size of this leak. This DBE is bounding in terms of fission product release

when the loss of forced circulation cooling occurs at about 15 hours. The

event sequence analyzed is:

1. Primary coolant escapes through 0.32 sq cm (0.05 sq in.) area leak

near the top of the reactor vessel

2. Reactor trips automatically on low reactor pressure. Only the outer

reflector control rods are inserted

3. Primary coolant pumpdown to storage initiated automatically after

reactor trip on low pressure

4. HiTS fails 15 hours after initiating event

5. SGS fails to start on demand

6. Reactor Cavity Cooling System (RCCS) continues to operate

successfully; afterheat is removed by conduction and radiation to the

RCCS

7. Reactor Building systems function properly with the dampers opening

to relieve pressure

8. Primary coolant leaks from the Reactor Building and offsite dose

occurs

15.12-2
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15.12.2 Analysis of Effects and Consequences

15.12.2.1 Pressure and Temperature Transient

For a 0.32 sq cm (0.05 sq in.) leak, which is typical of the size of an

instrument line penetration through the primary coolant boundary, the primary

system undergoes relatively slow depressurization which challenges the

function of removing core heat. Figure 15.12-1 shows primary coolant

pressure as a function of time. Without operator intervention, the primary

coolant low pressure setpoint of 5.69 MPa (825 psia) for reactor trip is

reached in 2130 seconds. Following reactor trip, feedwater is ramped back to

15 percent of nominal. At 2240 seconds into the transient when the coolant

pressure is at 5.52 MPa (800 psia), pumpdown of helium inventory through the

HPS is started. Initially, the pumpdown is driven by differential pressure

between the primary coolant and the storage bank. However, when primary

coolant pressure decreases below about 2.93 MPa (425 psia) at 5300 seconds,

the HIPS pumps helium from the vessel. By the time the system pressure

approaches the atmospheric value, loss of helium inventory through the 0.32

sq cm (0.05 sq in.) leak is dominant over the removal by pumpdown.

Figure 15.12-2 shows maximum and average core temperatures during the event.

Core temperatures drop rapidly after the reactor trip, from 670'C (12380F) to

316 0C (600 0F), then increase slowly as the reduced pressure limits the

capability of the HTS to remove afterheat from the core. Average core

temperature exceeds 4550 C (850'F) at 15 hours, when all forced circulation

cooling is lost. Subsequently the core heats up slowly. Natural circulation

within the core is not effective under the low pressure conditions of 0.155

MPa (22.5 psia) existing at the time of HTS and SS failure. The core heat

removal function is then accomplished by conduction and radiation to the

RGCS. The TAC2D) code is used to perform thermal analyses of the

depressurized conduction cooldown accident, with the transient conditions

being modeled from 15 to 1000 hours after the initiating event. The TAG2D

thermal model and solution method are described in Section 15.1.4.

The core afterheat generation and removal rates are shown in Figure 15.12-3,

15.12-3
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where heat removal is in the radial direction. Most of the af terheat is

removed in the radial direction to the RCCS with very little heat being

removed axially. The overall heat removal exceeds heat generation after 180

hours at which time the system begins to cool down.

The maximum fuel temperature reaches a peak of 15530C (28280 F) approximately

120 hours after the initiating event. The peak temperature is experienced in

only a small fraction of the core as indicated in the isotherm plot at the

time of the peak core temperature (see Figure 15.12-4). After the initial

depressurization, the leakage from the reactor vessel is governed by the rate

of heatup of the gases in the vessel and by hydrostatic forces due to the

density differences between air and helium. The vessel leakage is

essentially terminated beyond 140 hours as the reactor core begins to cool.

15.12.2.2 Structural Response to Transient

The important components in terms of assuring public safety during accidents

are the reactor vessel, control rods, and core support structure. As the

core heats up during the conduction cooldown, the reactor vessel and

internals experience higher than normal temperatures. Under these

time-at-temperature conditions, the performance of the reactor vessel and

internals are discussed below in terms of their primary responsibilities

under accident conditions, which are to 1) facilitate afterheat removal,

2) maintain shutdown geometry, and 3) prevent major core oxidation. The

stress/strength ratios in the graphite decrease from their normal operating

values. No "safety-related" consequences are expected from this transient

for the fuel blocks. The maximum temperatures as a function of time are

shown in Figure 15.12-5 for the plenum elements and the control rods in the

outer reflector. The maximum control rod temperature is 10750C (19670F). It

is possible that the metal components of the control rods will experience

creep and consequent distortion. Creep rupture is not probable because of

the very low stresses. None of the possible damage adversely affects the

safe shutdown of the core and accomplishment of the heat-generation control

function. The neutron absorber compacts remain trapped in the graphite

control channel providing the negative reactivity for the shutdown of the

15.12-4
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core. The maximum temperatures as a function of time are shown in Figure

15.12-6 for the core barrel, upper plenum shroud, and core support

structure. The peak midwall reactor vessel temperature as a function of time

is shown in Figure 15.12-7. The maximum RCS air panel temperature is shown

in Figure 15.12-8.

As discussed in Section 5.2.2.5.4, the reactor vessel stresses remain within

allowables for the temperature conditions of this event, although the use of

SA-533B steel for the reactor vessel requires the extension of the

established design stress intensity, Sm) beyond its current limit of 3710 C

(700'F). Nil-ductility temperature requirements are easily met, since the

vessel becomes depressurized and remains above its operating temperature.

Vessel stresses due to static "deadweight" are well below allowables at the

peak vessel temperatures. Thus, the reactor vessel continues to perform its

functions of facilitating afterheat removal and preventing major core

oxidation.

The components of concern in the steam generator are the steam and feedwater

tubesheets and the cooling tubes. The stresses at the tubesheet,

tubesheet-barrel juncture, and at the barrel are well within allowables. The

feedwater tubesheet is least affected by the transient. The thickness of the

cooling tubes is more than adequate to withstand conditions imposed by this

event.

15.12.2.3 Inflow of Reactor Building Atmosphere

As the primary coolant depressurizes to between 2 and 1 atmospheres,

hydrostatic forces due to density differences between the reactor vessel

helium and the Reactor Building atmosphere contribute to the pressure

difference across the leak site. At about 1 atmosphere, hydrostatic forces

begin to cause the helium in the reactor vessel to be displaced by air,

challenging the function of limiting chemical attack. Hydrostatic

displacement of the helium through the 0.32 sq cm (0.05 sq in.) leak is a

slow transport process which lasts until 140 hours into the event. Beyond

140 hours, as the core region begins to cool, thermal contraction of gases in

the reactor vessel draws additional air into the vessel.
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At temperatures above 700'C (1300'F), oxygen reacts with graphite to produce

two moles of carbon monoxide per mole of oxygen. At temperatures below 700'C

(1300'F), the oxidation process produces a mixture of carbon monoxide and

carbon dioxide. However, since the CO reaction consumes twice as much

graphite per mole of oxygen, it is assumed, to be conservative, to be the

dominant reaction at all temperatures where oxidation is significant. Below

500 0C (9300F), the oxidation reaction is too slow to oxidize any additional

graphite, especially since the partial pressure of oxygen would be greatly

reduced because of prior oxidation at higher temperatures.

During hydrostatic displacement, the helium in the vessel is replaced with

air. For every mole of helium escaping, a mole of air replaces it. This air

reacts with the graphite producing twice as much O as oxygen consumed,

thereby lessening the amount of air that the vessel can contain. The result

is that during this time interval, 172 kg of air enters and 0.005 percent of

graphite mass in the core is oxidized. Complete consumption of the oxygen in

the air is assumed.

During thermal contraction in the reactor vessel, additional air is drawn

into the vessel and also reacts with the graphite. The temperature in the

core does not fall below 500'C (9320 F), where the oxidation rate is

insignificant, until 1000 hours after reactor trip. During this interval,

95 kg (210 lb) of additional air is ingressed, oxidizing another 0.003

percent of graphite mass in the core. Total graphite oxidation is less than

0.008 percent of the total graphite mass in the core and reflector. The O

reaction produces 9.3 x 106 J per kg carbon, thus adding 0. 12 MWh of heat

during the time of graphite oxidation. This additional heat is insignificant

when compared to the total afterheat load over this same time period. For

additional information regarding the reaction of air and graphite, see the

response to NRC Comment 15-10.

Most of the air entering the vessel reacts with the core graphite over a wide

surface area. In particular, the reaction is along the coolant channels in

the fuel and reflector blocks. The small fraction of total graphite mass

that is oxidized results in a negligible structural loss and would not affect
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safe shutdown and the ability to control heat generation and maintain

afterheat removal.

15.12.2.4 Radioactivity Release

Because of the challenge to the function of removing core heat, a conduction

cooldown accident subsequent to the failure of the primary coolant boundary
results in fission-product release and dose consequence. Fission products

are released from two sources: the primary coolant circulating activity and

the fuel body activity. Only a fraction of the activity in the primary
coolant loop is released during the initial depressurization since the
primary coolant pumpdown to storage is effective in reducing the release.
Specifically, 57 percent of the initial circulating activity, given in
Section 11.1, is released from the reactor vessel. The lift-off of plateout
activity is negligible for a leak of the small size considered in this

event. Fuel body activity is released slowly as the core heats up during the
conduction cooldown portion of this event. Upon completion of the initial

primary coolant depressurization and the core heatup phase, the core begins
to cool down and fission product release from the reactor vessel is
essentially terminated. The release from the vessel is into the Reactor

Building from which the fission products can be transported to the atmosphere

through the Reactor Building dampers or by leakage.

The fuel failure and fission product release and transport from the core are

analyzed using the SORS code which uses the models in the Fuel Design Data
Manual FDDM/E. The methods and models used by the SORS code are discussed in

Section 15.1.4.

The release of fission products can be attributed to failed particles with
exposed kernels, particles with failed silicon carbide (SiC) coating but
intact outer pyrolytic carbon (OPyC) coating, intact fuel particles, and
heavy metal contamination. The initial fission product release from the fuel
is from the heavy metal contamination that is present in the fuel rods and
from a small fraction of initially intact fuel particles that fail during
normal power operation prior to the accident. The rel ase from exposed
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kernels is inhibited by diffusion for both the metallic and gaseous fission

products. The particles with a failed SiC coating but intact OPyC coating

exhibit no additional resistance to metallic fission product release, but the

remaining OPyC layer inhibits gaseous fission product release. The intact

fuel particles retain the gaseous fission products but at high temperatures

above 1400'C (2550'F), release the more volatile metallic fission products by

diffusion through the intact SiC layer. At higher temperatures, a small

fraction of fuel particles begin to fail during the accident causing

additional fission product release.

The gaseous fission products and halogens are released directly to the

reactor vessel without significant attenuation through the fuel rod matrix

graphite and fuel element graphite. However, the metallic fission products

released from the fuel particles must diffuse through the fuel rod matrix and

the fuel element graphite to reach a coolant hole surface. Subsequent

metallic fission product transport is governed by evaporation, convection

along the coolant channel, and resorption in the cooler portions of the

core. Therefore, significant fractions of the small amount of metallic

fission products released from the particles are retained in the cooler

portions of the core and in the reflector graphite.

The cumulative curies released from the core as a function of time are shown

in Figure 15.12-9 for some of the important nuclides. The halogens, noble

gases, and other volatiles are released slowly from the core over a period of

hundreds of hours which allows significant decay of short-lived isotopes.

The total release from the fuel is small as essentially most of the fission

products are retained in the particles. Table 15.12-1 presents the total

fission product release from the core in curies.

The transport mechanisms from the reactor vessel consist of the initial

helium depressurization, hydrostatic displacement of helium, and slow thermal

expansion of gases during the heatup of the core. The amount of helium

released to the Reactor Building is analytically determined by integrating

the time-dependent mass balance equation that includes the time-dependent

rate of depressurization through the leak and the HPS pumpdown rate. The
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rate of helium depressurization as a function of time is determined by

assuming choked flow conditions at the leak site until the vessel pressure

reaches about two times atmospheric pressure. Beyond this time, the flow is

not choked and varies according to the pressure difference between the vessel

and the Reactor Building. Hydrostatic forces due to the density difference

between helium and air also contribute to the leak rate when the flow is not

choked. The time to depressurize the reactor vessel is found to be 20

hours. The circulating activities are released during the 20 hours of

initial depressurization. Beyond the initial depressurization, the transport

mechanisms from the vessel are slow thermal expansion and hydrostatic

displacement; these are virtually the only transport mechanisms available for

the fission products released from the core during the heatup. Beyond 140

hours, thermal expansion ceases and hydrostatic displacement is essentially

complete so that no additional fission product release from the vessel can

occur.

The decay and transport of fission products from the vessel to the Reactor

Building are evaluated using the TDAC code. The methods and models used by

TDAC are described in Section 15.1.4. The source activities include the

circulating activities and the fuel release as determined by the SORS code.

The cumulative curies released from the vessel as a function of time are

shown in Figure 15.12-10 for the important nuclides that contribute to dose.

Table 15.12-1 presents the total fission product release from the vessel in

curies for several important nuclides. The amounts of fission products

released to the Reactor Building are less than those released from the core

because of the lack of strong transport mechanisms out of the reactor vessel

once depressurization is complete.

The transport mechanisms from the Reactor Building initially consist of

depressurization through the building dampers, which open for 2.1 hours to

mitigate elevated pressure conditions, then reclose. Subsequent release from

the Reactor Building is governed by the building leak rate and the rate of

inleakage from the reactor vessel. During this period of slow release, the

Reactor Building provides cool surfaces for plateout, and fission product

holdup to allow time for gravitational settling and radioactive decay.

15.12-9
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Figure 15.12-11 shows the cumulative fission product release from the Reactor

Building in curies as a function of time.

15 .12 .2. 5 Environmental Consequences

The radioactive releases to the environment were obtained using the TDAC

computer code as described in Section 15.1.4.5. The resultant doses are

calculated using the methodology described in Section 15.1.4.8. Median and

95th percentile doses were assessed by statistically combining the

uncertainties in the releases from the plant with the uncertainties in the

meteorological model. The uncertainty factor in the releases from the plant,

ratio of 95th to 50th percentile, when combined with the uncertainty factor

of 10 for the meteorology, results in an overall uncertainty factor for the

thyroid dose of 9 as shown in Table 15.12-2.

As seen in the tables, retention of fission products within the HTGR coated

fuel particles is more than adequate to meet the dose limits of 10CFR100.

Comparing the calculated 95 percentile upper bound thyroid dose of Table

15.12-2 to the applicable 300 rem limit, a factor of more than 600 margin is

noted. Other doses show even greater margin.
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TABLE 15.12-1

CIRCULATING ACTIVITIES AND ACTIVITES RELEASED FROM CORE

BECAUSE OF ELEVATED TEMPERATURES AND THE ACTIVITY ACTUALLY

RELEASED FROM THE VESSEL (DBE-11)

Activities Available for Release (Ci)
Cumulative

Elevated Vessel
Nuclide Circulating Temi~eratures Total Release (Ci)

Kr-87 2.96 0.597 3.56 0.706

Kr -88 5.16 1.87 7.03 2.15

Rb-88 6.78-02 1.69-05 6.78-02 1.89

Mo-99 6.96-06 0.767 0.767 0.390

Ru-103 2.54-07 0.461 0.461 0.246

Sb-125 7.30-10 9.64-02 9.64-02 5.10-03

Te-127 1.14-04 42.2 42.2 3.46

I-131 1.79-02 135. 135. 65.8

Te-132 8.25-04 31.7 31.7 11.3

I-132 0.223 146. 146. 19.5

I-133 0.118 75.7 75.8 26.4

Xe -133 2.32 296. 298. 144.

I-135 0.191 11.8 12.0 3.95

Xe-135m 1.20 <1.0-06 1.20 1.40

Xe-135 3.49 25.4 28.9 9.24

Ce-144 4.22-08 1.85-03 1.85-03 7.55-04
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Sw , ~~~~~~~~~TABLE 15.12-2
DBE-11 30-DAY EAB DOSE ANALYSIS RESULTS()~

Median 95th Percentile

Inhalation Pathways

Thyroid 6.4 x 0 2 0.61
Lung 2.4 x 0- 1.9 x io-2
Bone 1.01 x 1 4 1.13 x -

Cloud Immersion Pathways
Whole Body 1.85 x 10 - 1.5 x 0o3

Dose limits specified by 10CFR100

Thyroid 300 rem
Whole body 25 rem

(1) Doses in rem
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15.13 ASSESSMENT OF LIMITING DESIGN CONDITIONS FOR "SAFETY-RELATED"

SYSTEMS, STRUCTURES, AND COMPONENTS

In this section, it is shown that for each of the design basis events (DBEs)

previously described in Sections 15.2 through 15.12, "safety-related"

systems, structures, and components (SSCs) alone would be sufficient to
perform the required functions that restrict radiological releases to levels

within the guidelines of 10CFR100. To demonstrate this, a set of analysis

parameters has been defined which includes the single or multiple failures

initiating each DBE along with the general analysis conditions identified in

Section 15 .1. Unlike the DBE analysis, however, it has been

nonmechanistically assumed that only the "safety related" SSCs respond to
mitigate these initiating events. Any mitigating effect of a system not
designated as "safety-related" has been ignored. The resultant plant

response has been analyzed and radiological consequences, if any, evaluated

for each event. The analysis parameters and conditions derived from the

above approach form the bounding "safety-related" design conditions (SRDCs)

for each affected "safety-related" SS0, as has been identified in Chapters 4
through 11. To confirm that the "safety-related" SSCs alone can perform the
required functions to meet 10CFR100, doses are calculated for the SRDCs that
are mechanistically derived from the DBEs. The mechanistic events that

correspond to the SRDCs are generally lower in frequency than the
corresponding DBEs, i.e., they are not expected to occur in the lifetime of
several hundred plants and can be considered as "beyond design basis events."

It should be emphasized that the analyses sumimarized in this section
generally do not reflect the expected plant response to any credible
challenge to the plant. The Standard MHTGR is designed to take full
advantage of the accident preventing and mitigating potential of all SSCs,

"safety-related" or not "safety-related". As described in the previous

sections, the DBEs are often terminated without any reliance on available

"safety-related" SSCs. The SRDC evaluations, presented in the following

subsections, are intended only to demonstrate the availability and
sufficiency of "safety-related" SSCs to perform the functions required to
limit radiological release to within 10CFR100 limits.
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15.13.1 Pressurized Conduction Cooldown (SRDC-1)

In this section, the loss of offsite power and turbine trip followed by

failure of the Shutdown Cooling System (SCS) to start, which forms the basis

for DBE-l, is reconsidered to show that the safety-related" SSCs are, by

themselves, sufficient to mitigate any releases to within levels that allow

compliance with 1OCFR100.

The turbine trip and subsequent failure of standby diesel-generators to start

results in a total loss of forced circulation cooling. The only difference

between SRDC-l and DBE-1 is that the reactor trips on high power-to-flow

ratio in the SRDC rather than on the main loop trip signal. The few seconds

delay in reactor trip does not affect the pressurized conduction cooldown

results presented for DBE-1 (see Section 15.2.2). Therefore, the transient

described by SRDC-l is the same as DBE-l.

The result of SRDC-1 is a gradual core heatup followed by a cooldown. The

Reactor Cavity Cooling System (RCCS) continues to remove afterheat by

conduction and radiation. Analysis shows that, despite the challenging

conditions of SRDC-1, the functions of controlling heat generation, removing

core heat, and controlling chemical attack are performed such that fission

products are retained within the fuel particles. Since the Reactor System

remains pressurized with the primary coolant boundary intact, no

radioactivity is released from the vessel, and no offsite dose occurs.

Therefore, 10CFRIOO guidelines are met at the exclusion area boundary (EAB)

for the short-term dose and the long-term dose.

15.13.2 Pressurized Conduction Cooldown Without Control Rod Trip (SRDC-2)

In this section, a Heat Transport System (HTS) transient followed by failure

to trip and insert control rods, which forms the basis for DBE-2, is

reconsidered to show that the "safety-related" SSCs are, by themselves,

sufficient to mitigate any releases to within levels that allow compliance

with 10CFRIOO.

15.13-2



HTGR-86-02 (

The conditions imposed by an HTS transient without control rod trip result in
a pressurized conduction cooldown if startup of the Shutdown Cooling System

is ignored. The SS is ignored because it is not a "safety-related" SSC.
The loss of forced circulation while the reactor remains near full power

results in a core temperature rise which, in turn, causes the reactor to
become subcritical with a consequent drop in power level. At 56 seconds

after the initiating event, the Plant Protection and Instrumentation System

(PPIS) releases the reserve shutdown control (RSC) material into the reactor
core as a result of the core power-to-circulator speed ratio being above 1.9
for more than 50 seconds. At that time, core power has already been reduced

to 33 percent by a negative reactivity of -0.19 percent Ak due to
temperature rise. Following insertion of the RSC material, the core power

drops rapidly as shown in Figure 15.13-1.

The first five minutes of this design condition are the same as DBE-2.

Beyond this time, startup of the SCS is ignored because it is not

"safety-related" so that no forced circulation cooling is available resulting

in a gradual heatup of the core and its surroundings (as in DBE-1). The RS
removes heat by radiation and conduction across the gap between it and the

reactor vessel. The gradual heatup of the core produces a peak maximum core
temperature of 12960C (23640 F) after 95 hours as shown in Figure 15.13-2.

The rapid initial heatup causes the system pressure to peak at 6.96 MPa (1009
psia), which is below the relief setting of 7.18 MPa (1041 psia), and slowly

decreases with time as shown in Figure 15.13-3.

Analysis shows that, despite the challenging conditions of SRDC-2, the
functions of controlling heat generation,- removing core heat, and controlling

chemical attack are performed such that fission products are retained

adequately within the fuel particles. Since the Reactor System remains

pressurized with the primary coolant boundary intact, no radioactivity is
released from the vessel, and no offsite dose occurs. Therefore, 10CFR100
guidelines are met at the EAB for the short-term dose and long-term dose.
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15.13.3 Pressurized Conduction Cooldown With Control Rod Withdrawal (SRDC-3)

In this section, the spurious control rod group withdrawal followed by trip

of the HTS and subsequent SCS cooling, which forms the basis for DBE-3, is

reconsidered to show that the "safety-related" SSCs are, by themselves,

sufficient to mitigate any releases to within levels that allow compliance

with OCFR100.

The conditions imposed by a spurious control rod group withdrawal followed by

trip of the HTS lead to a reactivity transient followed by a pressurized

conduction cooldown if startup of the SCS is ignored. The SCS is ignored

because it is not a "safety-related" SSC. The HTS provides initial cooling,

but fails to stay on line after the reactor trip on high power-to-flow

ratio. The transient described by SRDC-3 is identical to DBE-4 (Section

15.5.2).

SRDC-3 results in a 660C (118'F) rise in fuel temperature during the

reactivity excursion. Fuel temperature drops immediately after reactor trip

as the main loop circulator coasts down, and then goes through a gradual

heatup and cooldown characteristic of a pressurized conduction cooldown where

all forced circulation cooling is lost. The RCCS continues to remove

afterheat by conduction and radiation. Analysis shows that, despite the

challenging conditions of SRDC-3, the functions of controlling heat

generation, removing core heat, and controlling chemical attack are performed

such that fission products are adequately retained within the fuel

particles. Since the Reactor System remains pressurized with the primary

coolant boundary intact, no radioactivity is released from the vessel, and no

offsite dose occurs. Therefore, 10CFR100 guidelines are met at the EAB for

short-term dose and long-term dose.

15.13.4 Pressurized Conduction Cooldown With Control Rod Withdrawal (SRDC-4)

In this section, the spurious control rod group withdrawal followed by trip

of the HTS and failure of the SCS to start, which forms the basis for DBE-4,

is reconsidered to show that the "safety-related" SSCs are, by themselves,
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sufficient to mitigate any releases to within levels that allow compliance

with 10CFR100.

The difference between the spurious control rod group withdrawal events,

DBE-3 and DBE-4, is the failure of the SCS cooling to start in DBE-4.

However, since SRDC-3 and SRDC-4 both ignore cooling provided by the

"inonsafety-related" forced cooling systems, the analyses and conclusions for

SRDC-4 are identical to those for SRDG-3 discussed in Section 15.13.3.

15.13.5 Pressurized Conduction ooldown with Earthguake (SRDC-5)

In this section, the occurrence of a 0.3 g earthquake followed by main loop

trip and reactor trip and SS cooling, which forms the basis for DBE-5, is

reconsidered to show the "safety-related" SSCs are, by themselves, sufficient

to mitigate any releases to within levels that allow compliance with

10CFR100.

The conditions imposed by a large earthquake followed by trip of the HTS lead

to a pressurized conduction cooldown if startup of the SCS is ignored.

Startup of the SCS is ignored because it is not a "safety-related" SSC. The

reactor trips on high power-to-flow ratio rather than on the main loop trip

signal because that signal is not "safety-related" and, therefore, it is

ignored. Otherwise, the thermal and pressure transient described for DBE-1

is the same as for SRDC-5. The few seconds delay in reactor trip does not

affect the final pressurized conduction cooldown results presented for DBE-1

(see Section 15.2)..

SRDC-5 results in a gradual core heatup followed by a cooldown. Analysis

shows that, despite the challenging conditions of SRDC-5, the functions of

controlling heat generation, removing core heat, and controlling chemical

attack are performed such that fission products are adequately retained

within the fuel particles. Even with the large earthquake event, the reactor

is safely shut down, the RCS continues to operate, and the primary coolant

boundary is intact. No radioactivity is released from the vessel. No

offsite dose occurs. Therefore, 10CFR100 guidelines are met at the EAB for
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short-term dose and long-term dose.

15.13.6 Depressurized Conduction Cooldown with Moderate Moisture Ingress

(SRDC-6)

In this section, the steam generator tube leak which forms the basis for

DBE-6 is reconsidered to show that the safety-related" SSCs are, by

themselves, sufficient to mitigate any releases to within levels that allow

compliance with OCFRlOO.

The conditions evaluated for this SRDC include a 5.7 kg/sec (12.5 lbm/sec)

moisture ingress and initially pressurized but subsequently depressurized

loss of forced cooling. Reactor trip on outer control rods is provided by

high core power-to-flow ratio, as a result of the rapid increase in

reactivity due to moisture. Also, the RSC material is inserted and the main

loop is shut down in response to high primary coolant pressure. The RCCS is

effective in removing the decay heat. The endothermic heat of reaction of

the steam with graphite provides additional heat reduction, but was

neglected. The enhanced heat transfer due to the presence of steam was also

neglected.

Following the leak in the steam-generator, the resulting moisture ingress

into the primary coolant causes a rapid increase in primary coolant moisture

concentration and within a few seconds the moisture produces an increase in

core reactivity (0.196 percent Ak maximum). Because it is not "safety

related", the mitigating actions of the neutron flux controller are ignored.

Core power rises such that the PPIS reactor trip setpoint on high core

power-to-flow ratio of 1.5 is achieved at 8 seconds, at which time the outer

reflector rods are tripped. Figure 15.13-4 shows the reactor power during

this SRDC.

Although available, the moisture monitors are ignored because they are not

"safety related"; therefore, the leaking steam generator is not immediately

isolated or dumped. As the primary coolant pressure continues to increase,

the reserve shutdown control equipment (RSCE) is tripped at 326 seconds when
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the pressure reaches the setpoint of 7.0 MPa (1025 psia)2' The RSC material

is inserted into the core to maintain reactor subcriticality. At the same

time, the main oop is also shut down on high pressure. The main circulator

is tripped and the steam generator is isolated. About 1860 kg (4100 bm) of

steam enters the primary system prior to steam generator isolation.

Depending on the location of the leak, a large portion of the steam generator

inventory can subsequently enter the primary system, with as much as 2200 kg

(4850 bm) flashing to steam. The differential pressure that initially

drives the inleakage decreases with time, so that the ingress rate of steam

after isolation has been assumed to ramp from 5.7 kg/sec (12.5 lbm/sec) to

zero over about 13 minutes. Once pressure equilibrates, water may continue

to enter the primary coolant, but in the absence of a heat source it is

assumed to remain in the steam generator vessel as liquid. Therefore, the

water is unavailable to react with the core. Furthermore, due to the lack of

forced circulation between the steam generator vessel and the reactor vessel,

only the steam in the reactor and reactor plenumis (28 percent of the total

steam ingressed) is available to react with the core.

The primary coolant pressure relief valve opens at 370 seconds limiting

pressure to 7.18 MPa (1041 psia) and closes again at 393 seconds when the

pressure reaches 6.10 MPa (885 psia). After this, the relief valve opens one

or two more times. On all but the last valve opening, the valve closes

approximately 20 seconds later. On the last opening, the relief valve fails

open and the system depressurizes. The system is assumed to depressurize on

the last valve opening in order to maximize radiological dose consequences.

The loss of all forced circulation results in a slow heatup and cooldown of

the core. Before the system depressurizes, the natural circulation within

the core redistributes heat from the hottest portions of the core to the

cooler regions, thus enhancing the conduction and radiation heat transfer

from the core by distributing the heat over a larger surface area. After 100

hours, the heat removal rate exceeds afterheat generation and system

temperatures begin to decrease (Figure 15.13-5). The thermal transient of

the core is shown in Figure 15.13-6 for times to 300 hours. The core

temperature reaches a maximum of approximately 1540'C (2800'F) at 95 hr.

The radiological impact of SRDC-6 is due to: 1) the release of circulating

activity, 2) steam-induced vaporization and recirculation of plated-out
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activity, 3) release of a small fraction of the fuel activity due to the

temperature transient, 4) release of fission products contained in the matrix

and structural graphite that becomes oxidized, and 5) release due to the

hydrolysis of failed fuel. The recirculation of plateout and the hydrolysis

of failed fuel before the depressurization are the major contributors to

iodine and noble gas release. The cumulative number of curies released from'

the vessel as a function of time is shown in Figure 15.13-7 for the important

nuclides that contribute to dose. Dose to a receptor at the EAB is

calculated considering, mechanistically, the phenomena of plateout and

settling in the Reactor Building, radioactive decay, and atmospheric

dispersion.

Analysis shows that, despite the challenging conditions of SRDC-6, the

functions of controlling heat generation, removing core heat, and controlling

chemical attack are performed such that fission products are adequately

retained within the fuel particles. The potential median and 95th percentile

offsite doses resulting from the small amount of radionuclides that are

released are summarized in Table 15.13-1. As can be seen, the long-term

doses calculated at the EAB are only a small fraction of those allowed by

10CFR100.

15.13.7 Depressurized Conduction Cooldown with Moderate Moisture Ingress

(SRDC-7)

In this section the steam-generator leak and failure of forced circulation

which form the basis of DBE-7 are reconsidered to show that the

"tsafety-related" SSCs are, by themselves, sufficient to mitigate any releases

to within levels that allow compliance with the dose limits of 1CFR100.

The difference between the moisture ingress events DBE-6 and DBE-7 is the

failure of forced circulation in DBE-7. However, since the corresponding

evaluations of "safety-related" SSCs ignore cooling provided by the

"Inonsafety-related" forced cooling systems, the analyses and conclusions for

SRDC-7 are identical to those of SRDC-6 discussed in Section 15.13.6.
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15.13.8 Depressurized Conduction ooldown with Small Moisture Ingress

(SRDC-8)

In this section, the small steam-generator leak and failure of the moisture

monitors to detect this leak, which form the bases of DBE-8, are reconsidered

to show that the "safety-related" SSCs are, by themselves, sufficient to

mitigate any releases to within levels that allow compliance with the dose

limits of 10CFR100. The conditions evaluated for this SRDC include a steam

ingress of 0.045 kg/sec (0.1 lbm/sec) and initially pressurized but

subsequently depressurized loss of forced circulation. Moisture monitors

fail to detect the leak. Reactor shutdown and main loop shutdown are

initiated by the "safety-related" primary coolant high pressure trip.

The ingress rate for this condition is more than a factor of 100 less than

that considered in SRDC-6. The resultant lower water concentrations allow

less water to diffuse through the graphite to reach the fuel. Thus,

hydrolysis of failed fuel is less for this SRDC than for SRDC-6. Also, the

total moisture ingress is at least 1090 kg (2400 lbm) less than for SRDC-6.

Therefore, the total graphite oxidation is less than for SRDC-6. Other

sources of radionuclide release are about the same as SRDC-6. Therefore, the

dose consequences of SRDC-8 are bounded by the consequences of SRDC-6

described in Section 15.13.6. Thus, SRDC-8 results in acceptable releases

that meet 10CFRl00 dose limits at the EAB.

15.13.9 Depressurized Conduction Cooldown with Small Moisture Ingress

.(SRDC-9)

In this section the small steam generator leak and failure of the steam

generator dump valves to reclose, which form the bases of DBE-9, are

reconsidered to show that the "safety-related" SSCs are, by themselves,

sufficient to mitigate any releases to within levels that allow compliance

with the dose limits of 1FR100.

The conditions evaluated for this SRDC include a steam ingress of 0.045

kg/sec (0.1 lbm/sec) and initially pressurized but subsequently depressurized

loss of forced circulation. If the event mitigating actions of the
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"nonsafety-related" moisture monitor are ignored, then reactor shutdown and

main loop shutdown are initiated by the "safety-related" primary coolant high

pressure trip, and the analyses and conclusions for SRDC-9 are identical to

those of SRDC-8 in Section 15.13.8. If, however, as in DBE-9, the moisture

monitor is considered to trip the reactor and the main loop, and to initiate

a steam generator dump, but the dump valve fails to reclose, the Reactor

System would depressurize very slowly through the steam generator and the

dump valve. If the mitigating effect of the "nonsafety-related" dump

tank is ignored, then the slow depressurization is directly to the

steam-generator cavity.

The sources of radionuclide release are bounded by the sources described for

SRDC-8. The total moisture ingress is much less if the moisture monitors

work, so that oxidation of graphite and hydrolysis of failed fuel are less

than for SRDC-8. Other sources of radionuclide release are about the same as

for SRDC-8. The release rate of radionuclides from the primary system is

slower than for SRDC-8. Thus, the dose consequences of SRDC-9 are bounded by

the consequences of SRDC-8, which are bounded by the consequences of SRDC-6

described in Section 15.13.6. Therefore, SRDC-9 results in acceptable

releases that meet 10CFR100 dose limits at the EAB.

15.13.10 Depressurized Conduction Cooldown with Moderate Primary Coolant

Leak (SRDC-10)

In this section, the moderate primary coolant leak followed by reactor trip

and SCS cooling, which forms the basis for DBE-10, is reconsidered to show

that the "safety-related" SSCs are, by themselves, sufficient to mitigate any

releases to within levels that allow compliance with the dose limits

10CFR100.

The leak is selected at 81.9 sq cm (12.7 sq in.) located at the top of the

steam generator vessel corresponding to the pressure relief train. The leak

depressurizes the Reactor System in minutes. At 20 seconds on a low-pressure

signal, the reactor is tripped using the outer control rods. The HTS is

tripped soon afterwards on another even lower pressure signal and quickly
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coasts down to a no-forced-circulation condition. Since the SCS is not

"safety-related", it is ignored in this analysis so that no forced

circulation cooling is available to the reactor, resulting in a gradual

heatup and cooldown of the core and its surroundings. The RCCS removes heat

by radiation and conduction. The H-elitum Purification Subsystem (HPS) is

ignored since it is not "safety related" and, nevertheless, punmpdown of the

helium coolant would not be effective during the short time of

depressurization.

The thermal transient experienced by the core is shown in Figure 15.13-8,

which presents both the maximum and average active core temperatures over

time. The core temperature reaches a peak of over 1600'C (2912'F) in

approximately 80 hours after loss of forced circulation. Beyond this point,

the core heat-removal rate exceeds the core afterheat-generation rate

resulting in a slow cooldown of the core.

Radiological release during a depressurized conduction cooldown with moderate

primary coolant leak is attributed to the circulating activity, the liftoff

of a portion of the plated-out activity, and the release of some small

fraction of fuel activity. During the initial depressurization, most of the

circulating and liftoff activities are released. Release from the fuel

occurs during the gradual heatup of the core. The cumulative curies released

from the core as a function of time are shown in Figure 15.13-9. The

cumulative curies released from the reactor vessel as a function of time are

shown in Figure 15.13-10 for the important nuclides that contribute to dose.

Dose to a receptor at the EAB is calculated considering mechanistically the

phenomena of plateout and settling in the Reactor Building, radioactive

decay, and atmospheric dispersion.

Analysis shows that, despite the challenging conditions of SRDC-10, the

functions of controlling heat generation, removing core heat, and controlling

chemical attack are performed such that fission products are adequately

retained within the fuel particles. The potential median and 95th percentile

offsite doses resulting from the small amount of radionuclides that are
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released are summarized in Table 15.13-2. As can be seen, the long-term

doses calculated at the EAB are only a small fraction of those allowed by

lOGCFR100.

15.13.11 Depressurized Conduction Cooldown With Small Primary Coolant Leak

(SRDC-11)

In this section, the small primary coolant leak followed by reactor trip and

15 hours of HTS cooling, which forms the basis for DBE-11, is reconsidered to

show that the "safety-related" SSCs are, by themselves, sufficient to

mitigate any releases to within levels that allow compliance with the dose

limits of 1CFR100.

The leak size selected for analysis is 0.32 sq cm (0.05 sq in.), which

corresponds to the size resulting in the greatest release. The penetration

leak, located at the top of the reactor vessel, will depressurize the Reactor

System in 24 hours. At 35 minutes, on low-pressure signal, the reactor is

tripped using the outer control rods. Since they are not "safety related",

it is assumed that neither the HTS nor the SCS is available after reactor

trip to provide forced circulation cooling to the reactor, resulting in a

gradual heatup of the core and its surroundings. Since natural circulation

within the core is considered to be ineffective during depressurization, the

thermal transient of SRDC-11 is identical to that of SRDC-10. The RCCS

removes heat by radiation and conduction. Since it is not "safety related",

the HPS is ignored so that no pumpdown of the Reactor System is considered.

The thermal transient experienced by the core is shown in Figure 15.13-8,

which presents both the maximum and average core temperatures over time. The

core temperature reaches a peak of over 1600'C (2912'F) in approximately 80

hours after loss of forced circulation. Beyond this point, the core

heat-removal rate exceeds the core afterheat-generation rate resulting in a

slow cooldown of the core.

Radiological release during a depressurized conduction cooldown with small

primary coolant leak is attributed to the circulating activity and the
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release of some small fraction of fuel activity. During the slow

depressurization, both sources of fission products contribute to the

release. The cumulative curies released from the core as a function of time

are shown in Figure 15.13-11. The cumulative curies released from the

reactor vessel as a function of time are shown in Figure 15.13-12 for the

important nuclides that contribute to dose. Dose to a receptor at the EAB is

calculated considering mechanistically the phenomena of plateout and settling

in the Reactor Building, radioactive decay, and atmospheric dispersion.

Analysis shows that, despite the challenging conditions of SRDC-11, the

functions of controlling heat generation, removing core heat, and controlling

chemical attack are performed such that fission products are adequately

retained within the fuel particles. The potential median and 95th percentile

offsite doses resulting from the small amount of radionuclides that are

released are summarized in Table 15.13-3. As can be seen, the long-term

doses calculated at the EAB are only a small fraction of those allowed by

10CFR100.

15.13-13
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TABLE 15.13-1

SRDC-6 30-DAY EAB DOSE ANALYSIS RESULTS(')

Median 95th Percentile

Inhalation Pathways

Thyroid 0.37 3.8

Lung 0.11 1.59

Bone 0.030 0.402

Cloud Immersion Pathways

Whole Body 0.0044 0.045

Dose limits specified by 1FR100

Thyroid 300 rem

Whole Body 25 rem

(1) Doses in rem

1 of 1
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TABLE 15.13-2

SRDC-10 30-DAY EAB DOSE ANALYSIS RESULTS(')

Median 95th Percentile

Inhalation Pathways

Thyroid 3.03 x 0r2 0.36

Lung 1.16 x 0-3 9.55 x 10-3

Bone 1.02 x 0O4 3.09 x 10r3

Cloud Immersion Pathways

Whole Body 5.46 x 0O4 4.19 x 0r3

Dose limits specified by 1FRIOO

Thyroid 300 rem

Whole Body 25 rem

(1) Doses in rem

1 of 1
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TABLE 15.13-3

SRDC-11 30-DAY EAB DOSE ANALYSIS RESULTS(')

Median 95th Percentile

Inhalation Pathways

Thyroid .23 3.1

Lung 7.9 x 10O3 7.5 x 10r2

Bone 2.9 x 10O4 2.5 x 10r3

Cloud Immersion Pathways

Whole Body 1.08 x 0O3 8.8 x 0o3

Dose limits specified by 1CFR100

Thyroid 300 rem

Whole Body 25 rem

(1) Doses in rem

1 of 1 Amendment 2
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CHAPTER 16

TECHNICAL SPECIFICATIONS

Consistent with 1CFR50.34, proposed technical specifications will be

provided at the time of submittal of a Final Safety Analysis Report.

16.1-1
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CHAPTER 17

QUALITY ASSURANCE

17.1 QUALITY ASSURANCE FOR DESIGN

17.1.1 Purpose

The Standard Modular High Temperature Gas-Cooled Reactor (MHTGR) Program
defined in this Preliminary Safety Information Document (PSID) encompasses
the development of a Conceptual Design suitable for obtaining a licensability
statement from the NRC. The purpose of this section is to define the basic
Quality Program requirements as summarized below:

1. Identify the overall Quality Assurance Program requirements
applicable to the Standard MHTGR Program

2. Define the Plant Design Control Office (PDCO), Program Participant
(Prime Contractors), Subcontractor, and Department of Energy (DOE)
management responsibilities for assuring quality

3. Describe the general direction to be used for development of more
detailed QA programs by the PDCO, each Program Participant, and each
Subcontractor. organization

17.1.2Orazabo

The Standard MHTGR Program is DOE sponsored and is implemented in two
contract areas covering the Standard MHTGR Design and Technology Development
in support of the HTGR design. As such, the DOE has overall responsibility
for th following:

1. Establishing the program requirements from which each participating
organization has developed detailed implementing Quality Programs

2. Developing and coordinating interfacing QA requirements among
participating organizations

17.1-1 Am ndment 6
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3. Monit ring pr gram compliance by each program participant

Figure 17.1-1 provides the Standard MHTGR Program organization including 
the

relationship between the DOE- and .PDCO, Program participants, and

subcontracted organizations. DOE has designated the PDCO to implement the

DOE's Quality Assurance program responsibilities as defined in the DOE

General Order 5700.6A relative to the design aspects of the Standard MHTGR

program. DOE has responsibility for Technology Development and Idaho

National Engineering Laboratory.

17.1.3 uality Assurance Programu

"Safety-related" development activities shall come under a quality assurance

program that fully complies wiith appropriate criteria of Title 10 Code of

Federal Regulations Part 50 (CFR50), Appendix B. The basic requirements

and supplements of ANSI/ASME NQA-1 (as endorsed by USNRC Regulatory Guid(r

1.28, Revision 3) shall be implemented on activities 
that affect the quality

of the data produced in support of the "safety-related" functions). Those

aspects of the development activity that do not affect the quality of the

data produced shall have apprepriate basic requirements of NQA-l applied as

dictated by good engineering/laboratory practice.

Th design activities of the Standard MHTGR Program have been implemented 
in

accordance with DOE Order 5700.6A, which sets forth DOE policy and assigns

responsibilities for establishing, implementing, and maintaining programs of

plans and actions to assure quality achievemeflt in DOE programs. The order

defines quality assurance as those planied sad systematic actions necessary

to provide adequate confidence that a facility, structure, syst m, or

component will meet design requirements under all applicable service

conditions.

Consistent with the requirements defined by DOE Order 5700.6A, ANSI/ASME

NQA-1, "Quality Assurance Program Requirements for Nuclear Facilities", and

Addenda la-1983 shall be utilized as the principal way of complying with

App ndix B t 10CFR50. However, NQA-1 shall be mcodified as required with

R gulatory Guid 1.28, Revision 3.

17.1-2 Amendm nt 6
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ANSI/ASME NQA-1l .shall be supplemented by the following four DOE NE F2-10
sections:

L. NE:02-4.3.0 Management Assessment'

2. NE 031-lI-.3.2- Engineering Holds-

3. NE Q3-1,3.4 Design-Reviews

4. NE 03-1.3.5- Engineering Drawing Lists

Program participants and subcontractors may elect to use quality assurance
standards other than. NQA-l-, such as RDT. F2-2 and ANSI/ASME N45.2 series. Use
of these or other alternate standards, -or programs will be evaluated by the
PDCO to ensure that the above progrAm requirements are either met or 
exceeded. -

Based on the current scope of activities (Conceptual Design) for each program
participant and subcontractor, Table 17.1-1 shows the applicability of each
of the 1CFR50 Appendix B criteria to each organization.

17.1.4 Ipeetto

All Prog-ram. -Participants and subcontractors have developed their Quality
Assurance Programs consistent with the requirements identified in the QA
Program section above. All Program Participants and subcontractors have
systematically and selectively applied their approved Quality Assurance
Programs to all items and activities required to satisfy the needs of the
program and the scope of work defined by their contract.

The Quality Assurance program is being applied in a time phased manner. The
two phases are as follows:

Conceptual (PSID)

Prel1iminary/Final (PS SAR/FS SAR)

17.1-3 Amendment 6
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Application of the Quality Assurance. Program to each item or activity shall

be phased consistent with ~:the` schedule for- -accomplishirfg the item or

activity. The extent of application, to- each item or aciIv4~iy shall be in

accordance with the PDCO approved classifications that are, to-be determined.

Each design organization shaIidentify- to the:--PDG&-. the' -Technology

D velopment and SSC design. which will be,,-covered by theI full QA program

during Conceptual Design. Each design organization shall submit- to the PDCQ

th ir QA programs which are to be used-to achieve good. engineering practice.

For the Preliminary/Final phases. (PSSAR/FSSAR), the:-full Qual'ity Assurance

program shall be applied by all pr7ogram pArticipants&-and subcontractors. The

PDCO will issue instructions, and guidelines, -ad perform reviews of the

participants' implementing. Q- programs ._at-.the -be-ginning * of the

Preliminary/Final phase. The PDCO wrill also review audit results and

initiate corrective action as necessary. -

Program Participants and subcontractors-,,shall. identify- QA -requirements for

all items and activities at the earliest practicable-.time to ensure correct

and appropriate implementation ~of their Quality .AKsaurance Programs.

Activities considered by each Program Participant and subcontractor includ

but are not limited to the following:.

1. Data collection, designing, and testing of components,:--systems, and

structures

2. Acquisition of technology development and demonstration data

3. Licensing and certification of systems, structures, components, and

processes

4. Preparing, reviewing, approving, and distributing. technical data and

documents, including studies, analyses, calculations, conceptual

drawings, computer codes, test plans, and reports

17.1-4 Amendm nt 6
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.TABLE.17.1..1.

~:AP ICABILII'Y OF.IOCFR50O, APPENDIX B CRITERIA TO
_RGR PARTICIPANTS AND,.SUB ONTR~ACTED ORGANIZATIONS

APPENDIX B 
IE

CRITERIA PDCO -.. ORL GAT 'CE GE 7,,,GCRA SIJEC BI (G
Tech Des

a . I -X 

X

1 ~ ~ ~~~ ~ X X X X X 

2 ~~ ~X X ,X. X. X X XX

3 X., ~ X X X X X X X X X

56 X X- X X X X X X

6 ~ x X :.. .XX X X X X X

8 X X

9 X X

10 X*X

11 X X

12 X X

1 of 2 Amendment 6
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TABLE 17.1-1 (cont)

APPENDIX B 
INEL

CRITERIA PDCO OVNL GAT CE GE G9M_ swEc BNI G)

Tech Des.

13 X X

14 X X

15 X X

16 X X X X X X X X X X

17 X X X X X X X X X x

18 X X X X X X X X X X

Note:

Tech -Technology Development

Des - Design

2 of 2 Am ndment 6
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DISCLAIMER

This report was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the United States Depart-
ment of Energy, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or
s rvice by trade name, mark, manufacturer, or otherwise, does not neces-
sarily constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The views and opinions
of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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R -1

Comment: Miscellaneous items:

(1) The report on "Safety Related SS~s", H-TGR-86-088 and the

"Emergency Planning Basis Document" will be transmitted to

NRC by DOE in February, 1987.

(2) The staff will respond to the "Top-Level Criteria" document,

HTGR-85-002, after DOE responds to the staff's Question 13.

Response: (1) The documents have been transmitted to the NRC as scheduled.

(2) Staff Question 13 on HTGR-85-002 was addressed in Rev. 2 of

HTGR-85-002, October 1986. Criteria from 4CFR190.10 have

been added to the Top-Level Regulatory Criteria.

R -1-1

Amendment 1
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R G-2

Comment: It was agreed that David Moses from ORNL will spend several days

at AT offices performing a detailed review of reactivity

calculations and physics analysis methodology for NRC as part of

our assessment of the MHTGR.

Response: A meeting was held at the GA offices on February 9 and 10 with A.

Baxter, and R. Lane, from A's Nuclear Engineering Branch; D.

Mathews from A's Engineering Development computation group; and

David Moses of ORNL.

A detailed review of A's MHTGR physics and core reactivity

analyses was conducted during this meeting. Specific items

covered included A's experimental data base for neutronic

calculations; temperature coefficient and control rod worth

analysis for the MHTGR and uncertainties associated with these

calculations; MTGR power distribution calculations; water ingress

reactivity evaluations for the MTGR core; and the physics methods

and models used for the MHTGR neutronic analysis.

R -2-1

Amendment 
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R G-3

Comment: DOE proposes to determine mechanistically the siting suitability

source -term by using fission product release fractions developed

from an accident spectrum determined from PRA and risk goals

rather than the time-dependent release based on TID 14844 used in

Fort St. Vramn and larger HTGR designs.

Response: The comment is correct.

R G-3-1

Amendment 1
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R G-4

Comment: Identification of Systems, Structures, Components Important to

Safety

From our review to date of the MHTGR PSID, and as discussed at the

subject meeting, it appears you are proposing that only those

portions of the design which are necessary to maintain off-site

releases less than the 1CFR100 dose guidelines be given a safety

classification. No other plant systems, structures or components

are proposed as having any safety classification or as being items

over which NRC should have regulatory jurisdiction. It does not

appear that this approach is consistent with NRC's mission to

protect public health and safety. The NRC regulations contain

many other requirements besides 10CFRlOO dose guidelines

considered necessary for the protection of public health and

safety (for example the dose requirements of 1CFR20 and many

portions of 1CFR50) which are independent of reactor type.

Features of the design necessary to comply with these other

requirements are items over which NRC has traditionally had

regulatory jurisdiction via approval of the design and design

requirements, inclusion of Technical Specifications and inspection

and oversight. A similar approach in the review and licensing of

the MHTGR would seem appropriate, unless justification can be

provided for proceeding otherwise.

To illustrate the above concern consider your proposal to classify

the primary system moisture monitor and steam generator dump

portion of your Plant Protection and Instrumentation System (PPIS)

as non-safety grade. The rationale given was that moisture

ingress events do not lead to releases of radioactive material

which exceed 1CFR100 guidelines; therefore, automatic dump of the

steam generator water/steam inventory following a moisture ingress

event is not considered a safety function. Accordingly, that

40, ~~portion of the PPIS relat d to primary system moisture monitoring

R G-4-1
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and steam generator dump is classified as non-safety. How ver,

without automatic plant shutdown and steam generator dump, it

appears off-site doses from the plant could exceed 10CFR20 limits

and 1CFR50 Appendix I guidelines for anticipated operational

occurrences involving water ingress. Therefore, to adequately

protect public health and safety we believe that the primary

system moisture monitoring and steam generator dump should be

governed by the provisions of Appendix I to 1CFR50 and 10CFR20.

In consideration of the above, it is requested that you reconsider

your recommendation with respect to the safety classification of

systems, structures and components. Specifically, please discuss

the basis by which you classify each MHTGR system, structure and

component, including how it is ensured each applicable NRC

regulation is complied with. It should be noted that this same

fundamental issue was discussed in my February 9, 1987 letter to

you as it related to the development of Principal Design Criteria

for the MHTGR.

Related to the above is the issue of utilizing, where practical,

applicable guidance in the LWR Standard Review Plan, Reg Guides,

NUREG Reports and other NRC documents in defining the MHTGR design

and design requirements. Such an approach is consistent with the

Commission's Policy Statement on Advanced Reactors (51 FR 24643,

dated 7/8/86) and will ensure that existing applicable guidance

developed and matured through years of application and experience

are utilized in the HTGR. Again this was discussed in my

February 9, 1987 letter to you as it related to the development of

Principal Design Criteria; however, I want to emphasize the

importance of building upon what has already been developed,

applied and understood. En particular, for MHTGR systems and

components that have a counterpart in LWRs (in function and in

importance to safety), and for which the counterpart LWR systems

are governed by existing regulatory requirements, the governing

regulatory requirements should either be adopted or justification

R G-4-2

Amendment 2
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provided as to why they have not been adopted. The staff' s review

plans for the MHTGR were developed assuming that those features of

the MHTGR common to LWRs would make use of applicable LWR criteria

and standards. If this turns out not to be the case then

additional review time may be necessary.

Response: We agree that the NRC has regulatory jurisdiction over all design

selections required to meet all the Top-Level Regulatory Criteria

(Ref. 1), which identifies proposed dose criteria from 1CFR20 and

10CFR50 Appendix I, not just 1CFR100, to assure protection of the

public health and safety. However, we believe that showing that

the design meets 1CFRIOO and the Protective Action Guide limits

for all Design Basis Events and Emergency Planning Basis Events

deserves special attention at this stage of the design.

We recognize that the other dose criteria and the design

selections made to meet them eventually must also be reviewed by

the NRC as a part of the longer term licensing process. For

example, operating parameters affecting doses for Anticipated

Operational Occurrences can be controlled by Technical

Specifications. In general, the requirements and design

selections supporting these other Top-Level Regulatory Criteria

will be developed in detail as the design progresses.

Nevertheless, even at this design stage the PSID identifies

radionuclide control functions to meet all of the Top-Level

Regulatory Criteria and describes all systems and subsystems

having radionuclide control functions.

With regard to building on the LWR regulatory bases, in PSID

Amendment 1 we have reviewed the LWR General Design Criteria and

committed to review the extent to which the MTGR design is

capable of meeting the intent of 1CFR Regulations and the

Regulatory Guides as each chapter is reviewed.

R G-4-3

Amendment 2
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As also discussed in PSID Amendment 1, we plan to address by

mid-summer all NRC-identified TMI action items, unresolved safety

issues, and generic safety issues which are relevant to the design

at the level described in the PSID. We propose addressing items

related to detailed design, construction, management, and

operating procedures at an appropriate stage in the design

development and provide that information in the PSSAR or FSSAR as

appropriate.

It is fully our intent to comply with the Advanced Reactor Policy

in which "Advanced reactor designers are encouraged as part of

their design submittals to propose specific review criteria or

novel regulatory approaches which NRC might apply to their

designs." In addition, we will utilize and build on existing LWR

regulatory requirements and guidance that are appropriate to MTGR

systems and components that have counterparts having similar

radionuclide control functions in the LWR. As the design and

regulatory review progresses, we will identify for each structure,

system, and component which regulations and codes or portions

thereof have been applied.

In response to Comment .3-1 on the review of LWR GDC, we have

committed to reaching a mutually agreed definition of "important

to safety" in terms of the quantitative Top-Level Regulatory

Criteria. Our reconsideration of equipment classification is

related to that response and will be submitted with it at a later

date.

In summary, we have to date concentrated on plant response to

accidents; we do not intend to neglect the other Top-Level

Regulatory Criteria and will address them as required as the

design develops and NRC's review proceeds.

R -4-4
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References:

1. U.S. Department of Energy. Top-Level Regulatory Criteria for the Standard

HTGR. HTGR-85-002, Rev. 2, October 1986.
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R G-5

Comment: Operator Functions:

It is DOE's position that the human operator functions are not a

safety function. Accordingly, it must be demonstrated that it is

not necessary that the operator be available to serve as a line of

defense against single or other type of equipment failures, to

confirm plant response, to communicate plant status to offsite

personnel and to initiate recovery action. It is our view that

such a demonstration would require demonstrating that all MHTGR

failure modes, scenarios, and initial conditions are known and

that the plant safety characteristics will perform as designed.

Without plant operating experience to support such a demonstration

it is not clear that such a case can be made.

Therefore, it is our view that the MHTGR design should make pro-

vision for an accessible and habitable safety grade shutdown area

(main control room or remote shutdown area) until such time as the

above can be demonstrated. Accordingly, the proposed elimination

of the manual scram as a safety function, the role of operators

following an earthquake, the need for operator capability for

response to unplanned situations and remedial actions, and the

safety classification of equipment available to the operator to

assure that safe shutdown is achieved and maintained should be

discussed and justified in light of the above.

Response: The operator has functions related to a wide spectrum of require-

ments. The MHTGR safety approach has been to design in such a way

that no operator role is required under any Design Basis Event

(DBE) or Safety-Related Design Condition (SRDC) to meet the Top-

Level Regulatory Criteria. As discussed in detail below, the

plant is also designed to be insensitive to incorrect operator
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actions. In this way, the operator is not relied upon as a line

of defense. Thus, by limiting his role, it is not necessary that

the equipment and buildings he generally uses, namely the control

room, be made "safety-related." Nevertheless, a habitable loca-

tion, designated the Remote Shutdown Area see response to comment

G-6(6)] within a structure designed to withstand design-basis haz-

ards intensities is provided for rare events, lower in frequency

than the DBEs, from which he may take actions. From this loca-

tion, the operator has the capability to respond to unplanned

situations and utilize the PPIS to ensure safe shutdown.

Clarification of the automation strategy and the operator's role

is provided as an amendment to PSID Section 13.2 as part of the

response to G-6(5).

As shown in the PSID and Probabilistic Risk Assessment, assurance

that the design is sufficiently simple and passive that the oper-

ator's role can be minimized is a key objective of the MHTGR pro-

gram. It is the MHTGR programs contention that sufficient assur-

ance is available at this conceptual design stage to continue on

this approach.

Assessment of MHTGRs Insensitivity to Incorrect Operator
Act ions

The MHTGR design approach to safety is to meet the lower Protec-

tive Action Guidelines at the 425-in site boundary without the need

for operator actions or powered active systems. In addition, the

design shall be insensitive to incorrect operator actions. The

design has been systematically reviewed to determine its capa-

bility to meet this requirement. The initial effort during the

conceptual design phase has focused on those incorrect operator

actions that can challenge the functions to retain radionuclides

in the fuel particles, as this affects the fundamental concept

configuration and design selections.
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The three major sources of fission products are: (1) the reactor

core; (2) radionuclides in process systems such as the steam,

feedwater, and condensate system; and (3) radiation stored in gas,

liquid, or solid waste systems. As noted above, the initial study

to address incorrect operator actions has focused on retaining

radionuclides in the core since the largest activity source is the

reactor core. Initial assessments indicate that there are no sig-

nificant challenges to other areas and the potential release from

any other single source will not exceed PAGs at the EAB. The ini-

tial review is consistent with the safety philosophy of the MHTGR,

which has been to place primary reliance on achieving the function

to retain the radionuclides in the fuel particle itself.

It should also be noted that although the incorrect operator

actions considered have not specifically included willful actions

or sabotage, the ultimate passive safety capability inherent in

the MHTGR provides a large degree of confidence that the health

and safety of the public will not be jeopardized under such

circumstances.

The systematic design approach in developing the MHTGR has been to

identify those functions required to meet utility and regulatory

requirements and provide appropriate design selections to meet the

requirements.

The functions required to retain radionuclides in the fuel parti-

cles are shown schematically in Table R G-5-1. The MHTGRs passive

design selections retain radionuclides in the ceramic fuel parti-

cles even under extremely low probability events which include

extreme temperature and oxidation conditions. As identified in

the figure, there are only three basic functions that are required

to maintain acceptable temperature and oxidation conditions.

These are (1) remove core heat, (2) control heat generation, and

(3) control chemical attack. The potential consequences of
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incorrect operator actions that could challenge these functions

are shown under each function along with the closest equivalent

Licensing Basis Event which bounds the consequences of the incor-

rect operator action.

The MHTGR materials, core power level, power density and annular

core geometry have been appropriately selected such that the func-

tion to remove core heat can successfully be accomplished without

powered reactor systems operator actions, and it is insensitive to

incorrect operator actions. There are three systems that can per-

form the function to remove core heat: (1) Heat Transport System

(HTS), (2) Shutdown Cooling System (SCS), and (3) Reactor Cavity

Cooling System (RCCS). As indicated in the figure, representative

incorrect operator actions that can challenge the function to

remove core heat are to inhibit HTS or SCS operation. Even if

both these active systems are lost, the function to remove core

heat can be successfully accomplished by conduction, convection,

and radiation heat transfer to the passive RCCS that is continu-

ously operating. The RCCS is insensitive to incorrect operator

actions as it has no active components or valves. Partial block-

age does not impair the RCCS cooling performance. Analyses show

that core cooling by conduction, convection, and radiation can

successfully accomplish the heat removal function. In addition,

the ultimate passive feature capable of performing the function

and clearly inmine to incorrect operator actions is the ability to

remove core heat by conduction cooldown to the surrounding build-

ings and ground. Even under this hypothetical event, the PAGs are

not exceeded at the EAB.

The function to control heat generation is normally accomplished

by two, redundant, diverse, and independent shutdown systems via

the control rods and the reserve shutdown system (B4C pellets).

In addition, in the event of failure of both systems, a large

negative power coefficient (dominated by a prompt temperature
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coefficient) is designed into the MHTGR core. As indicated in the

figure, the incorrect operator actions that can challenge the

function to control heat generation consist of either an inhibit

of a reactor trip when needed or inadvertent insertion of positive

reactivity by withdrawing control rods. However, the function to

control heat generation is insensitive to incorrect operator

actions as ultimately the large negative temperature coefficient

can by itself perform the function to control heat generation.

The power coefficient is negative under all conditions. Analyses

have shown that withdrawal of all rods, loss of forced cooling,

and large water ingress events (which add reactivity) without

reactor trip do not result in excessive temperatures. There are

no large radionuclide releases from the fuel particles. Hence

this passive feature is designed to perform the function and is

immune to incorrect operator actions. Even under these hypotheti-

cal events, the PAGs are not exceeded at the EAB.

The function to control chemical attack in the MHTGR design is

accomplished by an inert coolant, by enclosure in a passive steel

reactor pressure vessel and ultimately by stable ceramic core com-

ponents which preclude any internal energetic chemical reactions

in the reactor vessel. Any potential for chemical attack is due

to ingress such as water and air from external sources due to

leaks in the passive primary coolant boundary. As shown in the

figure, the incorrect operator actions that can challenge the

function to control chemical attack are to inadvertently cause air

or water ingress or to inhibit vessel relief. It should be noted

that air or water ingress require failure of a passive pressure

boundary. Analyses of water and air ingress events with no forced

core cooling show that potential chemical attack is limited and

the integrity of the fuel particles are not challenged. Chemical

attack is inhibited by the ceramic fuel, nuclear-grade graphite

components and a core geometry that inherently limits the rate of

chemical attack. Hence, passive features designed to perform this
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function are immune to incorrect operator actions. Even under

these hypothetical events, the PAGs are not exceeded at the EAB.

In slary, the initial systematic study concludes that the MHTGR

design is insensitive to incorrect operator actions and public

safety is assured by passive features and inherent characteristics

of the MHTGR design.
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TABLE R G-5.-1

SCHEMATIC ASSESSMENT OF MHTGRs INSENSITIVITY TO INCORRECT OPERATOR ACTIONS

Functions Required to, COTO EAOTOLCEIA
Retain Radionuclides RMV OTO ETCNRLCEIA
in Fuel ParticlesCOEHAHATTAK

Trip HTS Control Rod Bank Withdrawal Cause Air Ingress
(AOO-1) (AOO-3) (DBE-1O)

Potential Consequences of
Incorrect Operator Trip HTS and SCS All Rod Withdrawal Cause SG Leaks - Water Ingress
Action (Closest (DBE-1) (App. G.1.2) (EPBE-1)
Equivalent Licensing
Basis Event) Block Of f RCCS Inhibit Reactor Trip Inhibit Vessel Relief

(App. G.2) (App. G.1.1) (App. G.4)

Passive Feature Designed Conduction Large Negative Temperature Limmited Oxidation Rate of
to Perform Key Function Cooldown to Coefficient Ceramic Fuel and Nuclear Grade
Which is Immune to Surroundings Graphite. Restricted Air Flow
Incorrect Operator Pass ages
Action

R G-5-7

Amendment 10



HTGR-86-024

R G-6

Comment: Documentation of Presentation Material:

Additional material pertaining to Chapters 7 and 8, together with

material pertaining to other sections of the PSID, were presented

in the form of view-graphs and in oral response to questions. The

following specific items are to be documented.

R G-6(1)

Comment: DOE stated that it believes that the protection and control

systems are completely separate and independent in the MHTGR

design and that no sensory equipment, including neutron detectors,

are shared between protection and control systems. DOE will

confirm this statement and justify any exceptions.

Resvonse: As required by Utility/User requirements, the protection system is

completely separate and independent from the control system in the

MHTGR design. Plant Protection and Instrumentation System (PPIS)

trips and information are communicated to the Plant Control, Data

and Information system (PCDIS) via unidirectional isolators in

order for the PCDIS to performa appropriate adjustments to the

operation of the plant following PPIS trips, and for display in

the control room. However, the PPIS does not rely on the PCDIS to

perform any PPIS actions. This is consistent with the common

practice at most U.S. nuclear power plants of forwarding PPIS

information to the PCDIS to adjust the response of the plant

following PPIS trips. No sensory equipment, including neutron

detectors, is shared between the PPIS and PCDIS in the HHTGR.
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R G-6(2)

Comment: The times available before safety related trip actions were needed

were given in a table for several postulated, low probability

accidents. The table will be revised to present these postulated

accidents in terms of the accident descriptions and assumptions

given in Chapter 15 or in the PRA and the times will be

reestimated for protective action guideline limits. The much

shorter automatic protection initiation times should also be

documented in the revised table.

Response: The revised table is attached. It should be noted that the intent

of the table is to illustrate the large safety margins in the

MHTCR by summarizing a systems engineering review of "unprotected

plant transients." The listed times available for protective

actions are not the time that it will take to accomplish

protective actions, but rather it is the time that would be

available before any protective action would be necessary. The

MHTGR design will accomplish the necessary protective action early

within the time available.

The table has four columns. The first of these columns provides a

brief description of several illustrative accident scenarios in

which automatic response (either reactor trip or main loop

isolation) is required. For each accident scenario in the table,

the second column lists either the LE designation given in the

PSID or the event sequence designation given in the PRA. The

third column shows the time available for the automatic action to

occur before any resulting release might cause off-site doses in

excess of OCFR100. Finally, the last column on the right lists

the lapse between onset of the upset and the time at which the

automatic action is expected to occur.

R G-6(2)-l
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For the items available for reactor trip, the one and a half days

listed in the table is based upon xenon decay. After this time

the loss of xenon poisoning results in additional heat generation

and a further rise in core temperatures. For the times available

for main loop isolation the approximate value of one half day is

based upon the time at which hydrolysis of U02 in defective

particles could begin.

Because of the generally conservative, approximate nature of these

estimates, the differences in time available for automatic

protective actions, relative to 10CFR100 and the PAGs, are not

meaningful.

R G-6(2)-2
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TIME AVAILABLE BEFORE nSAFETY-RELATED" ACTIONS ARE REQUIRED

SCENARIO PSID/PRA TIME AVAILABLE TO TAKE TIME AT WHICH ACTION
DESCRIPTION DESIGNATION ACTION TO MEET OCFR100 IS DESIGNED TO OCCUR

Control Heat Generation Reactor Trip Reactor Trip
Pressurized
Rod Withdrawal w/o Forced DBE 4 - 1-1/2 days - 1.7 minutes

Cooling
Depressurized

Loss of Forced Cooling EPBE-3 - 1-1/2 days - 10 seconds
Rod Withdrawal w/o Forced Beyond LBE/RW-AH - 1-1/2 days - 10 seconds

Cooling

Control Chemical Attack Main Loop Isolation Main Loop Isolation

Small Moisture Ingress Rate AOO-4 > 1/2 day - 6.5 minutes
Large Moisture Ingress Rate DBE-6 > 1/2 day - 22 seconds
Large Moisture Ingress Rate EPBE-1 > 1/2 day 5.2 minutes
without Moisture Monitor

Detection
Large Moisture Ingress Rate Beyond LBE/MS-CD - 1/2 day - 22 seconds
Without Reactor Trip*

*Assumes plant continues to operate and -maintain load
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* R G-6(3)

Comment: Locations and descriptions of Plant Protection and Instrumentation

System (PPIS) equipment, as presented in view-graphs, will be

documented.

Response: Locations and descriptions of Plant Protection and Instrumentation

System (PPIS) equipment, as presented in the viewgraphs, is

documented in PSID Figure 7.2-5. Shown on this figure is a

pictorial summary of the PPIS equipment located in the "Remote

Shutdown Area" and "PPIS Equipment Room."

A separate "PPIS Equipment Room" for each reactor module is

located in the Reactor Building, Elevation (-)23'-O". This is

shown as the "Electrical Area" on PSID Figure 6.1-4. Each PPIS

Equipment Room contains "safety-related' equipment for its

corresponding reactor module. It is designed to structurally

support and protect from damage the "safety-related" equipment

contained inside for all "safety-related" design conditions.

One Remote Shutdown Area (RSA) for all four reactor modules is

located in the Reactor Service Building, Elevation (-)5'-O". This

is shown as the "Remote Shutdown Panel Room' on PSID Figure

6.1-4. The PPIS operator interfaces for each of the four reactor

modules is located in this room. While the PPIS equipment located

in the Reactor Service Building is not itself "safety-related",

the Reactor Service Building is designed to structurally support

other "safety-related" equipment contained inside for all

1safety-related" design conditions.
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R G-6(4)

Comment: Information on view-graphs that identified LWR and IEEE criteria

that the safety protection subsystem will "meet the intent of"

will be documented. The exceptions taken to IEEE 603 will be

documented with justifications (e.g., non-safety manual scram).

Response: LWR General Design Criteria which the MHTGR design "meets the

intent of" have been documented in the response to NRC question

G.3-1 in PSID Amendment 1.

IEEE criteria which the Safety Protection Subsystem are designed

to meet are documented in PSID Section 7.2.1.

Exceptions to criteria in IEEE-603 are documented in PSID Section

7.2.1.3 which has been amended accordingly.

Manual reactor trip initiation is not required to meet 10CFR100

dose criteria for any of the LBE's as described in PSID Chapter

15; therefore, the manual trip function is not "safety-related."

The MHTGR design bases will be documented as an integral part of

the MHTGR design documentation structure.
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R G-6(5)

Comment: Information presented pertaining to automatic plant control,

including operating crew shift size, control room location,

development of software, and the development and use of a

simulator for operator task analysis will be documented. We

suggest that DOE consider development of a Chapter 18 that would

address SRP 18, "Human Factors Engineering." The information to

be documented should discuss the role of the operator and

automatic systems for normal operation and off-normal situations,

the basis for the shift size, how the validity of software will be

assured (consider R.G. 1.152), the available background that

justifies the use of automatic control systems in nuclear power

plants (including experience potentially available from the

aerospace industry), and justification for not including automatic

control as a topic in the Technology Development Plan.

Response: Most of the PCDIS information presented at the meeting was taken

out of the PSID as noted below. In some cases the PSID material

was expanded for clarification and these clarifications have been

included in amendments to the PSID. The DOE is considering

development of a Chapter 18; however, the chapter would be

included in the PSSAR and not in the PSID. The following

identifies the location of the presentation material and

clarifications (as amendments) within the PSID, where applicable.

Figures From Presentation Location in PSID

o Summary Description of Figure 7.3-5

Architecture

o PCDIS Integrated Control Overview Figure 7.3-1

R G-6(5)-l
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o PSCS Functional Block Diagram Figure 7.3-2

(simplified version of Fig. 7.3-2) (Minor modif ication made

based on presentation

material regarding reliable

computer configuration)

o Control Room Layout and Operator Figures 7.3-3 and 7.3-4.

Workstation (Minor modification made to

Figure 7.3-3 based on

presentation material

regarding reliable computer

configuration)

o Control Room Location Figure 6.2-13

o General PCDIS Description Section 7.3

o PSCS Design Selections Sections 7.3.1.1, 7.3.1.2,

7.3.1.4 and 7.3.1.5.

Section 7.3.1.4 has been

amended to indicate a

reliable computer system

configuration and the

capability for real-time

information display to the

operator.

o Operating Crew Section 7.3.1.4.1 under

subheadings "Control Room

Operator Workstation" and

"Control Room Assistant

Workstation" states there

are 2 licensed reactor
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operators in the control room.

The full shift crew size

including the shift supervisor is

defined in Section 13.2.1,

"Philosophy of Plant Operational

Control".

o Operator Functions Section 7.3.1.4.3, "Subsystem

Operating Modes", provides a

general description of the

operator's role in the various

plant operating modes under

normal conditions. Section

7.3.1.5.1 discusses the

operator's role for abnormal

conditions. Additional

descriptions are also given in

Section 13.2, "Description of

Operational Modes".

o Automation and Operator Role Section 13.2.1, "Philosophy of

Plant Operational Control", has

been amended to further discuss

the role of the operator and

automatic systems for normal and

abnormal situations, the crew

size and planned use of task

analysis and an engineering

simulation system, the

consideration R.G. 1.152,

industry experience and

background with automatic control

systems and the Regulatory

Technology Development Plan.
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R G-6(6)

Comment: The design, locations, and design requirements of the main control

room and the remote shutdown area is augmented in viewgraphs and

discussions beyond that already contained in the PSID will be

documented. For the remote shutdown area the access provisions,

staffing, safety classification, instrumentation and

communications should also be described.

Response: The main control room is one facility within the Operations Center

(OC). The functions and structural design of the OC are described

in PSID Section 6.2.7. Section 6.2.7 has been amended to

incorporate design, location and design requirements information

on the main control room beyond that currently contained in the

PSID.

The Remote Shutdown Area (RSA) is located in the Reactor Service

Building (RSB), at Elevation (-)5'-O". This is labeled as the

"Remote Shutdown Panel Room" in PSID Figure 6.1-4. The equipment

housed within the Remote Shutdown Area does not perform any

functions necessary to meet 10CFR100; thus, the Remote Shutdown

Area facility design does not require that the Reactor Service

Building perform any "safety-related" function. However, the

Reactor Service Building does contain other equipment performing

"safety-related" functions. Therefore, the Reactor Service

Building is required to ensure that this equipment will survive

the design basis hazard intensities currently defined in PSID

Sections 3.3 and 3.7. The Reactor Service Building design

criteria are currently defined in PSID Section 3.8.

The Remote Shutdown Area is normally unmanned. Access is not

required to maintain releases within OCFR100 limits, but access

is available even for low probability events.
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The PPIS operator interface panels located in the Remote Shutdown

Area provide PPIS monitoring capability including protection

channel readouts, protection status indications, protection bypass

indications, and post accident monitoring displays. Manual

initiation and trip reset controls for each protective action are

located at the PPIS operator interface in the Remote Shutdown

Area.

Communication capabilities including adequate reliability for

inplant and offsite communications will be provided in the Remote

Shutdown Area. Specific communications requirements have not been

been developed at the conceptual design phase but access to the

following communications systems, as described in PSID Section

8.9, is available in the plant and the Remote Shutdown Area

communications will be selected from these systems:

Page-Party/Public Address (PP/PA)

Sound Powered Telephone

Hand-Held Portable Radio

Private Automatic Exchange (PAX)

Commercial Telephone Land Line

Plant-to-Offsite Radio

Microwave

Power-line Carrier (PLC)

PSID Section 6.1.2.4.1 has been amended accordingly to include a

description of the Remote Shutdown Area.
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R 6-6(7)

Comment: DOE will describe and discuss that withdrawal of all control rods

followed by failure of the reserve shutdown system to actuate will

not result in an unacceptable transient or release an unacceptable

amount of radiation. Similarly, DOE will document that the full

contents of the steam generator could be introduced in the primary

system and not result in an unacceptable level of reactivity

addition, even under failure to scram conditions. This

documentation should address the effects of delay time in

isolating the steam generator.

Response: The viewgraphs regarding withdrawal of all control rods without

reserve shutdown action were presented to the NRC in the context

of describing MHTGR core reactivity characteristics. However, no

accident sequence with such an extreme combination of failures has

been identified as falling within the MHTGR licensing basis.

In the PRA Section 6.1.6, analyses show that the withdrawal of all

control rods without reserve shutdown insertion assuming no forced

circulation flow would not lead to unacceptable consequences.

However, such a plant transient is beyond the licensing basis.

Nevertheless, as shown in PRA Figure 6-11, during such a beyond

LBE event, core temperatures increase until the negative worth of

the temperature rise balances the reactivity worth of the rod

withdrawal. At this point fuel temperatures stabilize well below

the level at which experimental evidence shows significant fuel

failure to occur. System analysis shows that despite the elevated

core temperature, the integrity of major structures around the

core (i.e., the vessel and core internal structures) would not be

compromised. Any resultant offsite dose would fall within

10CFR100 limits.
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The reactivity effect and resultant releases due to the ingress of

a complete steam generator inventory, including the impact of

delays in isolation, are discussed in conjunction with SRDC-6 in

PSID Section 15.13.6 and PRA Appendix D.4.2.

The likelihood of failing to insert either the control rods or

reserve shutdown material coincidentally with the ingress of an

entire steam generator inventory is beyond the MHTGR licensing

basis. Nevertheless, since the reactivity effect of the maximum

moisture addition to the core at power would be comparable to that

resulting from the rod withdrawal without scram described in the

second paragraph, the core temperature transient would be expected

to be similar. Again, such a plant transient is beyond the MHTGR

licensing basis.

R G-6(7)-2

Amendment 2



HTGR-86-024

R G-7

Comment: Our key concern that has developed as a result of our Chapter 4

review is that, in general, the basis for, magnitude of, and plant

sensitivity to uncertainties in the MHTGR nuclear and thermal

analysis (fuel performance reactor physics parameters, including

reactivity coefficient, power distribution, He flow distribution,

fuel and other in-vessel temperatures) are not included in the PSID

and its supporting documents. Understanding each of these items is

important to our being able to reach a conclusion regarding the

adequacy of the MHTGR design to maintain fission product releases

within prescribed limits and to give credit for inherent or passive

reactor shutdown characteristics. In addition, a good

understanding of the above uncertainties and the sensitivity of the

plant safety analysis to these uncertainties is essential to

support our review of the adequacy of the MTCR R&D program and the

proposed containment and off-site evacuation plans. Accordingly,

it is requested that the following information be provided. it

should be noted that specific comments 4-6, 4-9, 4-15, 4-16, 4-17,

4-18, and 4-28 are related to and expand upon this request.

Responses to these comments may be included in the response to this

general comment.

R G-7.A

An estimate of the magnitude of the uncertainties associated with

the fission product release from the fuel and primary system due to

uncertainties in fuel performance models, data, plateout and

liftoff predictions and fuel manufacturing processes.

Response: The MHTGR safety analysis includes an assessment of dose

uncertainties. A method was developed which uses mathematical

algorithms describing the dose controlling phenomena. These

algorithms are used in a Monte Carlo error propagation program to
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simulate dose consequence assessments and to determine the

uncertainty in dose predictions. PSID Section 15.1.4.8.3 contains

a description of the dose uncertainty methods used in the safety

analysis. This analysis considers the uncertainties due to fuel

performance models, plateout and liftoff predictions among others.

However , in order to understand the dose uncertainty assessment,

the events and physical conditions discussed in Chapter 15 must

first be reviewed. DOE recommends that the response to this

comment be made within the framework of the Chapter 15 review.
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R G-7.B

Comment: An estimate of the magnitude of the uncertainties associated with

control rod and reserve shutdown system worths (individually and in

groups), reactivity feedbacks, including the affects of Pu buildup

with LEU fuel and water ingress, power distribution, He flow

distribution and in-vessel temperatures (fuel, reflector,

structural).

Response: The random uncertainty analysis components, the magnitude of such

combined uncertainties, and the results for Standard MHTGR Shutdown

worths are summarized in Tables 4.2-8 through 4.2-11 in Chapter 4

of the PSID. The level of uncertainty and method of combining

uncertainties, as summarized for the Standard MH1-TGR and contained

in Chapter 4 of the PSID, follow the GASSAR approach (Ref. 1, see

Tables 4.3-28 and 4.3-29) except that the appropriate Standard

MHTGR reactivity values have been used. The bases for these

uncertainties are discussed in response R 4-15 and are based on

available relevant HTGR HEU and LEU measurements.

The Chapter 4 nuclear design includes the expected uncertainties

for specific core loading parameters, derived reactivities of

nuclides, and reactivity coefficients that together make up the

overall reactivity values to be controlled. The HTGR core does not

experience thermal/structural reactivity effects comparable to

those from the bowing of metallic clad pin-type fuel assemblies.

The effects of thermal expension differences between the core

components and the control rod drive assemblies in the reactor

vessel were calculated to be about 0.0006 Ap. Uncertainties in

the thermal/structural performance would be totally in the

direction of enhancing the negative neutronic feedback because

deviations from ideal cooling would induce an increase in the fuel

temperature and hence a reduction in core reactivity. As part of

preliminary design, more specific uncertainties in the design data,

models and methods will be developed and quantified for design

evaluations.

R G-7.B-1
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.The Chapter 4 uncertainties assume a 10% reactivity uncertainty on

the combined worths of control rod banks, reserve shutdown system,

temperature defect, and xenon absorption.

A discussion of the basis of these assumed uncertainties, as well

as the probable impact of the use of larger uncertainties, is given

in responses R 4-15, R G-7.D and R 4-17. An overview is given in

the introduction to the Chapter 4 responses (see page R 4-i).

Reference:

1. General Atomic. General Atomic Standard Safety Analysis Report (GASSAR).

GA-A13200, Amendment 4. August 1975.

R G-7.B-2
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R G-7.C

Comment: The basis for the estimated uncertainties, considering factors

such as the analytical tools used in their calculation, validation

of those analytical tools, and any experimental verification (com-

pleted or planned). In addition, in order for us to adequately

review the basis for the uncertainties, a brief description of the

analytical tools, how they were validated and experimental facil-

ities and data used (i.e., critical facilities, other reactor

facilities, thermal/hydraulic facilities, etc.) should be pro-

vided. If there are other reports or papers which could provide

additional detail in this area they should be referenced.

Response: A description of the basic analytical tools used in the nuclear

calculations is given in Chapters 1 through 7 of Reference 1 which

was submitted to NRC in August 1973 in support of the commercial

HTGR program in the early 1970s. These methods include cross

section averaging codes; diffusion theory depletion codes in -D,

1-D, and 2-D; transport theory codes; and transient analysis

codes. A discussion of the bases for estimated nuclear

uncertainties and experimental verification is given in response R

4-15.

The uncertainties given in Chapter 4 are not based on a detailed

statistical evaluation due to the level of detail available at the

time of the PSID preparation. Scoping calculations have since

determined (see R G.7-D and R 4-17) that the "mlarge" uncertainties

(also termed permissible uncertainties) in control material worth

and temperature coefficient feedback for bounding rod withdrawal

and moisture ingress conditions do not affect the fission product

retention capabilities of the fuel or the margin to meet 10CFR100

limits. In all SRDCs, the resultant peak fuel element temper-

atures do not differ appreciably from that calculated with the

estimated nominal values of the rod worth and/or temperature coef-

R G-7.C-1
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ficient. The effects of the uncertainties in moisture ingress

reactivity and rod withdrawal reactivity are discussed in R G.7-D.

Analyses show that a 50 percent reduction in the calculated

temperature coefficient results in a peak fuel temperature

increase of only 6 (110F) for SRDC-4, which is the bounding rod

withdrawal condition. The same temperature coefficient reduction

results in less than 110C (20'F) fuel temperature increase for

SRDC-6, which is the bounding condition for moisture ingress.

These results are discussed in R 4-17.

The temperature coefficient and temperature defect for both Peach

Bottom and FSV were predicted to well within +10%, with the

measured temperature coefficient and reactivity defect being more

negative than the predicted values in the case of Peach Bottom.

The Peach Bottom reactor, although fueled with HEU/Th rather than

LEU/Th, is representative of the Standard MHTGR design in that it

was a small core with a total neutron leakage similar in magnitude

to the current Standard MHTGR design. The large beginning-of-

cycle (BOC) temperature defect of 0.07 Aip was the result of the

Th-232 doppler reactivity feedback, the lumped burnable poison

(LBP) loading, the U-235 contribution, and most importantly a

reactivity effect due to the low-energy capture resonance

('-1.25 eV) in rhodium.

The BOC temperature coefficient prediction for the Peach Bottom

reactor proved to be an accurate calculation of the same effects

that are important for the MHTGR design. This included the calcu-

lation of the moderator coefficient contribution due to spectral

hardening into the rhodium. thermal capture resonance. The

calculational method for this latter effect is similar to that

required for the Pu-240 resonance contribution to the MHTGR end-

of-cycle (EO) temperature coefficient. For the Peach Bottom

core, the calculated spectral changes and depletion effects led to

R G-7.C-2
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estimated core reactivity values within +0.003 Ap of experimental
results obtained over the Core 2 total fuel exposure. Similar

agreement between calculations and experiment has been obtained

for FSV (see R 4-15). This excellent agreement provides con-

fidence in the ability to calculate lifetime effects in the MHTGR.

Based on the above, the EO temperature defect and temperature

coefficient uncertainties estimated for the MHTGR are +10%. This

coefficient is strongly affected by the plutonium isotopes that

result from the use of LEU fuels. The coefficient has a positive

contribution due to Pu-239, and a stronger negative contribution

at higher temperatures due to Pu-240. The Peach Bottom experi-

ence, including the accurate calculation of the rhodium. resonance

effect, gives confidence that the temperature coefficients are

well predicted for the MHTGR.

The Peach Bottom radial flux distributions were peaked at the

outer reflector in a similar manner to the inner and outer

reflector peaks in the MHTGR. Methods similar, or identical, to

the methods used to predict accurately the Peach Bottom shapes

with large radial leakage effects have been used for the MHTGR

predictions.

Another important similarity between Peach Bottom and the MHTGR is

that both designs utilize single control rods (as opposed to rod

pairs in FSV and the large HTGR designs). The Peach Bottom con-

trol rod bank worths and total shutdown bank worths were predicted

to within +5% without any theory-experiment normalizing factors

being applied to the predicted values. Those results were

obtained with the same or similar models and rod poison (LBP)

cross-section development methods as used for the MHTGR predic-

tions. Therefore, although not rigorously verified, the assumed

+10% uncertainty in control worth used in the calculations is

R G-7.C-3
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judged sufficient for predicting reflector rod locations in the

MHTGR design.

The metal, graphite, and lumped burnable poison loading

uncertainty data used for the MHTGR are consistent with the FSV

manufacturing experience and operating history information.

Although +10% uncertainties were used in the initial calculations,

additional analyses are being performed on the effects of larger

uncertainties in control worth, reactivity feedback, water

ingress, and power distribution on the plant response to Licensing

Basis Events.

As indicated in the review meeting and confirmed in R 4-15, DOE

commits to verifying and validating the reactor physics codes as

the program proceeds.

Reference:

1. Merrill, M. H. Nuclear Design Methods and Experimental Data in Use at

Gulf General Atomic. Gulf General Atomic Report Gulf GA-A-12652

(GA-LTR--2), July 1973.-

R G-7.C-4
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R G-7.D

Comment: A description of how these uncertainties were factored into the

MHTGR safety analysis and the resulting conclusions regarding

resulting off-site doses.

Response: Uncertainties in fission product release and reactivity effects

have been factored into the Standard MHTGR safety analyses. The

uncertainty pertaining to fission product release, as discussed in

R G-7.A, will be further discussed during the Chapter 15 review.

The uncertainty in reactivity is discussed below.

The uncertainties assumed for control rod worth and the core

reactivity coefficients due to temperature, xenon decay, etc., are

discussed in Section 4.2.5.2.1.1 of the PSID and listed in Table

4.2-8. The estimated uncertainties were explicitly included in all

calculations of core shutdown margins as shown in Tables 4.2-9,

4.2-10, and 4.2-11. The uncertainties in reactivity due to Pu

buildup, the flow distribution and in-vessel temperatures are of

lesser importance. The safety analysis described in Chapter 15

includes the following conservatisms:

o The minimum (least negative) calculated temperature coefficient

was used in the analysis regardless of the time in core life at

which the event occurred.

o The largest local power peaking factor calculated at any time

in the life was used for all accidents, regardless of when they

occurred.

o For events involving water ingress, the largest calculated

reactivity worth of water was used regardless of when the

accident occurred.

R G-7.D-1
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o A conservative (high) value for core decay heat was used in the

calculation of peak temperatures in conduction cooldown

events. (See R 4-18).

o For accidents involving rod withdrawal, the maximum bank worth

calculated at any time in life was increased by 20% as an

allowance for uncertainty and used for all times in life.

The impact of large uncertainties in temperature coefficients

during bounding Safety Related Design Conditions has been evaluated

(see R 4-17). The analyses show that these uncertainties have no

effect on the calculated off-site doses for the events described in

Chapter 15.

G 7.D-2
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R G-7.E

Comment: An assessment of the sensitivity of the MHTGR safety analysis to

variations in these uncertainties, such that an assessment can be

made of the margin between the estimated uncertainties and those

which the MTGR can accommodate and still maintain radioactive

releases within the limits of the top level criteria.

Response: An assessment of the sensitivity of the safety analyses to

uncertainties in the fission product release, consistent with the

response to R G-7.A, will be discussed in the review of Chapter

15. The uncertainties in reactivity effects have been considered

by conservative assumptions in the Chapter 15 safety analyses.

R G-7.E-1
Amendment 3
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R G-8

Comment: We are reviewing DOE's proposed agenda for the meeting on April 22

and 23, 1987 on PSID Chapter 5. While our review is not yet

complete we wish to request that the following three items, which

were not covered in the March meeting, be included on the agenda

for April.

R G-8.A

The ability of the Upper Plenum Thermal Structure to assure

protection of the reactor vessel should be described. The

limiting LBE's (pressurized and depressurized RCCS cooldown)

potential to cause flow reversal in some fuel element coolant

channels and the consequences of hot streaks (possibly laminar)

that could impinge on the underside of the UPTS should be

discussed. Peak temperatures for both pressurized and

depressurized conditions should be presented together with a

discussion of the uncertainties associated with these

temperatures.

Response: Peak temperatures- for pressurized conduction cooldown conditions

are presented in Fig. R G-8.A-1. The upper plenum thermal

protection structure (UPTPS) has been designed to withstand these

temperatures. The pressurized events induce the most severe

thermal conditions because the natural convection redistributes

heat from the hot central core region to the UPTPS and vessel top

head. (Approximately 17% of the total heat is removed via the top

head during a pressurized conduction cooldown versus 5.5% during a

depressurized conduction cooldown).

The calculated temperatures of this analysis are conservative

because the decay heat source used in the calculation is

conservatively estimated (a higher heat source was used).

Reducing the decay heat to the current best estimate value reduces

the peak UPTPS temperature by -100'F.

R -8.A-1
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Mixing of the hotter gases with colder gases is included in the

analytical model. The evaluation of very local hot streaks shows

in preliminary calculations that radiation and re-radiation

between the top of the core and the UPTPS tends to equalize

temperatures, reducing the impact of a hot gas streak. A more

detailed analysis of this effect is planned for the preliminary

design.

The average temperature of the UPTPS primary structure during the

pressurized conduction cooldown is about 12950 F with a peak

temperature of 13220F at the top. The capability of the structure

to withstand these temperatures is illustrated in the curve of

allowable temperature versus time at that temperature shown in

Figure R G-8.A-2. The curve considers that the stress is three

times the expected operating value (to cover conceptual design

uncertainty); further, the curve envelopes the ASME criteria of:

1) 2/3 of the stress to cause rupture, 2) 80% of the stress to

cause the onset of tertiary creep, and 3) 100% of the stress to

produce one percent creep. The allowable time the structure can

sustain a given temperature is obtained from the curve.

The limit is given above with the length of time the structure is

maintained at that temperature. The allowable time is greater

than 107 hours at the 13220F maximum temperature. Thus, the

structure can survive more than 3x10 4 heatup events using linear

summation of damage fractions.

PSID Section 4.4.5.5.1.2.3 has been amended to be consistant with

temperature data in Figure R G-8.A-1.

R G-8.A-2
Amendment 3
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R G-8.B

Comment: The potentials for and the consequences of failure of the

insulation layer on the hot duct should be discussed. Flow

vibrations and hot streaks, with a discussion of uncertainties,

should be considered. Describe any test program planned for this

concern.

Response: Extensive redundancy is provided in the hot duct thermal barrier

design (e.g., overlapping seal sheets, multiple attachments). The

basis for this design is considerable prior testing and operating

experience in gas reactors. If thermal barrier failure in the

form of loss of insulation should occur during normal operation, a

small increase in heat load to the core inlet gas would result.

The magnitude of this heat load increase depends on the type of

failure postulated, for example, the loss of a single coverplate

or the entire thermal barrier. However, even if the entire

thermal barrier is removed, the cold gas would experience a

temperature increase of approximately 8F.

In addition to reducing regenerative heat transfer, a function of

the thermal berrier is to maintain the crossduct vessel

temperature within acceptable temperatures during pressurized

conduction cooldown events. The crossduct vessel temperature

during pressurized conduction cooldown depends on the relative

thickness of the hot duct thermal barrier and the thickness of

insulation on the outside of the crossduct vessel. Failure of a

single cover plate would have insignificant consequences.

In a duct of this type, flow-induced vibrations are less critical

than those induced by acoustics (since the resonant frequency of

the coverplate is much higher than that generated by flow). A

test program has been planned to evaluate the effects of

postulated vibration and its uncertainty on the thermal barrier

and bellows.

R G-8.B-1
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The hot duct components are designed to withstand the projected

maximum coolant hot streaks. Each coverplate is individually

supported and able to accommodate loads and thermally induced

distortions without binding. The maximum hot streaks at the hot

duct entrance are calculated to be 100'F, causing the maximum

local temperature to be 13680 F. The coverplates are designed for

coolant hot streaks of up to 1400'F, but are capable of sustaining

temperatures as high as 1850'F.

Tests to quantify flow mixing and hot streak attenuation in the

lower reflector/core support blocks and in the lower plenum/hot

duct entrance are planned to reduce the uncertainties.

R G-8.B-2

Amendment 3
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R G-8.C

Comment: The amount of activation of the air in the RCCS should be

discussed. ould 4CFR190 limits be exceeded? Uncertainties in the

knowledge of the neutron flux emanating from the reactor vessel

should be considered and discussed.

Response: Cooling air passing through the RCCS can be activated by the neutron

flux from the core. The calculated air activation is based on the

conservative neutron flux sources which are discussed in PSID

Section 12.2.1. There is a factor of two uncertainty in the radial

flux and a factor of five uncertainty in the axial flux emitted

through the top head. For the purposes of the air activation

calculation, the flux seen by the RCCS panels at the mid-plane of

the upper third of the core was used, with the outgoing thermal flux

increased by a factor of five. This flux was assumed constant over

the entire length of the RCCS panels, even though the flux varies

significantly, being 33 percent less at the level of the bottom of

the core and 67 percent less at the level of the bottom of the core

barrel. The estimated dose at the EAB from air activation from the

RCCS is given in PSID Section 11.7.2. The whole body dose resulting

from the release- of air activation products in the RCCS is 0.19

mRem/yr per reactor unit at the site boundary. This is well below

the 1CFR50 App. I limit of 5 mRem/yr per reactor unit. As stated

in the Top-Level Regulatory Criteria for the Standard HTGR (Ref. 1),

dose values stated in 1CFR50 Appendix I represent a suitable power

plant allocation of the overall fuel cycle limits stated in

40CFR190.

Reference:

1. U.S. Department of Energy. Top-Level Regulatory Criteria for the Standard

HTGR. HTGR-85-002, Rev. 2. October 1986.

R -8.C-1
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R G-9

Comment: Please provide an overview and judgements of where Fort St. Vrain

experience could be used to enhance your supporting data base in

various areas of uncertainty such as fuel performance, fuel

quality assurance, reactor physics, fluid mechanics, fission

product transport and plateout, helium circulator and other

equipment development, and various reactor operational topics.

Response to this request need not be accomplished by May 1, 1987

but the timing and nature of the response could be discussed at

our forthcoming meeting.

Response: The Fort St. Vrain experience supports the data base in reducing

uncertainties in all of the areas identified in this comment. The

FSV data are specifically ncluded in the responses to detailed

comments 4-1, 4-3, 4-5, 4-6, 4-9, 4-14, 4-15, 4-16, 4-23, 4-24,

4-26, 4-28, 4-31, 4-36, and 4-39 of this chapter. The FSV data on

the helium circulator and fuel handling equipment will be

incorporated in later NRC reviews on Chapters 5 and 9 of the

PSID. The FSV experience on instrumentation and control was

included in the review of Chapter 7.

The Program will continue to interact with FSV, will follow

closely FSV as it returns to power, and will utilize additional

data that become available.

R G-9-1
Amendment 3
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R G-10

Comment: Please provide a comparison table that illustrates the principal

similarities and differences between the MHTGR and predecessor

HTGRs. This table could follow an abbreviated format of Table 1.3

in the GASSAR document (General Atomic Standard Safety Analysis

Report, GA-A13200). As a minimum, comparisons should be made to

Fort St. Vramn, Peach Bottom 1 and the AVR. Comparisons to the

THTR and the 2240 MW(t) design would be desirable. While such a

table need not be prepared by May 1, 1987, it should be available

by early summer. We request that the table not be classified as

"Applied Technology" so that it can be freely used in communi-

cating essential aspects of the MHTGR design in the staff's SER.

Response: Table R G-10-1 is provided for comparing various helium-cooled

reactor designs. There are four major historical trends demon-

strated by the data in the table:

1. System pressures have increased reflecting the objective of

obtaining better heat transfer to the primary coolant.

2. The fuel was changed from highly enriched U
2 3 5 to low enrich-

ment of U2 35 in compliance with the nuclear nonproliferation

treaty of 1976.

3. A metallic reactor pressure vessel has been adopted for

modularity and to enhance heat transfer in the passively safe

design.

4. Gravity drop control rods and reserve shutdown pellets have

been used in all designs except for the very early Peach

Bottom and AVR reactors.

The table is not classified as "Applied Technology."

R G-10-1

Amendment 6
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TABLE R G-10-1
COMPARISON OF HELIUM-COOLED REACTOR SYSTEMS

Phil. HTGR-SC/C
Peach Elec. Lead

Features MHTGR FSV THTR AVR Bottom-i Dragon (GASSAR) Plant

Years of Power Production 1996 1976- 1985- 1967- 1967- 1966- A A
present present present 1974 1975

Plant Output

MW(t)/MW(e) 4 x 350/ 842/330 750/300 46/15 115/40 20/0 3000/ 2240/850
540 1120

Reactor Core

Active core dimensions (in
Diameter 3.5 (OD) 6.0 5.6 3.0 2.8 1.1 8.5 7.5

1.65 (ID)
Height 7.9 4.8 6.0 2.5 2.5 1.6 6.8 6.3

Core power density (w/cc) 5.9 6.3 6.0 2.5 8.3 14.0 8.4 5.8

Fuel cycle LEU/Th* HEU/Th** HEU/Th HEU/Th HEU/Th LEU/Th HEU/Th LEU/Th
19.9z and 93Z 19.9Z
Enriched LEU Enriched Enriched

A Not constructed.
*LEU/Th denotes low enriched uranium/thorium' fuel.
**HEU/Th denotes high enriched uranium/thorium' fuel.

R G-10-2
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Table R G-10-1 (Continued)

Phil. HTGR-SC/C
Peach Elec. Lead

Features MHTGR FSV THTR AVR Bottom-1 Dragon (GASSAR) Plant

Fuel particle

Fissile UCO-TRISO (Th,U)C2 (Th,U)02t (Th,U)C2t (Th,U)C2 U02-TRISO UC2-TRISO UCO-TRISO
TRISO BISO BISO BISO (Zr,U)C

and/or and/or
Fertile ThO2- ThC2- (Th,U)02t (Th,U)02t (Th,U)C2 (Th,U)C ThO2- ThO2

TRISO TRISO BISO BISO BISO BISO BISO TRISO

Fuel element type Prism Prism Sphere -Sphere Cylinder Hexagonal Prism Prism
(pebble (pebble rods pin-
bed) bed) in-block

Fuel element lifetime yr) 3.3 6 3 3 3 Variable 4 4

Reactor Shutdown System

Control rods Clad Clad Clad Clad Clad Clad Clad Clad
boronated boronated boronated boronated boronated boronated boronated boronated
graphite graphite graphite graphite graphite graphite graphite graphite
single rod single single single rods in rod rod
rods in pairs rods in rods rods side pairs pairs
reflec- side reflector
tors reflector only

only

tMixed fissile/fertile particle.

R G-10-3
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Table R G-10-1 (Continued)

Phil. HTGR-SC/C
Peach Elec. Lead

Features MHTGR FSV THTR AVR Bottom-1 Dragon (GASSAR) Plant

Trip system Gravity Gravity Gravity Gravity Forced Gravity Gravity Gravity
drop of drop of drop of forced rods from drop of drop of drop of
control control control rods from bottom control control control
rods rods rods bottom rods rods rods

Reserve shutdown Gravity Gravity Alternate BF3 gas Alternate Redundant Gravity Gravity
drop of drop of rods of injection rods of control drop of drop of
boronated boronated different different rods boronated boronated
graphite graphite design in design; graphite graphite
pellets pellets core also pellets pellets

thermally
released
boronated
graphite
compacts

Reactor Vessel Steel PCRV PCRV Steel Steel Steel PCRV PCRV
vessel vessel vessel vessel

Primary Cooling System

Pressure (bar) 64 48 40 11 24 17 50 50

Core inlet gas temp (C) 260 405 250 270 340 350 319 319

Core exit gas temp (C) 690 785 750 950 725 750 755 756

R G-10-4
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Table R G-10-l Continued)

Phil. HTGR-SC/C
Peach Elec. Lead

Features MHTGR FSV THTR AVR Bottom-i Dragon (GASSAR) Plant

circulator

Number 4 (per 4 6 2 2 6 6 4
module)

Compressor type Single Single Single Single Single Single Single Single
stage stage stage stage stage stage stage stage
axial axial radial radial radial radial axial radial

Bearing Magnetic Water Oil Oil Oil Gas Water Water

Speed, rpm 6200 9550 5600 4400 3460 12000 6750 2400

Power, kW(e) 3210 3950 2300 50 1417 70 11000 11000

Steam Generator

Number 4 (per 12 6 1 2 6 6 4
module)

Type Helical Helical Helical Evolvent U-tube Helical Helical Helical
nonreheat with gas with gas nonreheat with heat with gas nonreheat

reheat reheat steam exchanger reheat
drum

Thermal rating (W) 350 70 128 46 57 3.33 500 550

R G-10-5
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Table R G-10-1 (Continued)

Phil. HTGR-SC/C
Peach Elec. Lead

Features MHTGR FSV THTR AVR Bottom-i Dragon (GASSAR) Plant

Residual Heat Removal

Primary Hain loop Two sepa- Two sepa- Main loop Two sepa- Main loop Two sepa- Two sepa-
rate main rate main rate main rate main rate main
loops loops loops loops loops

Second Shutdown Main loop Main loop Vessel Main loop Emergency Core Core
Cooling with with cooling with natural Auxiliary Auxliary
System alternate alternate alternate circ. Cooling Cooling

motive motive motive boiler System System
force force force

Third Reactor PCRV None None Reactor None None None
Cavity liner vessel
Cooling cooling cooling
System panels

Plant Protection System

No. of trip signals 8 13 17 Unknown 7 Unknown 10 8

Trip logic 2/4 2/3 2/3 Unknown 2 x 1/2; Unknown 2/3 214

2/3

R G-10-6
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Table R G-10-1 (Continued)

Phil. HTGR-SC/C
Peach Elec. Lead

Features MHTGR FSV THTR AVR Bottom-1 Dragon (GASSAR) Plant

Reactor Building Confine- Confine- Confine- Contain- Contain- Contain- Contain- Contain-
ment ment ment ment ment ment ment ment
below above above above above above above above
grade grade grade grade grade grade grade grade
vented vented vented
to atmo- to atmo- to atmo-
sphere sphere sphere

R G-10-7
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R G-1l

The following items identified in the Chapter 5 review are being

deferred to the review of Chapter 6 and are to be included in the

agenda for the meeting to be held on May 27 and May 28, 1987.

R G-11.A

Comm~ent: DOE will describe the design for cooling the concrete at the top

and bottom of the reactor cavity.

Response: There is no exposed concrete in the reactor cavity. Both the top

of the cavity and the bottom of the cavity are covered by a steel

and neutron attenuating shield material (polysiloxane). The sides

of the cavity are protected by the RCCS panels and by insulating

material between the bottom of the panels and the bottom shield

plate hich prevents heated air in the cavity from circulating

behind the panels.

During normal operations, 1-VAC flow above and below the steel

shield plates is sufficient to ensure that concrete temperatures

do not exceed 150'F. During a loss of power, when HVAC is not

available, the temperature in the concrete will rise. The peak

during a loss of power is estimated to be less than the allowable

temperature of 350'F. The reactor cavity concrete is designed to

accommodate the peak loads caused by such transients. A number of

joints, introduced to enhance the constructability of the top part

of the reactor building, serve to facilitate accommodation of

thermal loads.

The steel and Polysiloxane shield structure at the top and bottom

of the cavity may be seen in Figure R G-11.B-l.

R G-II.A-1 Amendment 4
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R G-ll.B

Comment: DOE will discuss pressure forces that could cause collapse of the

RCCS panel structure. DOE will describe the potential for and

probability of occurrence (including the role of Steam/Feedwater

Isolation Valves) of such a pressure and the consequences if some

panel failure occurs.

Response: The results of an evaluation of Reactor Building internal

pressurization events were used to guide the selection of

differential pressure load criteria for the RCCS panels, plena,

and supports.

Internal events which could cause pressure loads on the RCCS are

enveloped by the following events:

o Moderate sized helium Leak (DBE-1O))

o Main Steam line break

o Main Feedwater line break

Preliminary calculations were made for each of these events, using

conservative assumptions. The moderate helium break initiating

DBE-10 is a 13 in2 rupture. The probability of this event is

dominated by the primary helium relief valve nozzle, which is

located near the top of the steam generator vessel. At the time

of the analysis, the relief nozzle size and location were unknown,

so preliminary calculations were based on a 30 in 2 break,

located at the top of the reactor vessel.

The 14 in. main steam line was conservatively assumed to undergo a

double-ended guillotine (DEG) failure, at its connection to the

steam generator. The 10 in. main feedwater line was

conservatively assumed to undergo a DEG failure at its connection

R G-1l.B-1 Amendment 4
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to the bottom of the steam generator. Figure R G-ll.B-l shows the

assumed break locations. While the PRA has not dealt with

secondary side breaks as initiating events, it was known that the

resultant Reactor Building pressurization following any break

could be kept within reasonable limits by providing sufficiently

large vent path and that there would be no consequential release

of radionuclides if the RCCS were designed to withstand such a

pressurization. Therefore, these DEG breaks were

determninistically chosen as bounding, and the resultant effects

calculated using the same deterministic analytical techniques and

assumptions as done on LWRs. The rate of energy and mass release

from each of these postulated breaks was calculated. Blowdown

data were based on the initial conditions associated with full

power operation. It was assumed that the reactor scrams

successfully, and main steam and feedwater isolation occurs

successfully. Hinged louvers or blow-out panels (See Figure R

G-ll.B-1) were assumed to operate. The consequences of the helium

release were similarly calculated.

The gases released are vented from the reactor building. Vent

pathways, also shown in Figure R G-1l.B-1, have been designed to

have an area of at least 140 ft2 from S cavity to atmosphere

and 90 ft2 from reactor cavity to SG cavity. Where appropriate,

the pathway includes a labyrinth to reduce radiation streaming.

Analysis results indicate the following peak compartment

pressurization:

Helium break at top of RV: 1.2 psid

Main Feed break at bottom of S: <10 psid

Main Steam break at middle of S: 10 psid

Based on these results, the RCCS panels, plena, and ducts have

been designed to withstand an external pressure load of 10 psid.

This is well above the maximum external differential pressure load

of 3 psid for a Region I tornado as given in Regulatory Guide

1.76. Based on the conservatism of this design selection,

R G-11.B-2 Amendment 4
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therefore, no panel failure is expected to occur due to either

pressurization or depressurization events.

R G-11.B-3 Amendment 4
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R G-ll.C

Comment: DOE should provide its response to the April 10, 1987 agenda item

pertaining to sustained RS failure and its position on heat

transport to surrounding earth for utilization of "earth heatup"

cooling capabilities.

Response: The conduction cooldown to earth accident involving failure of the

HTS, SCS, and RS cooling is beyond the licensing basis as

described in the PRA report. This rare event will be discussed at

the probabilistic risk assessment review meeting to be held in

July 1987. However, as briefly discussed in response to R 5-6,

substantial time (in excess of one day) is available to restore

one of these three cooling systems before temperature limits of

any "safety-related" equipment are exceeded. Even if none of the

cooling systems is restored, maximum fuel temperatures would not

significantly exceed those experienced during a cooldown with the

RCCS operating.

R G-II.C-1 Amendment 4
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R G-ll.D

Comment: DOE will estimate the consequences both in terms of fission

product release and in degradation of performance should a

structural failure permit direct communication between the reactor

cavity atmosphere and RCCS cooling panels or other flow passages.

Response: The RCCS is a continuously operating system that relies solely on

passive structures. A major structural failure of this system

that would allow substantial air communication between the RCCS

and the reactor cavity or that would significantly degrade RCCS

performance is considered beyond the licensing basis (See

R G-11.B).

Under normal operating conditions a postulated breach in the

RCCS/reactor cavity boundary might allow the release to the

environment of the air inventory normally residing in the

below-grade cavity. The incremental release resulting from

activation products contained in the is air inventory would be

insignificant when added to the annual expected release from the

RCCS of 0. 19 mrem. A minor breach in the RCCS/reactor cavity

boundary would not be expected to degrade RCCS performance to the

extent that the Top-Level Regulatory Criteria would not be met.

During a pressurized conduction cooldown, such as DBE-1, a

postulated breach in the RCCS/reactor cavity boundary would

produce an insignificant degradation of RCCS performance, and a

negligible effect on the primary coolant pressure transient.

Thus, all fission products would remain inside the pressure vessel

system, and such a breach in the RCCS would have the same

consequences as it would if it occurred under the normal operating

conditions described above.

During a depressurized conduction cooldown, such as DBE-11, a

postulated breach in the RCCS/reactor cavity boundary would

R -1l.D-l Amendment 4
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produce an insignificant effect on RCCS p rformance and a

negligible effect on core temperatures. No additional fission

products would be released from the core or the vessel. However,

fission products could be released more rapidly from the Reactor

Building due to direct communication with the site environment.

As a bounding case, if holdup in the Reactor Building is ignored

entirely, offsite doses increase by factors of 25 and 8 for

thyroid and whole body, respectively. The doses remain

significantly below 1FR100 limits.

Although it is considered beyond the licensing basis, an RCCS

structural failure so severe as to degrade substantially or

prevent cooling of the vessel is addressed in questions R G-11.B,

R -11.C and R 5-6.

R G-11.D-2 Amendment 4
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R G-12

Comment: The following items have been identified and discussed at previous

meetings but have not yet been satisfactorily resolved. DOE

should be prepared to discuss these items either at the meeting to

be held on May 27 and 28, 1987 or at a special meeting held

expressly for this purpose. Following or in lieu of these

discussions a written response will be necessary.

R G-12.A

Comment: Definitions for the terms "safety-related", "important to safety"

and non-safety related" for equipment classification need to be

established.

Response: This comment will be discussed during the June 18 and 19, 1987

PSID Review Meeting.

R G-12.A-1 Amendment 4
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R G-l2.B

Comment: DOE and NRC need to agree on guidelines for the utilization of DOE

information classified as "Applied Technology or proprietary in

the formulation of NRC's Safety Evaluation Report.

Response: As discussed at the May 27-28 meeting, DOE will provide several

documents that contain information that is not classified "Applied

Technology.'

R G-12.B-1 Amendment 4
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R G-12.C

Comment: The role and safety classification of reactor operators in the

context of DOE's plans for complete automatic control of the

reactor needs to be clarified and defined. This will include

discussions of how operator access will be guaranteed to the

remote shutdown area, the safety classification of and design

requirements for the remote shutdown area, the type of

instrumentation and controls to be available in the remote

shutdown area, and the inclusion of automatic control as a topic

in the Technology Development Plan.

Response: Each of the comments in R G-12.C has been previously addressed in

the responses to the PSID Chapter 7 review. These responses are

given in Amendment 2 responses R -5 and R G-6 and are

cross-referenced as follows:

Comment Response

Role of operator R G-5, R -6(5) and PSID Section

13.2. 1

Safety classification of R -5

operator

Operator access to RSA R -6(6)

and instrumentation

Inclusion of automatic R G-6(5) and PSID Section 13.2.1

control in Technology'

Development Plan

Based on the discussion at the May 27 and 28, 1987 meeting with

th NRC, DOE agreed to provide a more integrated, thorough

response at a later mutually agreed date.

R G-12.C-1 Amendment 4
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R G-12.D

Comment: DOE needs to clarify its position regarding whether or not the development and operation
of a prototype MHITGR is mandatory to support Final Design Approval and/or Design
Certification, under lCFR52.

Resvonse: The following points clarify the Modular High Temperature Gas-Cooled Reactor
(MHTGR) program position regarding the need for operation of an MHTGR to support
of an FDA and Design Certification.

1) Obtaining Design Certification under OCFR52 is a long term goal of the
MHTGR program.

2) Because of the safe operating history of similar gas-cooled reactors and Standard
MHTGR's inherently passive design, an FDA can be obtained based only on
design analysis and satisfactory completion of the Regulatory Technology
Development Plan.

3) The application for Design Certification under 10CFR52 will include experience
and results of the Standard MHTGR licensing review through FDA and
experience from startup and operation of the first MHTGR Plant.

4) Key objectives, of the first operating plant are to confirm MHTGR plant
licensability, performance, and economics. Standard plant start-up and
operational tests a planned. These tests would verify plant systems operation
comparable to those performed for current light water reactors and as applicable
to the MHTGR. In addition, the startup and operational testing would be
extended to obtain confirmatory data on unique design features and safety claim
of the MHTGR. This additional testing will not intentionally risk damage to the
module or the plant. Plans for the tests appropriate to the design certification
phase are outlined in Referenice 1 which will be submitted in August 1992. The
Reference report will include consideration for the potential for the startup and
operational testing of the MTGR New Production Reactor (NPR) to augment
or satisfy specific tests for the commercial program.

5) The schedule and requirements for Design Certification under OCFR52 will be
determined in parallel with the FDA.

R G-12.D-1 Amendment 13
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Reference:

1. "Prototype Test Plan for the MHTR", DOE-HTGR-90305, (to be issued August, 1992)
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R G-12.E

Comment: In response to NRC Item .3-4, DOE stated that it does not plan to

assess the MTGR against the SRP in a manner similar to the

on-going assessment against regulations and Regulatory Guides.

While we find this approach generally acceptable for most cases,

NRC reserves the right to request assessment against selected

portions of the SRP.

Response: The MHTGR program will respond when specific issues are

identified.

R G-12.E-1 Amendment 4
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R G-l3

Comment: DOE often uses the phrase "will meet the intent of" in committing

the MHTGR design to various NRC licensing guidelines and

regulations rather than making a full commitment. This is an

acceptable and usually desirable approach. DOE is requested to

comment that its use of this phrase is appropriate for one or more

of the following purposes and/or to suggest alternate or additional

language.

(1) The guideline or regulation was developed for light water

reactors and contains some material irrelevant, inappropriate

or incorrect for gas-cooled reactors, although gas-cooled

reactors should meet its objective in principle.

(2) Technical development of the guideline or regulation is

underway, contemplated, or likely and full commitment to it at

this stat-? of the design and licensing process would be

premature, unnecessary, and not in the best interests of

safety.

(3) DOE plans to propose for a given item both a design solution

and relevant criteria that would be clearly a safety

improvement over current practice.

(4) DOE plans to propose a relaxation in a current guideline or

regulation for a given design item that can be shown by

experiment, test, design, or analysis, or an appropriate

combination of these, to maintain the level of safety at, or

increase it from, current standards. Where DOE plans such a

proposal its full justification and commitment to a suitable

plan for its support will be required.

We remark that in no case would NRC permit the use of "will meet

the intent of' to approve the adaptation of a guideline or

regulation that would not maintain or increase th level of safety.

R G-13-1 Amendment 5
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Resoonse: The MHTGR program has undertaken an assessment of the MIHTGR design

against the existing NRC regulations and regulatory guidelines.

While some of the aspects of this assessment are reflected in items

(1) and (2) of the NRC comment, neither accurately states DOE's

intended purpose for the use of the phrase "meets the intent of."

It should be noted that the DOE wording differs slightly but

significantly from the phrase's restatement by the NRC as "will

meet the intent of."

It has never been DOE's intention that the use of the phrase "meets

the intent of" indicates that the MHTGR design is being committed

to meeting specific requirements in the various NRC regulations and

regulatory guidelines. Rather, the MHTGR has been engineered in a

structured, top-down manner to fully and exclusively meet the

criteria contained in the Utility/User Requirements and Top-Level

Regulatory Criteria. (Ref. 1 and 2) In Attachment 1 to R G.3-1

and in R G.3-4 , as well as in the various presentations made on

each PSID chapter to the staff, the capability possessed by the

MHTGR design thus developed to meet the intent, relative to the

protection of public health and safety, of existing regulations and

regulatory guidelines relevant to HTGRs has been indicated through

the use of the phrase in question. This has been done in an

attempt to put this capability in a context familiar to the NRC at

this conceptual phase of the design. It is DOE's expectation that

the Top Level Regulatory Criteria (Ref. 2) defines an acceptable

licensing basis. Using this basis Regulatory Guides and Standard

Review Plans specific to the MIHTGR could be developed and approved

by NRC. A first cut at 1CFR100 criteria has been submitted for

NRC review and approval (see response R G.3-1, Attachment 2). It

is DOE's position that it has demonstrated that this capability is

such that the MHTGR provides a greater degree of protection of the

public and the environment than is required for current generation

LWRs, as is expected by the Commission in its policy statement on

the regulation of advanced nuclear power plants. (Ref. 3)
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References:

1 . Gas-Cooled Reactor Associates. Utility/User requirements for the Modular

High Temperature Gas-Cooled Reactor Plant, CRA 86-002, Rev. 2, September

1986.

2. U.S. Department of Energy. Top-Level Regulatory Criteria for the Standard

HTCR, HTGR-85-002, Rev. 2, October 1986.

3. Regulation of Advanced Nuclear Power Plants: Statement of Policy, Federal

Register, Vol. 51, No. 130, p. 24643, July 8, 1986.
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R G-14

Comment: In Comment G-12A the staff stated that definitions for the terms

"safety-related," "important to safety," and "nonsafety-related"

for equipment classification had not yet been satisfactorily

established. In response, DOE has committed to identifying all

structures, systems, and components that have a radionuclide con-

trol function in addition to those SSCs it has already identified

as necessary for meeting 1CFR100 guidelines. The identification

of each item will include description of its function, design

criteria, and design requirements. DOE is also considering elim-

inating or clarifying its use of the term "safety-related" and

developing a nomenclature that more closely reflects its criteria

intentions. Later DOE may modify the PSID and RA accordingly.

The staff plans to make use of the above information in resolving

its concerns about appropriate equipment classification and may,

as a last resort, impose a traditional nomenclature on the SSCs

identified by DOE, if DOE's proposed nomenclature is not

acceptable.

Response: Table R G-14-1 identifies all structures, systems, and subsystems

that perform one or more functions necessary to the control of

radionuclides and identifies the Top-Level Regulatory Criteria

which those functions serve to meet. The table also notes which

section of the PSID describes the functions and related design

requirements of the structure, system, or subsystem, and which

section describes the 1CFR100 design criteria of the 1CFR100-

related structures, systems, and subsystems.

R G-14-1

Amendment 6



HTGR-86- 024

TABLE R G-14-1D
IDENTIFICATION OF STRUCTURES, SYSTEMS, AND SUBSYSTEMS PERFORMING FUNCTIONS

NECESSARY TO MEET THE VARIOUS TOP-LEVEL REGULATORY CRITERIA

Description Location in PSID
Performs Functions to Meet

Radionuclide
Control 10CFR100 Design 10CFR50

System/Subsystem/Structure Function(s) Design Criteria Requirements 10CFR20 App. I PAGs 10CFR100

Reactor System 4.1.2.2 4.1.2.4 4.1.3 x x x x
Reactor Core Subsystem 4.2.2.2 4.2.2.4 4.2.3 x x x x

Neutron Control Subsystem 4.3.2.2 4.3.2.4 4.3.3 X X X X

Reactor Internals Subsystem 4.4.2.2 4.4.2.4 4.4.3 x x x x

Vessel System 5.2.1.2.2 5.2.1.2.4 5.2.1.3 X X X x
Vessels & Duct Subsystem 5.2.2.2.2 5.2.2.2.4 5.2.2.3 X X X X

Vessel Support Subsystem 5.2.3.2.2 5.2.3.2.4 5.2.3.3 X X X X

Pressure Relief Subsystem 5.2.4.2.2 5.2.4.2.4 5.2.4.3 X X X X

Heat Transport System 5.3.1.2.2 - 5.3.1.3 x x

Steam Generator Subsystem 5.3.3.2.2 - 5.3.3.3 X X

Shutdown Cooling System 5.4.1.2.2 - 5.4.1.3 X X

Shutdown Cooling Heat Exchanger 5.4.3.2.2 - 5.4.3.3 x x
Subsystem

Reactor Cavity Cooling System 5.5.2.2 5.5.2.4 5.5.3 X X X X

Reactor Building 6.1.1.2.2 6.1.1.2.4 6.1.1.3 X X X X

R G-14-2
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Table R G-14-1 (Continued)

Description Location in PSID
Performs Functions to Meet

Radionuc lide
Control 10CFR100 Design 10CFR50

System/Subsystem/Structure Function(s) Design Criteria Requirements 10CFR20 App. I PAGs 10CFR100

Reactor Service Building 6.1.2.2.2.1 6.1.2.2.4 6.1.2.3.1 X X X X

Reactor Auxiliary Building 6.1.3.2.2 6.1.3.2.4 6.1.3.3 X X X X

Personnel Service Building 6.1.4.2.2 -- 6.1.4.3 X X

Radioactive Waste Management 6.1.6.2.2 -- 6.1.6.3 X X
Building

Plant Protection & Instrumenta-
tion System

Safety Protection Subsystem 7.2.1.2.2 7.2.1.2.4 7.2.1.3 X X X X

Special Nuclear Area 7.2.2.2.2 -- 7.2.2.3 X X
Instrumentation

Investment Protection Subsystem 7.2.3.2.2 -- 7.2.3.3 x x

NSSS Analytical Instrumentation 7.4.1.2.2 -- 7.4.1.3 X X
System

Radiation Monitoring ystem 7.4.2.2.2 -- 7.4.2.3 X X

Fire Detection and Alarm System 7.4.5.2.2 -- 7.4.5.3 X X

Essential Uninterruptible Power 8.2.2.2 8.2.2.4 8.2.3 x x X 
Supply System

Essential DC Power System 8.3.2.2 8.3.2.4 8.3.3 X x 

R G-14-3
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Table R G-14-1 (Continued)

Description Location in PSID

Performs Functions to Meet
Radionucl1ide

Control 10CFR100 Design 10CFR50
System/Subsystem/Structure Function(s) Design Criteria Requirements 10CFR20 App. I PAGs 10CFR100

Fuel Handling and Storage

Sys tern

Core Refueling 9.1.1.1.2.2 -- 9.1.1.1.3 X x
Site Fuel Handling 9.1.1.2.2.2 -- 9.1.1.2.3 x x
Spent Fuel Cooling Subsystem 9.1.1.3.2.2 -- 9.1.1.3.3 x x

Reactor Service System

Reactor Service Equipment 9.1.2.1.2.2 -- 9.1.2.1.3 X x
Subsystem

Hot Service Facility Subsystem 9.1.2.2.2.2 - 9.1.2.2.3 X x
Decontamination Services 9.1.2.6.2.2 -- 9.1.2.6.3 X x
Subsystem

Helium Purification System 9.1.2.7.2.2 -- 9.1.2.7.3 x x
Mechanical Service System

Nuclear Area Fire Protection 9.1.3.1.2.2 -- 9.1.3.1.3 X x
Heating, Ventilation and Air 9.1.3.2.2.2 - 9.1.3.2.3 X X
Conditioning

Steam and Water Dump 10.16.2.2 -- 10.16.3 X X

Liquid Radioactive Waste System 11.2.2.2 - 11.2.3 X X

R G-14-4
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Table R G-14-1 (Continued)

Description Location in PSID
Performs Functions to eet

Radionuclide
Control 10CFR100 Design 10CFR50

System/Subsystem/Structure Function(s) Design Criteria Requirements 10CFR20 App. I PAGs 10CFR100

Gaseous Radioactive Waste 11.3.2.2 -- 11.3.3 X X
Sys tern

Solid Radioactive Waste System 11.4.2.2 - 11.4.3 X X

R G-14-5
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R G-15

Comment: The following comments and information requests are made with

regard to DOE's Regulatory Technology Development Plan. Some

comments have already been made during individual PSID Chapter

reviews and further comments are expected after additional review

of the plan.

R G-15.A DOE will identify individual members of the various peer review

groups that were used to help establish technical development

needs and will indicate if these groups are to remain active as

the MHTGR Project progresses and, if so, what will be the

responsibilities of these groups.

Response: A significant number of peer reviews has been carried out on

different components of the HTGR. Some have covered broad areas

of reactor development, while others have been focused on very

specific features.

The Regulatory Technology Development Plan was prepared by GA but

independently reviewed by all program participants. This included

the following persons:

Name Affiliation

G. Jones Gas Cooled Reactor Associates (GCRA)
P. Kasten Oak Ridge National Laboratory (ORNL)
S. Penfield GCRA
D. Graf Plant Design Control Office (PDCO)
J. Quinn General Electric (GE)
T. Sweeney Bechtel National, Inc. (NI)
L. Hears GCRA
W. Craig Stone & Webster Engineering Corp. (SWEC)
J. McWhirter Combustion Engineering (CE)
E. Arbtin EG&G
D. Davis GCRA
Dr. H. Stewart NUTEVCO
S. Brown GCRA
M. LaBar GCRA

R G-15.A-1
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The technical development needs have been reviewed on a continuing

basis by Gas Cooled Reactor Associates and their consultants.

This has included evaluating the priorities on development by:

Name Affiliation

Dr. J. Kendall GCRA
S. Hosegood Hosegood Consultants, Ltd.
Dr. H. Stewart NUTEVCO

These consultants have reviewed their findings with the Utilities

Technical Committee which advises GCRA.

Since 1977, a formal exchange on HTGR technology has been carried

out between the USA and the FRG. This has included cooperation on

metals development, fuel/fission products, graphite development,

and safety research. The key individuals from FRG in this

exchange are:

Name Affiliation

Dr. H. Nickel Director of Kernforschringsanlage
(KFA) Metals Institute

Dr. H. Nabielek Fuel, Fission Products & Graphite
Task Leader

Dr. W. Krliger Director of KFA Safety Institute

In the areas of reactor core graphite structural design, an

independent peer review group has been functioning since the

beginning of FY-86. The charter of the group is to review the

design criteria under development and the associated needs for

graphite technology. The six members of the group are:

Name AffiliationSpcat

Dr. C. Cornell Professor at Structural safety and
Stanford structural criteria
University development

R G-15.A-2

Amendment 6



HTGR-86-024

K. Fleming Pickard, Lowe and Probabilistic risk
Garrick, Inc. assessment
(PL&G)

Dr. J. Gyekenyesi NASA-Lewis Probabilistic design
Research Center methods for ceramic

components

Dr. R. Meyer Aerospace Graphite material
Corporation development

Dr. P. Riccardella Structural Fracture mechanics
Integrity in reactor technology
Associates (SIA)

Dr. W. Tucker GE Probability theory
and application for
engineering problems

It is intended that the peer review group continue to function

until the graphite criteria development has been completed which

is scheduled for the end of FY 88.

A USA/UK joint meeting on nuclear core graphite components design

and technology was held on February 10-11, 1987. Panel members

were:

Name Affiliation

N. Prince United Kingdom Atomic Energy Agency (UKAEA)
M. Tucker Central Electricity Generating Board (CEGB)
G. Jones GCRA
S. Hosegood Hosegood Consultants, Ltd.
W. Eatherly ORNL
Dr. P. Kasten ORNL
G. Tingey Battelle, Pacific Northwest Labs
S. Brown GCRA
G. Licina SIA

An independent peer group was also organized to review the MHTGR

Probabilistic Risk Assessment prior to NRC submittal. The group's

charter was a broad-based review to determine whether the PRA

satisfactorily met its objectives of characterizing the safety of

R G-15.A-3
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the MHTGR, demonstrating compliance with the NRC safety goals, and

providing a logical basis for selection of Licensing Basis Events.

Members of the review group, which operated through November and

December 1986, were:

Name Affiliation

S. Caspersson PDCO
A. Kelley GCRA
F. Balkovetz EG&G
T. Henry CE
J. Oddo SWEC
K. Fleming PL&G
D. Walker SAI
T. Sweeney BNI

In other areas, formal design reviews have been performed by

panels of reviewers independent from the cognizant group within

the organizations. These reviews have addressed the status of the

design, the key technical issues, and the technology needs.

Specifically, the following five reviews have been conducted:

1. Main Circulator
Review Date: January 15, 1987
Panel Members:

Name Affiliation

D. Graf PDCO
S. Caspersson PDCO
J. Sanders ORNL
F. Swart GCRA
L. Swanson PDCO

2. Reactor Cavity Cooling System
Review Date: February 25 and 26, 1987
Panel Members:

Name Affiliation

A. Appleford PDCO
F. Swart GCRA
Dr. F. Bevilacqua Independent consultant

R G-15.A-4
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J. Cleveland ORNL
W. Craig SWEC
D. Graf PDCO
Dr. R. Schleicher GA Technologies (GA)
S. Hosegood Hosegood Consultants, Ltd.

3. Reactor System
Review Date: April 30 and May 1, 1987
Panel Members:

Name Affiliation

Dr. H. Stewart NUTEVCO
D. Graf PDCO
Dr. F. Bevilacqua Independent consultant
F. Swart GCRA
L. Brey Public Service of Colorado (PSC)
Dr. P. Kasten ORNL
W. Simon GA

4. Plant Control Data and Instrumentation System Design Review
Review Date: August 6 and 7, 1986
Panel Members:

Name Affiliation

A. Millunzi DOE
Dr. F. Bevilacqua Independent consultant
L. Oakes ORNL
L. Johnson BNI
R. Pearce CE
T. Morse SWEC
F. Swart GCRA
R. Oda GE

5. NSSS/BOP Control Subsystem Design Review
Review Date: December 9 and 10, 1986
Panel Members:

Name Affiliation

Dr. F. Bevilacqua Independent consultant
L. Johnson BNI
F. Swart GCRA
R. Oda GE
G. Ducat Southern California Edison Co.
L. Oakes ORNL
D. Graf PDCO
R. Pearce CE

R G-15.A-5
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R G-15.B

Comment: DOE will provide to the staff, on request, experimental and test

information available or to be obtained for the MHTGR under

programs other than the Regulatory Technology Development Plan.

This shall include foreign information available to DOE.

Re~ne Doe will, upon request, provide experimental and test data

obtained for the MHTGR as available.

R G-15.B-1 Amendment 6
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R G-15.C

Comment: DOE will provide information on how the allowable design limits on

fuel element cracking under normal operations are being determined

and will discuss any test data available or tests planned to sup-

port this determination.

Response: The criteria used in the design of the MHTGR fuel elements are

expressed as limits on the ratio between the peak stress in the

elements and the strength of the material. These design limits

for normal operation are established to ensure that the probabili-

ty of forming cracks which can interfere with safety or opera-

tional functions of the fuel elements are below the plant safety

and investment risk requirements. Cracking analysis is part of

the criteria development process. Such cracking analysis has

shown that cracks, if they are initiated, will arrest as the

stresses are redistributed and relieved. This self-arresting

characteristic has been experienced in the FSV core. Experim nts

are planned to validate the cracking analysis methods.

The following summary describes the criteria development process.

This summary includes a discussion of which size cracks are con-

sidered unacceptable from a functional standpoint. The FSV

experience and the planned experiments are also discussed.

R G-15.C-1
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DEVELOPMENT OF MHTGR GRAPHITE STRUCTURAL CRITERIA

1. The Need for Improved Graphite Structural Criteria

The mechanical and thermal properties of structural graphites have proven to

be excellent for high temperature nuclear reactor applications. To assure

that these material properties will be employed to full advantage in MHTGR

reactor components, a perceived need exists to standardize and improve the

graphite structural criteria. The following summarizes the status of the

development of graphite structural criteria for all graphite structures in

the MHTGR plant design as included in Chapter 4.

The MHTGR graphite components are divided into two categories: (1) the per-

manently installed reactor internals components such as the graphite core

support, and (2) the replaceable core components such as the fuel elements.
All permanently installed MHTGR graphite structures, which comprise the

graphite core support structure and the permanent side reflector, are

designed to meet criteria specified in subsection CE of the ASME B&PV code,
Section III, Division 2. This code uses the traditional deterministic

approach of limiting the maximum local principal stress to a fraction of the

minimum ultimate strength of the material. The minimum strength is defined

as a statistically determined lower bound on the strength data. The perma-

nent components are installed such that the total neutron fluence incident on

them is below a value which would cause any significant change in material

properties. This code is completely adequate for the permanent graphite

internals components.

For the replaceable graphite components in the reactor core and adjacent

hexagonal reflector, where high levels of fast neutron fluence and thermal

gradients induce complex strain patterns, the traditional structural criteria

have proved to be impractical. Although similar components have performed

well in the Fort St. Vramn (FSV) core, a perceived need arose for structural

criteria which would account for large local changes in strain as a function

of time, as well as a rather broad statistical spread of material properties.

R G-15.C-2
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It was generally concluded that such a criteria should define permissible

local cracking, as was experienced in FSV reactor, and which would have no

impact on plant performance, plant investment, or safety. The replaceable

elements are inspectable by optical devices during regular refueling oper-

ations. This inspectability provides further assurance that a criteria based

on limited cracking is justified.

2. The Selection of a Structural Criteria Utilizing Probabilistic Risk
Assessment (PRA)

A structural criteria development program was initiated to establish new

criteria which are (1) sufficiently justified to be acceptable to the tech-

nical community including regulatory agencies, (2) compatible with the exist-

ing stress analysis methods, and (3) likely to assure an economical plant

design. Item (3) ruled out the approach of simply reducing the stress limits

to some readily acceptable low level such as one-third or one-quarter of the

minimum strength.

Early in the criteria development program, a systematic analysis of the

safety and operational functions, of the graphite core components showed that

these functions are not affected by minor structural failures such as local

cracking. Examples of these functions are "maintain geometry for conduction

and radiation," or "assure moveable poison insertion." Hence, it is not

necessary to design the graphite components to preclude all cracking. It is

only when the cracks exceed a certain size that the functions are adversely

affected.

Accordingly, the direction of the criteria development program is to first

identify the type and size of the largest tolerable cracks, then to determine

the design limits which will assure that the tolerable crack sizes will not

be exceeded. For practical reasons, to simplify the specification of all

core components, the design limits are expressed in a similar manner to tra-

ditional deterministic criteria where the stresses are limited to fractions

of the strength of the material.

R G-15.C-3
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The new feature of the structural criteria is to use probabilistic risk anal-

ysis (RA) as a means of quantifying the necessary stress limits that assure

local damage to material will be tolerable. Because graphite is a brittle

material which naturally lends itself to statistical treatment, and a statis-

tical data base exists for many material properties, "tolerable damage" is

defined in probabilistic terms. In other words, the approach is to first

establish reliability goals (i.e., limits on the probability of damage), then

convert these goals to limits on stress-to-strength ratio. Such an approach

has precedent in structural engineering. For example, the American Institute

for Steel Construction (AISC) code for the design of structural steel speci-

fies deterministic load factors which have been developed from reliability

goals (Ref. 1).

3. Description of the Structural Criteria Utilizing RA

The top-level probabilistic requirements of the MHTGR program offered a

natural basis for establishing reliability goals for individual systems and

components including the core components. These top-level requirements are

expressed as safety and operational risk limits which are allocated to sys-

tems and components through a plant level RA. The risk allocated to the

graphite core components provides the reliability goals to meet the opera-

tional and safety requirements. The operational risk is quantified in terms

of investment protection to prevent financial loss due to plant unavailabil-

ity and/or plant damage.

The process of converting the reliability goals, which express a tolerable

probability of damage in terms of stress-to-strength limits, starts with a

stress analysis of the initial design of the core elements to determine the

peak stresses as a function of the operating life and the limiting licensing

events. The stress analysis is performed for several different elements of

the same geometric type because the loads, and hence the stresses, vary spa-

tially within the core. All the elements of one type are divided into groups

of descending stress levels. For example, the 540 standard fuel elements in

an MHTGR core have been divided into three groups, where Group comprises

R G-15.C-4
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the 5% of highest stressed elements, Group 2 the next 15%, and Group 3 the

- ~remaining 80%.

For each stress group, the upper bound of the stress time histories of
all the elements in the group is defined in a stress-time envelope. Fig-
ure R G-15.C-1 shows an example of such a stress-time envelope.

The sizing of each division of the fuel elements in the stress groups
reflects the observation that the high stress levels in a typical MHTGR core
are limited to a relatively small number of fuel elements. By taking advan-
tage of this characteristic in the stress criteria and limiting the permis-

sible number of elements at the higher stress level, a more economical design
can be achieved. For these small number of elements which could potential.ly

crack, there are quantified limits on crack size which assure meeting the
challenges to the plant investment and safety risk goals. The criteria allow
a different stress-to-strength limit for each group of elements.

The probability that a fuel element will fail its intended function is deter-

mined using probabilistic stress analysis techniques coupled with a probabi-

listic risk assessment (PRA) of the nuclear plant. In order to do these
calculations, the following four steps must be performed. In step 1, the
predicted stress in the element must be expressed in the form of a probabil-

ity density function (PDF) so that the mean value of stress, and the varia-

tion about the mean, is quantitatively known. In step 2, the functional

damage to a fuel element must also be modeled and expressed as a PDF called

the "damage resistance" of the fuel element. En this step, the strength of

the material is modeled as a cumulative density function (CDF). In step 3,
these functions are then convoluted statistically to determine the PDF of
damage from operational or postulated accident events. In step 4, the proba-

bility of functional damage is found as an area under the PDF curve. This is
illustrated diagrammatically in Figure R G-15.C-2. If the probability of

functional damage is less than that allotted to the core subsystem, then the
mean stress level can be raised until the allotment is met. This is the

R G-15.C-5
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value of mean stress which when divided by the mean strength will be the

stress-to-strength limit of the criterion.

The stress analysis of step 1 preceding the selection of stress envelopes is

performed using statistical mean values of the loads, the operating environ-

ment, and the graphite material properties (Young's Modulus, thermal conduc-

tivity, creep rate, etc.). Because all these parameters vary about their

mean values, some due to inherent stochastic variability and others due to

statistical uncertainties, the resulting stress will also vary about its mean

value. This variability (or uncertainty) in the operating stress provides an

input for calculating the probability of damage. For the normal operating

condition, the stress PDF is found to follow a gamma distribution with a

coefficient of variation between 20% and 25%.

The damage model analysis of step 2 is evaluated in parallel with crack pro-

gression analyses to relate the stress levels to functional damage of the

elements. In these analyses, the probability that a crack will initiate at

the highest stressed location in the element and progress until it has

reached a physical boundary inside or at the surface of the element is deter-

mined. The crack progression analyses require trial calculations for identi-

fying cracking patterns. The highest stressed web is first assumed to crack

(a web is the area of graphite between adjacent fuel and coolant holes). The

next step is to modify the finite element dimensions and calculate the redis-

tributed stress field. The highest stressed web of the redistributed stress

field is then assumed to crack and this is continued until a boundary is

reached or the element separates.

After having performed such -cracking analyses for different elements sub-

j ected to different stress fields, an upper bound expression is formulated

for the probability of damage as a function of peak stress in the element.

This expression is based on three assumptions: (1) each web will fail when

the stress in that web exceeds the strength of the material; (2) the strength

of graphite follows a Weibull distribution; and (3) the probability of damage

is the conditional probability of inducing interconnected cracks in webs,

R G-15.C-6
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which when taken together constitute functional damage. This expression for

the probability of damage can be interpreted as the "damage resistance" of

the element.

The damage resistance together with the stress envelopes and the stress

uncertainty distributions are used in a PA analysis of the core to establish

that the risk allocations from the plant-level PA model have been met. When

the allocations are just met, the stress envelope limits are divided by the

mean strength of the material to become the stress-to-strength limits for a

group of elements. If the risk allocations are not met, a trade-off calcula-

tion is required between reducing the stresses or allocating a higher risk to

the core. A trade-off calculation is also required if the allocations are

met with an uneconomically large margin. In either case, the core PA anal-

ysis is repeated.

The selection of the number of elements in each stress group, hich has been

tentatively done in the initial trial phase of the process, is optimized dur-

ing the core PA analysis. In this optimization, the desire to have as few

groups as possible for simplicity of design is traded off against the higher

stress limits allowable with many groups.

The structural criteria methodology described above for the replaceable

graphite components in the MHTGR has been evaluated by a Peer Review Team of

nationally recognized experts. The Team included specialists in graphite

materials, PA methods, structural mechanics, and statistics. The Team

issued preliminary conclusions that the PA approach was the most applicable

for the MHTGR graphite structural criteria. In addition, the team identified

a number of areas, particularly in the statistical treatment, where correc-

tions, improvements, and further development are necessary. A continuing

review by the Peer Review Team is planned as part of the preliminary design

of the MHTGR.
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4. Criteria Selected for MHTGR Conceptual Design

The stress-to-strength limits established for the most severely stressed fuel

and replaceable reflector elements in the MHTGR conceptual design (Group 1)

are shown in Table R G-15.C-1. The limit for the standard fuel element dur-

ing normal operation has been determined using the full process described

above. All other values in the table are estimates which have been scaled

from the standard fuel element calculation. The values in Table R G-15.C-1

are included in Chapter 4.

Although a distribution of graphite material strength values is used in the

PRA analysis, the stress-to-strength limits are expressed in terms of the

mean value for the graphite material grade. The variations in graphite

strength with orientation, location in a billet, temperature, and irradiation

exposure are being confirmed through a materials testing program and will be

factored into the stress analysis in the preliminary and final design phases.

The analyses performed to date indicate that investment risk is the dominant

factor in establishing the stress-to-strength ratio limits. Therefore, the

configuration of the core components is largely determined by meeting invest-

ment risk goals such that safety risk goals will be easily met.

5. Fort St. Vramn Experience

The conclusion from the RA criteria evaluation that local cracking has no

harmful effects on reactor functions during operation or during licensing

basis events has been confirmed by the FSV experience. Two fuel elements

with cracks extending vertically the full height of the elements and hori-

zontally from the outside face to the first hole were found during a post-

service inspection of all discharged elements. Although the cracks were

discovered by a careful post-service inspection, there were no operational

effects which indicated cracking. Coolant flow was not disrupted, no nuclear

physics perturbations were measured, fuel handling was unaffected, and no

fuel materials escaped the graphite block.
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An analytical evaluation of FSV fuel element performance concluded that the

safety of the core had not been compromised by the presence of the cracks, a

position which was accepted by the NRC.

6. Conclusions

The MHTGR replaceable graphite core components are designed to traditional

deterministic limits on the ratio between the maximum predicted stresses and

the strength of the material. These deterministic limits are developed by

probabilistic analytical techniques which ensure meeting plant goals for

functional reliability. Limited cracking is found to be inconsequential.

The structural criteria and associated stress analysis developed in this way

for HTGR fuel elements are rational, logical, and provide a sound basis for

both licensing the reactor and reducing investment risk to the utility pur-

chasing the plant. The use of this approach has been successfully used in

other areas of structural engineering, particularly in establishing criteria

for structural steel design in the AISC code.

References:

1. Ellingwood, et al., Development of a Probability-Based Load Criterion for

the American National Standard A58, National Bureau of Standards, June

1980.
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TABLE R G-15.C-1

STRESS-TO-STRENGTH RATIO LIMITS FOR MHTGR GRAPHITE ELEMENTS

Operating
Normal Basis Design Basis

Element Type Operation Earthquake Earthquake

Standard fuel element 0.35 0.50 0.80

Reserve shutdown control fuel element 0.35 0.50 0.68

Reflector control element 0.20 0.28 0.57
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R G-15.D

Commnt: Based upon the information provided to date the staff cannot agree

that the Regulatory Technology Development Plan should not include

elements for (1) RCCS testing, (2) reactor physics confirmation,

and (3) automatic control development. However, these items are

still under evaluation and our final position on these topics will

be developed as our review progresses.

Repne DOE's position regarding RCCS performance verification by test is

summarized in the response to R 5-4 with emphasis on adequate RCCS

performance and reliability and low sensitivity of RCCS

performance to parameter uncertainties. DOE is encouraged by the

results of independent calculations performed by OR.NL which

generally confirm PSID values (see also R G-21). Further

information substantiating. the estimated RCCS failure probability

of 10-6/demand was provided to NRC at the review meeting on July

16, 1987. Key considerations supporting this failure probability

include: (1) continual monitoring of RCCS performance during

normal power operation to detect any degradation well before it

would have a safety impact should the RCCS be needed for decay

heat removal, (2) high resistance of passive RCCS structure to

significant failure caused by seismic events which dominate the

highi consequence/low frequency risk spectrum, and (3) long time

available for corrective/mitigating actions. Further information

substantiating the extremely forgiving nature of the RCS

performance to failures of very low probability, in particular

regarding increases in fission product release, was presented to

the NRC at the July review meeting.

The process for specifying the required test strategy for

performance verification/code validation is discussed in R 5-4 for

the RCCS. DOE continues to be committed to this structured and

systematic approach to determining the need and scope of any

required testing.
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DOE has completed a review of important nuclear physics parameters

used in the HTGR core design. (Ref. 1) A program for additional

reactor physics validation work is now being planned.

Automatic control development is not included in the Reactor

Technology Development Plan because no technology development

needs have been identified at this stage of design to validate or

confirm assumptions concerning the performance of equipment that

limits radionuclide release to acceptable levels. The control

system will utilize current technology and state-of-the-art

equipment should meet all control system requirements.

Any additional validation work determined to be necessary as the

design progresses which affects radionuclide release will b

included in the Regulatory Technology Development Plan.

References:

1. DOE-HTGR-87-085, "nI-TGR Core Nuclear Uncertainty Analysis," Rev. 0,

August 1987.
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R G-15.E

Comment: At this stage of the staff'Is review, the Fission Product

Technology Development Plan (RTDP-Section 6) is judged

comprehensive and well planned. However, as our review continues

and we begin our preparation of the SER we may request additional

information to support this preliminary conclusion. A particular

concern that we are investigating is the adequacy of the test

program to yield sufficient statistical evidence for (1)

confirming the reference fuel design and (2) supporting the

consistency of the fuel manufacturing process to yield the high

quality fuel required.

Response: Particular attention was given by GA and ORNL to the statistical

requirements in the development of the planned test programs. On

the basis of past experience in fuel manufacturing and fuel

irradiation testing, the planned test programs are designed in

terms of the number of fuel particles being tested, to yield the

required data at the require confidence level. Moreover, the

planned test matrix includes tests under conditions that are more

severe than would occur in the MHTGR during normal operation and

LBEs (e.g., isothermal post-irradiation heating at 1800'C for

500h) which adds confidence to the adequacy of the fuel design by

quantifying the performance margins. The quantities of fuel

identified for test in the RTDP is based on meeting statistical

requirements for expected fuel performance. If, however, the

variability of the test results are larger than anticipated,

supplemental testing for certain limiting conditions might be

necessary.

In addition to a carefully planned and executed technology

development program, the most effective means of assuring that the

radionuclide control requirements are met at the specified

confidence level are accredited quality control and quality

assurance programs during fuel fabrication and a reactor
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surveillance program to monitor the in-s rvice performance of the

fuel. The latter would include monitoring of the circulating and

plateout activities in the primary coolant circuit as well as

post-irradiation examination of selected fuel elements from

initial MHTGR operation. The viability of this approach has been

demonstrated by the Peach Bottom 1, FSV, AVR, THTR, and Dragon

fuel fabrication and reactor operating experience. The MHTGR

programs will be built upon this considerable foundation.
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R G-l5.F

Comment: DOE stated that it does not believe seismic model testing is

needed for the MHTGR design. DOE should document the reasons for

this position.

Response: Seismic model testing is not needed to validate the seismic

adequacy of the MHTGR reactor core because the dynamic response

and loads used in the design process are obtained from validated

computer codes. These codes were developed under earlier large

HTGR programs and validated by extensive testing. The large HTGR

core used the same fuel and reflector elements and the same basic

configuration (e.g. , columns separated by gaps) as the MHTGR.

Thus, DOE expects that the MHTGR core response to a seismic event

can be predicted appropriately with these codes without further

validation testing.

The following brief synopsis of the HTGR seismic R&D program

displays the scope and depth of the program to illustrate how well

the seismic design methods have been validated.

The HTGR core seismic program was initiated in 1970 and continued

over a period of about ten years. The program had two parts:

testing and methods development.

The test program was designed with two main objectives in mind:

(1) to obtain an understanding of the dynamic characteristics of

the reactor core and (2) to provide data for validation of the

computer codes which were developed within the methods development

program. To accomplish this, scale-model tests on selected core

configurations were performed as follows:

1. Impact tests with single core elements or small groups of

el m nts of 1/5-, 1/2-, and 1/1-scale were p rformed.

Fundamental element properties including coefficient of
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restitution, damping, and dynamic stiffness w re obtained from

these tests.

2. Dynamic shaker tests on partial sections of the core including

1/5-and 1/2-scale planar sections of 73 elements and a

1/5-scale single core column were performed. These tests

established frequency response characteristics and determined

the response to seismic excitations for varying core gaps.

Both single axis and simultaneous two-axes excitations were

imposed.

3. Dynamic shaker tests were performed on a 1/5-scale full array

core model representing the 3000 MW(t) large HTGR design

including permanent side reflector, core support structure,

and lateral restraints. Core resonance frequencies and

response to seismic excitations were obtained. The effects on

seismic response from changes in core restraint stiffness,

excitation direction, and seismic input magnitude and wave

form were established.

The computer codes CRUNCH-2D and MCOCO, which are used in the

seismic analysis of the MHTGR core, were developed within the

methods development program and validated by comparing the

analytical predictions with the results from the test program.

The codes were found to predict with acceptable accuracy the

responses not only for the nominal design parameters but also for

a wide range of parametric variations. These included variations

in the number of core elements, core gaps, lateral restraint

stiffness, and excitation wave form, magnitude and direction.

Acceptable correlations were also obtained for the application of

simultaneous excitations in two orthogonal directions.

The basic code validation was performed by correlations with 
the

1/5-scale test results. The scaling laws were then applied to

obtain the parameters to be used in predicting the seismic

response of th actual full-scale HTGR cor .Comparisons between
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the 1/2-scale test results and the analytical predictions were

used to validate the correct use of the scaling laws. These

comparisons confirmed that the scaling distortions were within

acceptable error bounds.
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R G-l5.G

Comment: Development of a reliability assurance program is not part of the

Technology Development Plan. DOE should describe the role of a

reliability assurance program is expected to play in MHTGR safety.

Response: The development of a reliability assurance program is not included

in the Regulatory Technology Development Plan, because no

experimental work or testing is required.

The reliablity assurance program structure will mirror the top-down

MHTGR design process. Specifically, the program objective will be

to ensure that the various MHTGR systems and structures are

sufficiently reliable to meet plant-level goals including the

Top-Level Regulatory Criteria and User/Utility Requirements.

Elements of the program are anticipated to include:

1) Ongoing interaction between designers and reliability analysts

over the course of the design resulting in reliability

requirements,

2) The appropriate use of established codes and standards during

design and construction to ensure adequate reliability and,

3) Development of surveillance and maintenance programs for the

completed plant.

While enhanced system reliability undoubtedly has a beneficial

impact on the safety of any reactor concept, the very low

consequences resulting from potential accidental releases reduces

the sensitivity of the MHTGR's safety to system reliability. As

was shown at the July meeting, failures in various M4HTGR systems

result in only moderate increases in accident consequences. Thus,

the primary motivation for such a program is plant economics and

its role in MHTGR safety is expected to be secondary.
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Such a program, in conjunction with the bs rved ins nsitivity of

MHTGR risk to system reliability, is expected to help ensure that

plant goals, icluding those related to MHl~TGR safety, are met over

the course of the plant's operating lifetime.
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O~R -16

Comment: In preparation for the forthcoming meeting on July 15, and 16,

1987, which will include DOE's presentation and discussion of the

MHTGR PRA, the staff and its consultant (J. Minarick) provided

comments pertaining to a preliminary review of DOE's PRA document

and related matters. DOE should be prepared to address these and

additional comments, as summarized below.

A. A summary of a draft review by J. Minarick and others of

Science Applications International Corporation was presented

to DOE for its consideration. Major points of this draft

review centered on the fact that since the MHTGR design is not

available in detail, the PRA cannot identify those potential

sequences that involve plant details not yet developed. How

much this may contribute to risk is unknown at this point. In

addition, with failure probabilities being claimed for certain

components and systems of less than 10-6 per reactor year,

it is not clear what confidence can be given these values

considering the difficulty in comprehensively identifying

failure sequences in that frequency range. Furthermore, the

truncation of sequences at lx1lO 8 per reactor year prior to

consequence analysis provides little confidence that dominant

risk-related sequences have been identified.

B. DOE should describe how the PRA was used to make design

trade-offs and to classify equipment.

C. DOE should provide at the meeting or plan to document later a

complete discussion of RCCS failure modes, and present a RCCS

fault tree, including the cut sets developed. This response

should make appropriate use of responses to Comments 5-2

through 5-13, and 6-1 and 6-2.

D. DOE should provide at the meeting or plan to document later a

failure modes and effects analysis of th primary vessel
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system. This response should make appropriate use of respons .0

to Comments 5-14 through 5-22 and also consider the

differences between LWR and HTGR service and environmental

conditions.

E. The use of established guidelines and available documents for

the selection of accident initiators should be discussed and

referenced.

F. DOE should describe the methodology and reasoning used in

establishing Table 4-3. We note that by not including passive

support systems in the table, earthquakes do not appear to be

treated with the same regard as other accident initiators.

G. DOE should provide more information on how human reliability

and human recovery operations contribute to the PA. While we

appreciate that the MHTGR's automated control, passive safety

features and slow plant response to transients and accidents

provide for human factors considerations somewhat different

that for LWRs, treatment of these differences as well as the

similarities should be described.

H. DOE should be prepared to discuss at the meeting or document

later a description of the quantification process used in

quantifying the sequence frequency estimates reported in th

MHTGR PA. The description should include detail such as

development of modular fault trees for various front-line and

support systems using consistent symbols and nomenclatures,

and linking all the fault trees in logical fashion at the

accident sequence level and reducing them to assign

probability estimates to various cutsets. The possibility of

the development of the fault trees for various initiating

events should also be discussed.

I. DOE should be prepared to provide at the July 15-16, 1987

meeting a discussion of the pr cess used to identify various
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common cause failures applicable to MTGR components and the

process used to treat them quantitatively at the system level

and the sequence level.

J. DOE should be prepared to provide at the meeting or document

later details of the recovery operations applicable to various

accident sequences. The discussion should include the mission

time of the sequence, the type of system or component, the

mean time to repair and/or restore and the basis for the

credit taken for recovery operations.

Response: DOE addressed NRC's comments on the MHTGR PRA at the July 16, 1987

meeting.
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R G-17

Comment: DOE has stated that PRA has been the underlying methodology used

for the design of the MHTGR safety structures systems and

components. Top level design criteria were used to establish a

chart where risk from various design options was explored and,

where necessary, design changes were made to reduce risks to

acceptable levels, based on PRA estimates. Considering the state

of the art in PRA technology, the fact that the MHTGR is a

conceptual design and the fact that the frequency range of failure

scenarios being evaluated for the MHTGR is below that which has

been generally accepted for LWRs, the NRC staff may not accept

this methodology as the fundamental bases for the MHTCR safety

design. Rather, the traditional design bases of engineering

analysis and judgement, the satisfactory completion of research

and development programs, use of past design and operational

experiences, and substantial conformance to established nuclear

reactor design criteria is being considered by the staff in

assessing the MHTGR design. This is consistent with NRC's Severe

Accident Policy Statement which states that PRA is complementary

to traditional review methods and considered as only one of the

various tools used in nuclear power plant review.

Response: While PRA has been emphasized in presentations to the NRC on MH{TGR

safety, the design process is much more encompassing. PRA has

been a "key basis" in providing a logical framework for

characterizing the safety of the MHTGR and guiding the design

toward alternative solutions to reduce risk. Therefore, PRA is

but one of many tools used in the top down" design process.

DOE agrees that the design process is broader than this and has

used a broad approach in the HTGR design. The HTGR design

process utilizing the Integrated Approach identifies top-level

goals, determines all required functions to me t goals, and

identifies design requirements t assure performance of
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functions. Given all th requirements which are categorized in

the system design documents as shown in Table R G-17-1, design

analyses and trade studies are performed to make design

selections. The HTGR design process includes industry standard

engineering analyses as shown in Table R G-17-2 as well as safety

analyses. It conforms to selected well-established industry codes

and practices (e.g., ASME, IEEE, etc.), inputs past design and

operational experience from gas cooled reactors including Fort St.

Vrain and THTR, and uses ongoing and planned research and

development programs as described in the Regulatory Technology

Development Plan to obtain data and reduce uncertainties.

The role of the PRA tool in this process is to develop a logical

framework from which to discuss MHTGR safety and to quantify the

effectiveness of various design selections in performing

radionuclide control functions. Furthermore, the PRA is utilized

to demonstrate safety goal compliance as the design progresses and

also to provide a consistent and balanced basis for the selection

of Licensing Basis Events.
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TABLE R G-17-1

SYSTEM DESIGN DOCUMENT REQUIREMENT CATEGORIES

1. System Configuration and Essential Features

2. Operational

3. Structural

4. Environmental

5. Instrumentation and Control

6. Surveillance and In-Service Inspection

7. Availability Assurance

8. Maintenance

9. Safety

10. Codes and Standards

11. Quality Assurance

12. Construction

13. Decommiss!~oning
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*0 TABLE R G-17-2

INDUSTRY STANDARD ENGINEERING ANALYSIS

1. Steady state thermal performance

2. Transient thermal analysis

3. Seismic analysis

4. Radiation dose assessment

5. Structural analyses

6. Availability/reliability analyses

7. Control analyses

8. Maintainability assessment

9. In-service inspection assessment

10. Fabricability assessment

11. Constructability assessment

12. Operability assessment

13. Shielding analyses

14. Decommissioning analyses
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R G-l8

Comment: As a portion of the PRA review planned for July 16, 1987, DOE will

describe accidents beyond the design basis in terms of frequency

of events and consequences. In addition to the four accidents

currently planned for discussion (i.e. , large reactivity

transients, conduction cooldown without the RCCS, large steam

ingress and large depressurization), DOE will include discussions

of core support failure resulting from an earthquake beyond the

SSE and a large failure of the vessel system cross duct.

Res~onse: DOE discussed accidents beyond the design basis, including core

support failure and a large failure of the vessel system cross

duct, at the July 16, 1987 meeting.
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R G-19

Comment: The staff stated that it would be necessary for DOE to explore the

consequences of fuel failure beyond the amount that DOE has

calculated for various LEs in order to ascertain if the HTGR

design is approaching any cliffs' in its accident responses. The

staff will further describe its needs in this matter after

evaluation of material to be presented in accordance with Comment

G-18.

Response: DOE will respond to specific comments or concerns when they are

identified.
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R G-20

Comment: DOE will discuss at the July meeting its response to Comment G-12C

(role of and safety classification of reactor operators) which was

discussed at the May meeting.

Resvonse: DOE discussed the control facilities and the role of operators at

the July 15, 1987 meeting.
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R -21

Comment: Syd Ball, NRC staff consultant at ORNL, made a preliminary report

of (1) independent calculations he is making on RCCS performance

and (2) reactivity transient studies that John Cleveland is making,

also at ORNL. Mr. Ball generally confirmed PSID values but noted

that there is significant sensitivity of vessel and maximum fuel

temperatures to the values used for the thermal conductivity of the

reflector and core graphite. DOE will investigate the thermal

conductivity issue and report its findings at the July meeting.

Mr. Cleveland's studies so far indicate that water ingress produces

significantly less reactivity input than given in the PSID. ORNL

will work with DOE to resolve this difference.

Response: The preliminary results of the ORNL independent calculations were

discussed at the July 15, 1987 meeting.

In addition, a meeting was held with Mr. Ball on July 10, 1987 to

discuss ORNL independent calculations on RCCS performance,

including core and reflector thermal conductivities. Concerning

thermal conductivities, ORNL is utilizing conductivity correlations

for MHTGR graphite transmitted by DOE in Ref. 1.

A meeting was held with Mr. Cleveland on July 14, 1987 to discuss

the results of his water ingress studies. ORNL's preliminary

results confirm the very conservative results given in the PSID.

DOE will continue to work with NRC's contractors as required to

resolve differences in calculational results.

Reference:

1. Letter A. J. Neylan (GA) to Tom King (NRC) "MHTGR Heat and Mass Transf r

Data," GA/NRC-006-87, April 3, 1987.
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R -22

Comment: Peter Kroeger, NRC consultant at BNL, made a preliminary report of

his studies of RCCS performance, air ingress and earth heatup.

His conclusions on RCCS performance and air ingress were

consistent with the PSID but his studies of earth heatup gave

higher fuel and vessel temperatures than in the PRA. DOE will

present its methodology for earth heatup in the July meeting and

the differences in the two results will be discussed at that time.

Resp~onse: DOE presented its methodology for conduction cooldown without RCCS

at the July 15, 1987 meeting, and will be prepared to discuss

results that differ from NRC consultants' results.
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R G-23

Comment: DOE will modify the Emergency Planning Basis Document to

incorporate information presented at the July 15, 1987 meeting.

This will include 1) incorporation of the functional analysis

diagram, 2) a description, to the extent possible at this time, of

the action to be taken as indicated in the diagram blocks

entitled, "Notify General Public," n"Notify Government Agencies,"

"Drill Government Agencies," and 3) identification of emergency

planning information that will be provided at future licensing

stages.

Res~onse: Section 8 of the Emergency Planning Basis Report, DOE-HTGR-87-001,

has been modified to incorporate information in each of the above

requested areas that was presented at the July 15, 1987 meeting.
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R G-24

Comment: The staff informed DOE that DOE's position on emergency planning

for the MHTGR was relatively clear, but its acceptance by the NRC

involved a major policy decision that would be guided by th

Commission itself prior to the issuance of the MHTGR Safety

Evaluation Report. The staff is preparing a paper to the

Commission on containment and severe accidents for advanced

reactors that will include discussion of the emergency planning

issue.

Res~onse: DOE appreciates that acceptance of its position on emergency

planning for the MHTGR involves policy considerations. DOE

expects that the NRC staff paper will include a technical

evaluation of the capability of the MHTGR design to meet, with

certainty, the lower Protective Action Guides for plume exposur

at all offsite distances for a wide spectrum of accidents, and a

finding that this capability is a conservative basis for setting

the plume exposure EPZ at the Exclusion Area Boundary. Given such

capability, the policy considerations would address whether

elimination of plans for rapid notification, sheltering, and

evacuation of the public is reasonable and permissible.
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R GI-25

Comet The following comments pertain to the selection of the seismic

design event as presented in the Emergency Planning Bases Document

and derived from the PA.

R G-25.A

Commnt: In its discussion of Emergency Planning Basis Event-3 (EPBE-3)

(earthquake induced slow depressurization of all four reactor

modules) DOE stated that it used applicable data from

NUREG/CR-3558, "Handbook of Nuclear Power Plant Seismic

Fragilities," in addition to references cited in the PRA

document. DOE should be aware and make appropriate use of more

recent and forthcoming data from NRC research programs (e.g.,

UCID-20571, "Compilation of Fragility Information from Available

Probabilistic Risk Assessments," LLNL, September 1985, and

NUREG/CR-4659, "Seismic Fragility of Nuclear Power Plant

Components," June 1986). In addition certain proprietary data are

available from the NRC on request (without identification of its

source) that might result in PRA improvements.

Res~onse: A review of the more recent sources noted has not significantly

changed PRA conclusions. It should be noted that in Reference C-4

of the PA, an independent seismic evaluation for the MHTGR was

performed by EQE Inc. using information from NUREG/CR-4334

(Budnitz, et al., 1985). Structure and system fragilities were

similar to Table C-1 values, and general conclusions of the

present seismic analysis are not affected by any differences in

fragilities. However, future analyses will make use of more

recent studies such as those documented in NUREG/CR-4659 and

UCID-20571. We would also be interested in receiving any other

data the NRC might have that could assist in supporting additional

MHTGR seismic analysis. A separate letter on this subject will be

sent.
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R G-25.B

Comment: Of central interest to the staff's review of EPBE-3 is fragility

data for equipment unique to the MHTGR and DOE's plans to acquire

additional unique fragility data as may be necessary. We request

the DOE augment its Table C-1 in the PRA document with improved

identification of the major critical components of safety-related

structures (such as the RCCS panels as differentiated from the

system as a whole, the various sections of the graphite core

support structure, and the support system for the steam generator

vessel). A discussion should be included concerning the adequacy

of the information presently available for each item and the plans

to obtain additional data as the design progresses by such means

as analysis, testing, or foreign information.

Response: Because the MHTGR is in the conceptual design stage, a detailed

seismic analysis is not possible. Instead, the assessment

focussed on components and structures judged to be limiting in the

operation of active systems, and key features of the plant that

can limit radionuclide release. Fragilities were conservatively

estimated, assuming individual components and structures in the

MHTGR would perform in the same manner as similar items in

existing LWR and gas-cooled reactor plants. Available references

were checked to determine the limiting fragilities in similar

components and structures. Table C-1 in the PRA lists the

fragilities for the items considered in the seismic analysis. As

noted in response R G-25.A, an independent seismic evaluation of

the MHTGR was performed and generally confirmed the values in

Table C-1. As the design progresses, it will be possible to

distinguish major critical components of 'safety-related'

structures," and any plan necessary to obtain additional data will

be developed. However, at this time a more extensive list of

component fragility is unwarranted considering the design status.
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R G-25.C

Comet The methodology used in the analysis of seismic events beyond the

SSE should be more fully described. This methodology resulted in

event EPBE-3 for assessing large earthquakes; however, based on

the information presented, we cannot conclude that EPBE-3 properly

characterizes the effects of seismic events beyond the SSE. The

staff recommends that DOE address this concern by including

verification of selected aspects of the seismic design

methodologies and component fragilities (particularly for

graphites) in the Regulatory Technology Development Plan.

Response: EPBE-3 is consistent with LWR seismic analyses and nonnuclear

industrial experience. DOE, therefore, believes EPBE-3 properly

characterizes the expected MIHTGR response to a seismic event

beyond the SSE at this stage of the design. It should be not d,

however, that the EPBE, and the PRA event sequence from which it

is derived, are focussed on the performance of radionuclide

control functions. Widespread damage that might be expected to

occur, but does not affect radiological consequences, is not

described.

Analysis of EPBE-3 includes the failure of all active systems in

the MHTGR and a breach in the primary coolant boundary. As can b

seen by reviewing accidents beyond the licensing basis (see

responses to NRC Comment G-27) there are no additional failures

that could result in significantly larger doses.

The characterization of the MHTGR is consistent with the Zion,

Seabrook, and Shoreham PAs which show systems and structures

designed for an SSE 'aving median fragilities between three and

ten- times their design value. Furthermore, PA Reference C-1

cites numerous examples of nonnuclear industrial facilities that

have experienced earthquakes with large ground accelerations and

remained functional. Specifically, several fossil-fueled electric

plants have undergone peak ground accelerations in xcess of 0.3 g
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with only limited damage. Therefor , it is reasonable to expect

nuclear grade syst ms and structur s (such as the RCCS) to

continue to function after ground accelerations greater than the

SSE. It should be noted that the event tree sequence and EPBE

description only focus on the performance of safety functions.

Damage not affecting radionuclide release is not addressed in the

PRA.

Because plant system response is highly dependent upon the

earthquake intensity, it is convenient to divide up the event tree

based upon earthquake intensity. For each seismic intensity

region, each system's failure probability is estimated by

combining the probability of earthquake-induced failure with the

system's failure probability independent of the earthquake. Each

system's independent failure probability was obtained using

results from the main loop cooling event tree. Earthquake-induced

failure probabilities are estimated by statistically combining

component fragilities with~ the probability of a particular ground

acceleration.

The system failure probabilities shown for event sequence EQ-BN

(which corresponds to EPBE-3) are probabilities of system failures

following earthquakes in the range of 0.8 to 2.0 g. If only a

1.5 g earthquake were analyzed (the highest ground acceleration

predicted to occur within the licensing basis frequency range),

system failure probabilities would obviously be higher than the

median values shown in the event tree. However, these higher

failure probabilities are offset by the fact that earthquakes

exceeding 1.5 g have a much lower occurrence frequency. (From PRA

Figure C-4, the frequency of earthquakes exceeding 0.8 g is

approximately 1.5 x 10- per plant year, whereas the frequ ncy

of earthquakes exceeding 1.5 g is 4 x 0-7 per plant year.)

More detailed seismic analyses will be performed as the design

progresses. The need for further development of seismic design

method and compon nt fragilities is discussed briefly in R G-25.B

and addr ssed in greater detail for graphite components in
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response to question R G-15.F. While additional testing and

m thods verification will be considered as the design progresses,

additions to the Regulatory Technology Development plan do not

currently appear warranted.
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R G-26

Comment: The following comments refer to the staff's review of the MHTGR

PRA:

R G-26.A

Comment: Although DOE stated that it believes the PA to be adequate for

the selection of licensing basis events, equipment classification,

and to support the approach to emergency planning, it also stated

that the PA was not the only basis. DOE should describe how

other bases are used in conjunction with PA in making safety

related decisions.

Response: The MHTGR design was developed using a systematic, top-down

approach to meet user and' regulatory requirements. Conventional

engineering design and analysis techniques were employed to make

design selections to satisfy these requirements, many of which are

related to safety. The extensive and existing HTGR technology

data base was utilized in this design process. Specific, but

limited, additional technology development needs were identified

as appropriate.

The PEA was utilized to evaluate the safety characteristics of the

design and to provide a framework from which Licensing Basis

Events evaluated in the PSID and EPBR are selected. In addition,

engineering judgment and a review of industry experience were made

to help ensure that this selection was complete.

Based upon the selection of LBEs, a set of systems, structures,

and components (SSCs) capable of assuring that the dose limits of

10CFR100 can be met under these accident conditions is identified

and labeled as "safety-related.' The PA, since it encompasses

the full spectrum of safety analyses performed for the MHTGR, is

central in the understanding of what plant f atures are adequate
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t limit radiological release. However other tools are also used

in this selection. Functional analysis is utiliz d to id ntify

the functions required for radionuclide control. Functional

analysis also provides a check that at least one of the SSCs

capable of performing each of these required functions is

classified as "safety-related.' Industry experience provides an

additional check of the appropriateness of equipment

classification. Confirmation was made that differences between

traditional equipment classifications and those made for the MHTGR

are attributable to the characteristics of this concept and are

not a result of any oversight in the selection process.

A partial listing of experience sources utilized in making

decisions related to safety include: The DelMarva and Fulton

PSARs, GASSAR, the Fort St. Vrain FSAR, and SARs for current light

water reactor designs.
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R G-26.B

Comment: DOE stated that a reliability assurance program will be developed

but it is not available for the present stage of the HTGR

review. DOE should describe the scope and objectives of the

program being considered and indicate its relationship to

component reliability testing programs, also stated to be under

development, and to the quality assurance, surveillance and

maintenance programs which will be required for MHTGR licensing.

Response: In R G-15.G it was stated that a reliability assurance program

will be developed for the MHTGR. The program structure will

mirror the top-down MHTGR design process. Specifically, the

program objective will be to ensure that the various MHTGR systems

and structures are sufficiently reliable to meet plant-level goals

including the Top-Level Regulatory Criteria and User/Utility

Requirements. The scope of the MHTGR's reliability assurance

program is anticipated to include:

1. Ongoing interaction between designers and reliability analysts

over the course of the design,

2. The appropriate use of quality assurance and established codes

and standards during design and construction to ensure

adequate reliability and,

3. Development of surveillance and maintenance programs for the

completed plant.

Reliability requirements in the MHTGR are generally specified at a

system level such that, if met, compliance with the plant-level

goals is ensured. The designers are free to meet these

requirements with system configurations of their choosing. The

resulting systems are then assessed for their reliability using

component-level industry experience. Where a new or unique

component application results in excessive uncertainty or

pr clud s us of industry experience, component reliability

testing is on avenue available to provide the basis for
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determination of reliability and confirmation that th system in

question can m et its requir ments.

The relationship between quality assurance and reliability

assurance is in ensuring that the MHTCR is built to the se

specifications that were assessed in the design as being adequate

to meet the various plant goals.

Surveillance and maintenance programs are related to reliability

assurance in two ways:

1. They help ensure that the reliability of the operating plant

is kept at levels consistent with meeting the plant goals.

2. They can be used to enhance the reliability of certain

components. As an example, the very low probability assessed

for large failures of the passive Reactor Cavity Cooling and

Vessel Systems is, in part, a result of planned surveillance

of these systems.

The specific elements of the reliability assurance program which

are related to MHTGR licensing are those dealing with radionuclide

control functions.
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R G-26.C

Comment: DOE stated that as the HTGR design evolves to more advanced

stages, PRAs will be prepared commensurate with the design. DOE

further stated that the staff's current PRA review and

expectations should consider that the PRA is for the conceptual

design level rather than in support of a PSSAR.

Response: DOE confirms that the current PRA is intended only to support the

conceptual design phase and forms a basis for initiation of the

preliminary design. As the design progresses through subsequent,

more advanced levels (e.g., preliminary and final design), new

PRAs will be conducted commensurate with the design detail and the

intended usage. These subsequent studies will begin with a

fundamental review of initiating event selection and include

appropriately more detailed frequency and consequence analyses.

It should be noted that this progressive process allows for the

possibility that subsequent LBE selections may be amended to

reflect findings in these later PRAs.
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R G-26.D

Comet DOE stated that it concluded, after studies, that risks are

dominated by plant conditions at the 100 percent power level. DOE

should give examples of studies that led to this conclusion and

the decision not to consider refueling, low power, startup, or

shutdown conditions at this time in the PRA.

Response: A review of the HTGR design has shown that accidents initiated

from 100% power operations encompass the risk attributable to

accidents initiated from conditions other than power operation.

The reasons for this can be understood by considering the

differences in design and safety approach.

As described in Chapter 5 of the PRA, the MHTGR safety philosophy

puts primary reliance for the containment of fission products on

the high integrity HTGR fuel. Significant threats to the

continued retention of radionuclides result only from challenges

to the fuel particle due to failing to control heat generation,

remove core heat, or limit chemical attack. This reliance on the

fuel particle exists during refueling, low power, startup and

shutdown conditions, as well as during full-power operation.

There are no operating conditions during which the key

radionuclide barrier relied upon in the MHTGR (fuel particle

coatings) is opened.

The impact of HTGR operations at other than 100 percent power on

the performance of functions required to maintain fuel integrity

is described below.

Challenges to the Control of Heat Generation Reactivity

transients are bounded by accidents initiated from full power

operation. The temperature coefficient is always negative and it

is more negative under cold conditions than when the core is hot.
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Analys s have b n performed to determine the effect of rod

withdrawal from hot and cold critical cores. Cons quences of the

cold rod withdrawal are significantly less severe than those of

the hot case, in terms of fuel temperature. The reactivity

effects of water ingress under hot and cold conditions have been

analyzed and the results are summarized in response to NRC Comment

4-16 where it is shown that the effects are more severe under hot

conditions. Additional analyses of undetected water ingress

during cold shutdown have been undertaken and they do not suggest

the potential for significant offsite radiological consequence.

Challenges to Heat Removal: The annular core configuration and

low power density of the MHTGR core were selected to meet decay

heat removal requirements in the MHTGR. The resultant capability

for entirely passive core heat rejection utilizing only conduction

and radiation means that neither the performance nor the

reliability of this function are compromised during any plant

operating mode.

Relative to the removal of core heat, the primary difference

between 100 percent power operation and other operating modes is

the amount of decay heat that must be rejected. The lower decay

heat levels that would exist following a loss of forced

circulation from other than 100 percent power operation have been

analyzed and shown to result in lower peak temperatures during

subsequent conduction cooldown. Therefore, challenges to the

function of removing core heat that occur from 100 percent power

operation encompass all such challenges.

Challenwes to Limiting Chemical Attack: Only two chemical

oxidants are available for attack of the M4HTGR core: air f rom

outside the primary coolant boundary, and water from either of two

helium/water heat exchangers. Ingress of either of these oxidants

is more severe if initiated from power operations.

Oxidation of graphite exp sed t air is a temperatur -dependent

process and occurs at significant rat s only at temp ratures in-
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excess of 500 0 C. Since the high t core temperatur s are

experienced during power operation or following losses of forced

cooling from power, the consequences of air ingress are bounded by

ingress accidents initiated at power. It is acknowledged that

during refueling, the primary coolant boundary is opened,

increasing the likelihood of air ingress. However, such an

ingress of air would be to a relatively cold core, and analyses

have shown that even at elevated temperatures, the radiological

consequence from air ingress through a single hole is negligibly

small. Accidents initiated from hot, shutdown conditions would be

less severe than those initiated from full power due to lower

decay heat levels.

Water ingress is of concern for two reasons: 1) because of its

ability to oxidize graphite at temperatures in excess of 700'C,

and 2) because of its ability to hydrolyze failed fuel. Like air,

water-induced oxidation is temperature-dependent, and ingress

accidents initiated at power when temperatures are higher bound

other accident scenarios. Hydrolysis occurs at both high and low

temperatures. However, analyses have shown that water transport

to failed particles and reaction rate are both enhanced by steam

ingress and high partial pressures. Such conditions are most

likely at power operation. Thus it is concluded that the analysis

of moisture inleakage initiated at power bounds the risk of

chemical attack by moisture.

Large water ingress from conditions other than 100% power have

occurred at both the AVR reactor in Germany and the Ft. St. Vramn

reactor in the U. S. Despite their magnitude, these events

occurred without significant safety impact to the surrounding

public and further support the conclusion that accidents initiated

from power operation encompass the safety risk from water ingr ss

events.
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R G-26.E

Comment: DOE stated that it believes the PRA role of support systems and

support system interactions is less important than for LWRs

because passive systems dominate safety performance of the MHTGR.

DOE also believes for this reason that modeling is simplified as

is the level of modeling uncertainties.

Response: The high degree to which the various functions required to

maintain fuel particle integrity can be performed by passive

features or inherent characteristics of the MHTGR reduces the

sensitivity of the PRA results to intersystem dependencies and

support system interactions. Furthermore, this reduction of

common dependencies in the performance of radionuclide control

functions acts to reduce modeling uncertainties for lower

frequency, more severe accident sequences in which only these

passive features are relied upon.

In controlling heat generation, the negative temperature

coefficient of the MHTGR core is independent of any support

systems.

In maintaining heat removal, the unique geometry and low power

density of the MHTGR core ensure adequate heat removal regardless

of the success or failure of any plant control systems.

Finally, the high integrity, high quality HTGR fuel particles

ensure only limited release during possible chemical attack from

either of the only two oxidants available for ingress, air or

water.
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R G-26.F

Comet DOE will provide a version of the "Dose Risk Limit Chart" in which

the uncertainty limits are included with the plotted accident

points.

Response: For convenience, the many event sequences identified in the PRA

are grouped into phenomenologically similar accident families.

These accident families are plotted in Figure R G-26.F-1. Points

on the figure correspond to the mean dose and frequency estimated

for each accident family. Uncertainty bands are indicated for

those families that result in radiological release. Uncertainty

bands extend from the 5th to the 95th percentile values in each

release category's dose and frequency uncertainty distributions.

Those accident families which result in radionuclide releases are

briefly described in Table R G-26.F-1.
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TABLE R G-26.F-1

Accident Families Resulting in Dose to the Public (PRA Release Categories):

DF-X(a) Accident family is initiated by a leak in the primary coolant

boundary. Forced core cooling is maintained under dry conditions.

WF-X Accident family is initiated by a leak in one or more steam

generator tubes. Forced core cooling is maintained under wet

conditions.

DC-X Accident family is initiated by a leak in the primary coolant

boundary and/or by seismic activity and results in a conduction

cooldown transient.

WC-X Accident family is initiated by a leak in one or more steam

generator tubes and results in a conduction cooldown transient.

(a)Numerical designators, rather than an "X," follow the initial two

1 tters. These numerical designations generally proceed from the most

cons quential to the least consequential. For example, DF-1 would have

higher consequenc s than DF-2.
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. ~R G-27

Comment: DOE presented dose and risk estimates for accident events beyond

the design bases to illustrate that the residual PRA risk is

negligible. The estimates were provided or referenced for 1)

large reactivity events (loss of forced cooling without scram, rod

ejection, complete control rod withdrawal, and large steam

ingress); 2) conduction cooldown without RCCS; 3) cross duct

vessel failure; 4) steam generator failure without isolation or

dump; and 5) core support integrity considering a large

earthquake. DOE will document this information in the PSID. The

staff believes this information to be highly valuable in assessing

the overall safety potential of the MHTGR, and it will continue to

review this material by a combination of independent analyses and

continued dialogue with DOE and its contractors.

Resp~onse: The information on events beyond the licensing basis which was

presented in the July 16, 1987, meeting is documented in the new

Appendix to the MHTGR PRA report, DOE-HTGR-86-011. This new

documentation provides an understanding of why these events were

not pursued either in quantifying overall risk or in selecting

licensing basis events.

DOE provided the dose and risk estimates for events beyond the

licensing basis to. illustrate that: 1) rare events exhibit no

large increase in consequences (cliffs), the 2) the residual risk

is negligible. DOE believes that this information can provide the

required assurance that the licensing basis events, i.e. , those

discussed in the PSID and the EPBR, are the correct focus of the

staff's review.
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R G-28

Comment: The reactor coolant pressure boundary should be safety-grade to maintain the quality of
the boundary at the highest standards practical.

Resnonse: The classification of structures, systems, and components (SSCs) for the MHTGR focuses
on a subset of SSCs capable of performing the radionuclide control functions required to
limit releases from Design Basis Events (DBEs) to those allowed by 10CFRIOO. These
SSCs are classified as "safety-related". Some of the MHTGR radionuclide control
functions required to meet offsite doses are different than those for an LWR as illustrated.

Function MHTGR LWR
Retain Radionuclide in Fuel X

Control Heat Generation x x
Remove Core Heat X X

Control Chemical Attack X

Control Coolant Loss X

The above differences are due to the fundamental differences between gas cooled and
water cooled reactors and to the MHTGR safety approach to retain radionuclides at the
source. Not withstanding the fact that Control Coolant Loss is not required for the
MHTGR, portions of the primary coolant boundary are classified as "safety-related" to
meet other functions, e.g. the vessel system to Control Chemical Attack. Further, while
classified as not "safety-related" for controlling coolant loss for offsite doses, the
remaining portions are of high integrity to meet requirements associated with personnel
doses, cleanup and downtime.

If the MHTGR RCPB is classified "safety-related", to comply with light water reactor
(LWR) regulations, this could automatically invoke other LWR requirements that are not
necessary for the MHTGR. As an example, in NRC comment and DOE response R 5-30,
NRC noted that the steamn generator will be constructed to the ASME Code Section III
and, because provision is provided for individual tube inspections, could pro~bably also
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be inspected to the full requirements of the ASME Code Section XI. Justification was
requested why full compliance with the ASME Code was not planned.

The following is a summary of responses made to NRC comments on the classification
of the reactor coolant pressure boundary. The full responses are contained in Volume 5
of the PSID.

R G-14 Identifies structures systems and subsystems performing functions to meet
the various top-level regulatory criteria.

In all cases, where an item performs functions serving to meet IOCFRI100, it also
performs the functions to satisfy the lower threshold EPA Protective Action Guidelines
(PAGs).

R G.3-1 The response evaluated the relevance and applicability of LWR General
Design Criteria to the MHTGR.

Specific to Criterion 30 - Quality of reactor coolant pressure boundary, it was stated,
"The MHTGR meets the intent of GDC 30. The ability of the MHTGR to meet safety
requirements is not sensitive to small primary coolant leaks nor is it dependent upon
maintaining primary coolant pressure."

Although not stated in the above response, it could have been further stated that the
ability of the MHTGR to meet safety requirements is also not dependent upon or
sensitive to the ability to maintain primary coolant inventory.

R NRC noted that the steam generator and the shutdown heat exchanger forned
boundaries of the primary coolant system but were not "safety-related".

The DOE response summarized the responses to NRC concerns made in NRC
comment 5-29. It was stated that the steam generator and shutdown heat exchanger ae
not required to be "safety-related" (1) to assure radionuclide retention, because an
MHTGR release of all primary coolant and plateout results in offsite doses well below
IOCFRI100 limits, (2) to maintain core geometry, since the safety related vessel system
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is capable of withstanding large steam generator failure of up to an equivalent offset
rupture of 20 tubes, (3) to prevent water chemical attack, since the "safety-related" fuel
system is designed to withstand the entire water/steamn inventory of the steam generator
without excessive fission product release and without excessive generation of combustible
gases, and (4) to control heat generation, since the safety related neutron control system
is designed to shut down the reactor under any amount of water.

R 5-18 NRC requested DOE to describe the means for detecting helium leakage
from the vessel system.

The DOE response stated that the reactor vessel, steam generator vessel, and cross vessel
are designed, fabricated, tested and installed in accordance with ASM[E Code Section II
rules for vessels. In addition, both pre-service and in-service inspections are performed
on the entire vessel system in order to detect flaws that might lead to failures. As a
result, the leak-before-break philosophy and associated leak detection are not required.

R 5-29 This NRC comment and DOE response was discussed under R 5.

R 5-30 The staff noted that the steam generator will be constructed to the ASME
Code Section IH and, because provision is provided for individual tube inspections,
could probably also be inspected to the full requirements of the ASME Code
Section XI. The staff requested justification why full compliance with the ASME
Code is not planned.

The DOE responded that during operation the steam generator integrity is continuously
monitored by moisture detection in the primary circuit. Also, as described in R 5-29, the
I1OCFR 100O dose limits can be met without relying on the integrity of the steam generator.
Access provisions have been provided in the design to allow for individual tube
maintenance (e.g., orifices), leak detection, plugging or, if needed, NDE of the tube
length. This will enable the operator to pinpoint the nature and source of a leak, take
corrective action, retumn to power, and obtain knowledge to be used to identify potential
causes of future leaks.
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Draft PSER Section 5.3.5.B stated the staff agrees with DOE that it should not be
necessary to perform individual tube inspections on the basis that the actuation system
for steam generator isolation will be "safety-related" to provide continuous and assured
means of tube-leak monitoring.

R -33 The staff requested a description of the consequences of a pathway for
primary coolant leakage via a failure In the shutdown cooling heat exchanger
(SCHE).

DOE responded that during normal operation, the primary coolant pressure is greater than
the operating pressure of the Shutdown Cooling Water Subsystem (SCWS). The leakage
path for this situation involves helium leaking into the SCWS. A SCHE leak would be
expected to be isolated by closing the SCHE isolation valves in the SCWS. The
consequence for this case is bounded by SRDC-10 which has a leakage rate from the
primary system that bounds an additional failure of the SCWS isolation valve.

For plant operation when the primary coolant pressure is less than the SCWS operation
pressure, SCH-E failure results in water ingress to the primary system. The SCHE would
be expected to be isolated by closing the isolation valves. Total water ingress is
significantly less than occurs for a steam generator leak. This case is, therefore, bounded
by the consequences of SRDC-6 presented in PSID Chapter 15.

In addition the Shutdown Cooling System is designed to accept thermal conditions with
no SCWS water flow, i.e., with the SCHE isolated and drained under normal and
abnormal conditions.

Conclusion

A review of the PSID position on the safety classification of the RCPB as given in the
above responses to NRC comments reaffirms the PSID position that classifying all
portions of the RCPB as "safety-related" remains inappropriate. However, the not "safety
related" portions of the reactor coolant boundary will be high quality to meet require-
ments associated with personnel doses, cleanup and downtime. Criteria for achieving this
quality will be developed at a later design stage and will provide appropriate integrity for
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the reactor coolant pressure boundary, recognizing the inherent differences between the
MHTGR and LWRs. A presentation to the NRC has been planned for January 1992,
during which time the MHTGR approach to safety/safety classification and the role of
the MIHTGR reactor coolant pressure boundary in plant safety will be reviewed in detail.
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R G-29

Comment: The operators have a non-safety grade control room and a safety-grade remote shutdown
area. The operators should have a control area which meets GDC 19 for habitability,
GDC 2 for seismic events, and GDC 3 for fire protection, and has reactor protection
instrumentation and controls which are safety-related. This is for defense-in-depth.

Response: The above NRC comment as well as the comment provided in R G-30 (Amendment I11)
both relate to the allocation of MHTGR plant design requirements which are related to
the role of the operator. Additional discussion is necessary in order to understand the
MHTGR design and licensing basis in the following areas: 1) Clarification of the
MHTGR control room and remote shutdown area safety classification, 2) MHTGR design
and operator functional capability, and 3) Bases for the role of the MHTGR operator.

Clarification of the MHTGR Safety Classification

Clarification to the above comment is needed relative to the safety classification of the
control room and the remote shutdown area. There is no "safety-grade remote shutdown
area" in the MHTGR plant design. Both the MHTGR control room and remote shutdown
area are classified as not "safety-related". At present neither the control room nor the
remote shutdown area are needed to fulfill any function required to meet the dose limit
guidelines of OCFRlOO during any MHTGR Design Basis Event (DBE) or Safety
Related Design Condition (SRDC). However, for investment protection and regulatory
monitoring and reporting functional requirements, additional consideration is being given
to the habitability, seismic and fire protection criteria development for the remote
shutdown area.

MHTGR Design and Oerator Functional Capability

The information provided in PSID Sections 6.1.2, 7.2, and 13.2, and in Responses to
NRC Comments R G-5, R G-6(2), R G-6(3), R G-6(6), and R 13-14, describes the
MHTGR protective system monitoring and controls capability provided in the control
room and remote shutdown area. These sections identify three separate locations in the
MHTGR design where the plant operator can accomplish protective system monitoring
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and control functions. These include full capability at the control room and the remote
shutdown area, and limited capability at the Plant Protection and Instrumentation System
(PPIS) cabinets. Based upon the previously submitted design information and the
following discussions, this is considered an appropriate level of operator protection
system control for the MHTGR design.

The MHTGR plant design provides an alternate location, separate from the plant control
room, where the plant operator can discharge his overall responsibility for the safe
operation of the plant. In the unlikely event that the control room becomes uninhabitable,
the MIHTGR plant operator has the capability to continue to monitor the perfonnance of
the PPIS, and to manually initiate all PPIS protective actions. This capability to monitor
the protection system performance and perform manual protective actions (e.g., reactor
trip) is provided through the installation of separate PPIS interface workstations in the
control room and in the remote shutdown area. In addition, limited PPIS monitoring and
manual actions can be performed at the safety-related' PPIS cabinets located in the
Reactor Building.

It is important to realize that the MHTGR safety analyses conclude that the only
automatic protection system instrumentation and control functions required to mitigate the
consequences of any MHTGR DBE or SRDC, and thus be classified as "safety-related,"
are those inputs and functions listed in the "safety-related" portion of the PPIS shown in
PSID Figure 7.2-1. A other protection system inputs and functions received and
performed by the PPIS shown in PSID Figure 7.2-1 are classified as not "safety-related."

The "safety-related" functions listed below are the only PPIS functions identified thus far
as required to mitigate the consequences of any DBE or SRDC:

* Reactor Trip w/Outer Control Rods - Shutdown Reactor - Release Outer Rods

* Reactor Trip Reserve Shutdown - Shutdown Reactor - Release Neutron

Absorbers
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Main Loop Shutdown- Trip Circulator - Open Trip

Breakers

Isolate Steam Generator - Close

FW Valves, Close MSIVs

The MHTGR plant operator has the capability to perform all of the functions listed in
PSID Figure 7.2-1. The control room and remote shutdown area PPIS interface
workstations are physically and electrically separated from the Plant Control, Data &
Instrumentation System (PCDIS); they receive all of the same protection system
instrumentation inputs, and they provide the operator with the same monitoring and
control function capability as possessed by the PPIS itself. Their PPIS monitoring
capability includes protection channel readouts, protection status indications, protection
bypass indications, and post-accident monitoring displays, while the control functions
include manual initiation and trip reset controls for each PPIS protective action function.

Thus, the operator retains the full PPIS capability for protective system monitoring and
control in the control room and in the remote shutdown area, and limited PPIS capability
in the Reactor Building. However, because such action on the part of the MHTGR
operator is not required to assure that the dose limit guidelines of ICFRI00 are met
during DBEs and SRDCs, neither the control room or remote shutdown area locations nor
their associated PPIS interface workstations have been classified as "safety-related."
Therefore, there are currently no operator safety functions which would require the design
of these areas to meet DC 19 for habitability, GDC 2 for seismic events, or GDC 3 for
fire protection. However, further studies will be performed to determine the appropriate
allocation of habitability, seismic and fire protection requirements to plant control areas
for purposes of investment protection and regulatory monitoring and reporting.

Basis For The Role of the MHTGR erator

The MHTGR design utilizes its inherent design characteristics in conjunction with its
simple and passive safety design features to accomplish its safety goal to protect public
health and safety. The inherent design characteristics include controlling the release of
radionuclides through their retention in the coated fuel particles for all postulated DBEs
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and SRDCs. The thre principle functions which must be accomplished to ensure that
the degree of radionuclide retention is sufficient for the MHTGR to meet the Top-Level
Regulatory Criteria (Reference 1) a Control Heat Generation, Remove Core Heat, and
Control Chemical Attack. An assessment of the MHTGR's ability to accomplish these
functions and the role of the operator in doing so was provided in response to NRC
Comment R G-5. As indicated in that assessment, the radionuclide retention capability
required to meet the lower Protective Action Guideline (PAG) limits is maintained
regardless of the actions taken by the operator for power active systems.

Another MHTGR inherent design characteristic is the large safety margins in the MHTGR
core heatup time for all postulated DBEs and SRDCs. The imes available before safety
related automatic trip actions a needed to mitigate the consequences of any MHTGR
DBE or SRDC in order to meet the dose limit guideline of IOCFR100 were presented in
Response to NRC comment R G-6(2). The time available for all events which require
automatic reactor trip is 1 days. This is based upon the need to limit additional heat
generation and further rise in core temperature due to loss of xenon poisoning after this
time duration. The time available for all events which require automatic main loop
shutdown is ½h day. This is based upon the time at which hydrolysis of U0 2 in defective
fuel particles could begin. The MHTGR protective system design accomplishes the
necessary automatic "safety-related" protective action in a matter of minutes. There is
no immediate "safety-related" action required of the plant operator. Under accident
conditions, the operator monitors the overall plant response and the protection system
performance. The operator could exercise manual initiation of protective features well
within the 1 days for reactor trip or ½h day for main loop shutdown. The operator ill
initiate other actions as needed to limit investment risk, perform post-accident monitoring,
and initiate off-site notification

While the MHTGR operator need not be assigned any function to ensure the protection
of public health and safety under accident conditions, he does retain overall responsibility
for the proper operation of the plant and safety of plant personnel. The operator's role
in doing so is primarily one of supervision over the plant processes and activities to
ensure that the plant material and operating conditions are maintained consistent with the
design basis and safety analyses. The operator monitors the performance of plant
processes, including the passive safety design features and the automatic protective system

R G-29-4 Amendment 



HTGR-86-024

status and operability, during normal operation. The operator maintains plant operating
states consistent with its design basis configurations for startup, normal operation,
shutdown and refueling, in order to maintain the basis upon which the plant DBE and
SRDC safety analyses were performed. This ensures that the plant behavior is reasonably
expected to be as-predicted by the plant safety analyses.

Despite having no active role in the MHTGR's ability to meet the guidelines of
IOCFRl100 during any DBE or SRDC, the MHTGR operator has nonetheless been
provided with the capability for protection system monitoring and manual protective
system action. Under accident conditions the plant operator monitors the performance
of the automatic Plant Protection and Instrumentation System (PPIS), performs
discretionary protective system monitoring and control functions as required to limit
investment risk, initiates post-accident monitoring and recovery actions, and initiates off-
site communications. All of these functions can be performed from either the control
room or the remote shutdown area. A limited number of these functions can be
performed from the PPIS cabinets in the Reactor Building.

The MHTGR operator also has the ability to implement an anticipatory plant shut down
or activation of protective system features using either the normal operational control
systems or the plant protection system. However, because the MHTGR design meets the
guideline requirements of OCFRlOO without any reliance upon operator action during
DBEs and SRDCs, the provisions made to provide these capabilities are riot classified as
"safety-related." Accordingly, there is no requirement for a "safety-related" manual
scram. This remains consistent with the program's goal for the role of the MHTGR
operator to primarily perform plant mission tasks.

Summary Response

In summary, the plant operator retains overall responsibility for the safe and reliable
operation of the plant. The role of the plant operator is primarily a supervisory one oer
the plant processes. Normal plant operations are routinely conducted by the operator in
the control room.
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In the unlikely event that the control room becomes uninhabitable, a remote shutdown
area is provided from which the operator can maintain functional capability for proper
operation of the plant. Additional studies for investment protection, regulatory
monitoring and regulatory reporting requirements will be performed to further assess the
role of the operator in exercising overall plant responsibility. It will be the goal of these
studies to meet the objectives of DCs 19, 2, and 3 as appropriate to the design
characteristics of the MHTGR including the much greater times available for the
development and mitigation of transients and accidents in comparison with LWRs. These
studies will determine the need to consider additional habitability, seismic or fire
protection requirements allocated to the remote shutdown area to achieve the requisite
operator functional reliability. The remote shutdown area will provide the operator with
the capability for plant shutdown, protection system performance monitoring, manual
initiation of all automatic protection actions, if needed, and, in the event of an accident,
post-accident monitoring, initiation of plant recovery actions, regulatory monitoring and
reporting, and communication with onsite and offsite personnel. MHTGR specific
habitability, seismic, and fire protection design criteria will be developed for the remote
shutdown area consistent with the MHTGR requirements to provide these operator
functions. Resulting investment protection design and/or regulatory monitoring and
reporting requirements will be implemented in the remote shutdown area design. Since
the plant operator will have a significant role in mitigating the investment consequences
of an accident, the remote shutdown area will be designed to withstand certain specific
hazards, both intemnal and extemnal. Additional habitability, seismic or fire protection
requirements will be allocated to the design of the remote shutdown area as required to
ensure that the operator will have the ability to fulfill allocated investment protection,
regulatory monitoring and reporting functions with the requisite reliability. Because of
the MHTGR inherent characteristics, passive design features and large safety margins in
core heatup time for all DBEs and SRDCs, the design criteria developed for MHTGR
habitability, seismic and fire protection designs may differ from those typically applied
and implemented in current LWR designs.

References:

1. DOE-HTGR-85002, Rev. 2, "Top-Level Regulatory Criteria for the Standard MHTGR", dated
October 1986.
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R G-30

Comment: The operators should have a manual scram in the control areas. There should be a
safety-related manual scram in the safety-grade control area and a manual scram, not
necessarily safety-related, in the non-safety-grade control area. The manual scrams
should be independent of the non-safety-grade process computers. This is for defense-in-

depth.

Response: The basis for the safety classification assigned to the design for manual scram capability
in the control room and the remote shutdown area was previously documented in PSID
Sections 6.1.2, 7.2, 7.3, and 13.2 and in Responses to NRC Comments R G-5, R G-6(2),
R G-6(5), R G-6(6), R G-12.C, and R 13-14.

As further discussed in R G-29 (Amendment I11), the Plant Protection and Instrumentation
System (PPIS) reactor trip switchgear is designed as "safety-related" and is expected to
perfonm as designed. As such, the operator's role is to monitor the operability status of
the PPIS and to monitor its perfomance when activated. At present there is no need to
design for a manual scram capability in order to fulfill any function required to meet the
dose limit guidelines of OCFRIOO during any MHTGR Design Basis Event (DBE) or
Safety Related Design Condition (SRDC).

As such, the MHTGR manual scram capability is classified as not "safety-related." This
capability is provided to the plant operators in the control room and in the remote
shutdown area, both of which are also classified as not "safety-related." These manual
scrams are independent from the non-safety-grade process computers and are diverse from
the automatic protection system scrams. Furthermore, manual scram is available to the
plant operators utilizing the "safety-related" reactor trip switchgear in the PPIS cabinets
located in the Reactor Building. With the extensive time available for the plant operator
in the event of off-normal conditions, the MHTGR design provides an adequate level and
diversity for operator manual scram capability.
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R G-31

Comment: DOE's definition for "safety-related" structures, systems and components should include
that needed during and following design basis events to ensure (1) the integrity of the
reactor coolant pressure boundary and (2) the capability to shut down the reactor and
maintain it in a safe shutdown condition, in addition to the capability to prevent or
mitigate the consequences of accidents that could result in potential offsite consequences
comparable to the 10 CFR Part 100 guidelines.

Resvonse: The description of the classification system and associated requirements, and the method
of establishing classifications are contained in PSID Section 3.2.3. This process is to
focus attention on the subset of structures, systems and components (SSCs) capable of
performing the radionuclide control functions required to limit releases from accidents to
those allowed by OCFRIOO over the full range of design basis events (DBEs), for which
these functions are required.

The classification system employed by DOE to identify "safety-related" SSCs compares
to the NRC definition as follows:

(1) The integrity of the reactor coolant pressure boundary to control coolant loss is
not directly applicable to the MHTGR as discussed in the response to NRC
Comment R G-28.

(2) The capability to shutdown the reactor and maintain it in a safe shutdown
condition are applicable to the MHTGR to the extent that the functions of
Control Heat Generation and Remove Core Heat are required for compliance with
the 10CFRI00 dose criteria. Neutron control assemblies and their required
support systems are classified "safety-related" for Control Heat Generation. The
Reactor Cavity Cooling System (RCCS) performs the function Remove Core Heat
and is classified "safety-related." The reactor vessel and portions of the reactor
internals are classified as "safety-related" as required for the function of Remove
Core Heat by transfer to the RCCS.
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The safety characteristics of the standard M4HTGR design emphasize accident prevention
as opposed to accident mitigation common for today's operating power reactors. The
inert single phase helium coolant has no reactivity effects, does not require level measure-
ments, has no chemical reaction with the fuel particle or other reactor internials, nor can
it cause pump cavitation. The strength of graphite core and the integrity of the ceramic
fuel coating are maintained at high temperatures. Furthermore, there is a large margin
between operating temperatures and temperatures that would result in a significant
radionuclide release. The high heat capacity and the low power density of the core result
in very slow and predictable temperature transients. The multiple ceramic coatings are
capable of maintaining their integrity to very high temperatures (in the 1600'C
temperature range) for sustained periods of time. The continuously operating Reactor
Cavity Cooling System provides a passive means to remove core heat.

This safety philosophy, which is unique to the particular configuration of the standard
MHTGR module, results in a design which can withstand a loss of helium coolant in
combination with the loss of all forced circulation fm full power without fuel
temperatures exceeding a level at which significant incremental fuel particle failure would
be observed. As a result, the "safety-related" SSCs required for mitigation of transients
and accidents are different from those required by current operating power reactors.
These differences have been recognized in design and need to be considered in licensing.
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R G-32

Comment: Reference requested that a discussion be provided of the differences in equipment

classification approach between the MHTGR Program and the gas-cooled NPR design.
The Reference requested a list of the NPR equipment equivalent to what would be
classified as Quality Groups A and B from Regulatory Guide 1.26 and which had not
been so classified in the MHTGR design; a justification of these differences was also

requested.

This request was (verbally) clarified to extend to more than the pressure retaining

components addressed by Regulatory Gulde 1.26 and to extend to certain other
safety-related systems, structures, and components.

Resvonse: NPR Classification Amnroach

The gas-cooled NPR has as one of its objectives the following, which also forms the
basis for classification of systems, structures, and components (SSCs):

To provide a level of safety and of safety assurance that
meets or exceeds that afforded to the public by modem
commercial nuclear power plants.

To implement this objective, the NPR has invoked IEE308, Regulatory Guide 1.29,

and, more importantly for the purposes of the discussion at hand, ANSI/ANS 51.1. The

implementation of ANSUANS 51.1 has been tailored to the tritium production goals of

the NPR and is discussed in detail in Reference 2; however, in summary, it can be noted

that the NPR has established six Safety Classes that are used to categorize SSCs and

define the extent to which the SSCs a relied upon to meet the NPRs top level

performance goals.

These Safety Classes a (see Appendix R G-32-A for definitions):

* Safety Class 

* Safety Class 2

* Safety Class 3

* Safety Class NS
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Safety Class NM

Safety Class NG

Of these Safety Classes, Reference 2 notes that the first three are the classes that

correspond to "safety-related," and, therefore, are of nterest for the Comment at hand.

The NPR definition of "safety-related" is similar to that used n licensing of LWR

facilities, i.e., those engineered structures, systems, and components that ensure the

integrity of the reactor coolant pressure boundaries and fuel; the capability to shut down

the reactor and maintain it in a safe shutdown condition; and, the capability to prevent

or mitigate the consequences of accidents that could result in potential offsite exposures

as specified for NPR siting criteria.

MHITGR Classification Approach

The approach taken by the MR to designating SSCs as "safety-related" was most

recently summarized in the response to Comments R G-28 and R G-31, provided with

Amendment II to the PSID.

Comvarison of "Safety-Related" SSCs

In Table R G-32-1 (using Reference 2 as a resource) the major NPR SSCs designated as

Safety Class 1, 2, or 3 have been listed and compared, side-by-side, with the NMTGR

SSC that corresponds most closely.

As can be seen from the Table, there are many similarities in "safety-related"

classification between the two design approaches. A few differences do exist, and these

have been highlighted with a "[x]" as a tie to the explanations listed below. It is not

always possible to derive a unique explanation for the differences. In many cases, the

differences arise from the NPR's adherence to a more classical, LWR-like classification

scheme (ANSIVANS 51.1) and the MHTGR's approach, which ties the classification of

a SSC to its role in limiting offsite doses during off-normal events; i.e., one scheme is

prescriptive, the other is analytical.

The following justifications provide the analytical bases that support the MHTGR

equipment classification decisions for the SSCs that differ in classification from the NPR

design.
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Justification of Differences

[Al: In the response to Comment R 5-26 it was shown that the total leakage into the

primary system from a tube failure in the helium-to-water heat exchanger in the

main circulator motor cavity was bounded (by an order of magnitude) by the

steam generator tube failure. As noted below, a steam generator tube failure and

the resulting impact on plant performance were discussed n the response to

Comment R 5-29.

A general discussion of the MHTGR approach to the classification of pressure

boundary components was provided in the response to R G-28.

(B]: Justification for the safety classification of the steam generators was provided in

the response to Comment R 5-29.

[C]: The logic used to classify this equipment is similar to that discussed in [A],

above.

[DI: Justification for the safety classification of the shutdown cooling heat exchanger

was provided in the response to Comment R 5. The conclusion that the system

need not be "safety related" was confirmed in NUREG-1338, Section 5.4.5.B.

[El: The MHTGR design does not include a low-leakage containment structure; the

reactor building, while providing a barrier to the release of fission products, is

not required to be "leak-tight" to meet the dose objectives of 10 CFR 100.

Consequently, the numerous isolation valves found on designs with low leakage

design objectives are niot incorporated nto the MHTGR concept.

[I: The MIHTGR RCCS has been designed as a completely passive system. It

utilizes the natural circulation of outside air through a passive panel system to

cool the reactor cavity and, thereby, the reactor therein and requires no valves or

separate heat exhangers.

[GI: The safety classification of the steam and water dump system was discussed n

the response to Comment R 10-4. It was noted there that water ingress events
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were enveloped by the analysis performed for SRDC-6, and that those results

were well within the limits of 10 CFR 100. The conclusion that the MHRTGR

system need not be "safety related" was confirmed in NUREG-1338, Section

M0.6

[H]: The NPR Production Assurance Protection System (PAPS) provides equipment

protection actions and protection monitoring for the four reactor modules and for

plant auxiliary systems. The protection equipment is integrated with the RPS

protection equipment, and the protective actions a automatic, with backup

manual trips from the control room and the remote shutdown location. The plant

auxiliary system protection information display (PASPID) of PM'S will have

operator interfaces deployed in the main control room and the remote shutdown

location displaying a basic set of plant parameters or derived variables, and

process variables trend for plant Class E and NSE auxiliary systems.

The closest paralel system for the MHTGR is the Investment Protection

subsystem of the Plant Protection and Instnumentation System (PPIS) described

in Section 7.2.3 of the PSID. However, as noted in the responses to Comments

R G-29 and -30, the M1HTGR design does not rely on the availability of "safety-

related" instrumentation displays in the control room, nor is the design dependent

on the ability of the operator to perform "safety-related" actions from the control

room. Therefore, the Investment Protection subsystem is designated as not

"safety-related" for the M1HTGR.

[I] A discussion of the safety classification of the reactor coolant pressure boundary

for the MHTGR was provided in the response to R G-28 in Amendment 1 to

the PSID).

[JI: The classification of "safety-related" provided in the M1HTGR design for the main

steam and feedwater isolation valves is related solely to the requirement that they

function to limit the water mass available for introduction into the reactor during

a postulated steam generator tube break event.
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Failure of this piping, while not desirable, does not impact the introduction of

moisture into the core, and, therefore, it needs not be classified as "safety-related"

on this basis. Further, a discussion of the safety classification of the MHTGR

reactor coolant pressure boundary or any portion of the MHTGR which could be

considered to form a portion of the RCPB under abnormal conditions was
provided in the response R G-28 in Amendment II to the PSID.

[K]: In the MHTGR design "safety-related" SSCs have not been included in the

Operations Center (OCQ. While the OC houses the central control room, no

"safety-related" activities a required from the control room to control offsite

exposures within 10 CFR 100 from any normal or off-normal plant operation.

In addition, the MTGR design provides extended periods for operator

intervention to protect the plant investmentL This design approach is discussed

in more detail in the response to Comment R G-29, included in Amendment 1.

The NPR has taken a different approach to the design of the control room. It is
noted in Reference 3 that, "hbe reactivity control system in the Control Room

shall not require operator action during normal and upset conditions, however,

the operator shall have the capability to take manual control at any time to
initiate a reactor scram via a safety-grade circuit" Consequently, the NPR has

chosen to satisfy habitability requirements in the Main Control Building and has
safety classification requirements beyond those for the MHTGR.

[LI: In the MHTGR design, the Helium Storage and Transfer and the Liquid Nitrogen

Subsystems do not perform 10 CFR 100 related functions and do not initiate or

aggravate any design basis events, and require no special classification.

[MI: The MHTGR design does not include a low-leakage containment structure; the

reactor building, while providing a barrier to the release of fission products, is

not required to be "leak-tight" to meet the dose objectives of 10 CFR 100.

Consequently, the numerous isolation valves found on designs with low leakage

design objectives are not incorporated into the MI-IGR concept
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However, the HVAC ducting provided to facilitate post-shutdown purge of the

reactor and steam generator cavities in the silo portion of the Reactor Building

is equipped with isolation valves which are locked closed any time the reactor

vessel is pressurized.

[N]: A system of onsite backup generating capacity is planned for the MIHTGR;

however, this system will have investment protection as its design basis. The

MHTGR design places minimal reliance on active, "safety-related," AC-driven

component to support abnormal plant response. Therefore, only the essential

UPS system and the essential DC power systems are considered "safety-related."

The response to Comment R 8.2-1 provides details on the design of the MHTGR

essential electrical system.
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Appendix R G-32-A

NPR Safety Class Definitions

Safety Class 

Safety Class applies to the pressure-retaining portions and supports of mechanical equipment that form
part of the primary coolant boundary whose failure could cause a loss of reactor coolant at a rate
sufficient to cause a departure from normal operation, and precluding an orderly shutdown without coolant

makeup, and whose requirements are within the scope of the ASME Boiler and Pressure Vessel Code,

Section III.

Safety Class 2

Safety Class 2 applies to the pressure-retaining portions and supports of primary containmient and other

mechanical equipment, requirements for which are within the scope of the ASME Boiler and Pressure
Vessel Code, Section III, that is not included in SC-1 and s designed and relied upon to accomplish the

following nuclear safety functions:

a. provide fission product barrier or primary containment

radioactive material holdup or isolation,

b. provide emergency heat removal for the primary

containment atmosphere to an intermediate heat sink, or

emergency removal of radioactive material from the

primary containment atmosphere (e.g., fiters),

C. introduce emergency negative reactivity to make the

reactor subcritical, or

d. provide residual and decay heat removal directly from

the reactor core.
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Safety Class 3

Safety lass 3 applies to the SSCs other that SC-1 and SC-2 that are designed and relied upon to
accomplish the following nuclear safety functions:

a. Provide for functions defined in SC-2 where equipment,

or portions thereof, is not within the scope of the ASME

Boiler and Pressure Vessel Code, Section Ell (e.g., fuel),

b. Provide secondary containment radioactive material

holdup, isolation, or heat removal,

C. Except for the primary containment boundary extension function, ensure

flammable gas concentration control of the primary containment

atmosphere to acceptable limits,

d. Remove radioactive material from the atmosphere of confined spaces
outside primary containment (e.g., control room or fuel building)

containing SC-i, SC-2, or SC-3 equipment,

e. Introduce negative reactivity to achieve or maintain subcritical reactor

conditions,

f. Maintain geometry within the reactor to ensure core reactivity control or

core cooling capability,

g. Structurally load-bear or protect SC-1, SC-2, or SC-3, equipment (for

structures or supports not within the scope of the ASME B&PVC,

Section III),

IL Provide radiation shielding for the control room or offsite personnel

L. Ensure required cooling for liquid-cooled stored fuel,
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j. Ensure nuclear safety functions provided by SC-i, SC-2, or SC-3

equipment (e.g., support heat removal or lubrication),

k. Provide actuation or motive power for SC-i, SC-2, or SC-3 equipment,

1. Provide information or controls to ensure capability for manual or

automatic actuation of nuclear safety functions required of SC-i, SC-2,

or SC-3 equipment,

M. Supply or process signals or supply power required for SC-1, SC-2, or

SC-3 equipment to provide their nuclear safety functions,

n. Provide a manual or automatic interlock function to ensure or maintain

proper performance of nuclear safety functions required of SC-i, SC-2,

or SC-3 equipment,

o. Provide an acceptable environment for SC-1, SC-2, or SC-3 equipment

and operating personnel.

p. Contain radioactive material where release could produce a radiological

consequence comparable to DOE siting guideline doses.

Safety Class NS

Safety Class NS (SC-NS) applies to SSCs that are important to safety, as defined in the Quality
Assurance Requirements Document, but are not safety-related. These SSCs are not relied upon to perform
a nuclear safety function. SC-NS SSCs have one, or more selected and limited requirements specified
to ensure acceptable performance of specific functions. The selected requirements are established on a
case-by-case basis commensurate with the specific function to be performed. The functions performed

by SC-NS SSCs are:

a. Process, extract, encase, or store radioactive waste,
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b. Provide cleanup of radioactive material from the primary coolant system

for normal operations,

C. Extract radioactive waste from, store, or transport for reuse irradiated

neutron absorbing materials,

d. Monitor radioactive effluents to ensure thm release rates or total release

are within limits established for normal operations and transient events,

e. Resist failure tha could prevent any SC-1, SC-2, or SC-3 from

performing its nuclear safety function.

f. Structurally load-bear or protect any SC-NS SSC,

g. Provide permanent shielding for protection of SC-1, SC-2, or SC-3 or of

onsite personnel,

h. Provide operations, maintenance or post-accident recovery functions

involving radioactive materials without undue risk to the health and

safety of the public,

1. Following a control room evacuation, provide an acceptable environment

for SC-1, SC-2, or SC-3 SSCs required to achieve or maintain a safe

shutdown condition,

j. Handle spent fuel, the failure of which could result in fuel damage such

that significant quantities of radioactive material could be released from

the fuel,

k. Ensure reactivity control of stored fuel,

1. Protect SC-1, SC-2, or SC-3 SSCs necessary to aain or maintain safe

shutdown following fire,
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M. Reduce the frequency of challenges to SC-1, SC-2, or SC-3 SSCs, or

n. Monitor variables to:

1) Verify that plant operating conditions are within technical

specification limits,

2) Indicate the status of protection system bypasses that are not

automatically removed as a part of the protection system

operation,

3) Indicate status of SC-1, SC-2, or SC-3 equipment, or

4) Aid in determining the cause or consequences of events for post-

accident investigation.

Safety Class NM

Safety Class NM (SC-NM) applies to SSCs that are designed and relied upon to ensure that the NP-
MHTGR meets top-level, titium production goals.

Safety Class NG

Safety Class NG (SC-NG) applies to SSCs that are not classified SC-1, SC-2, or SC-3, SC-NS, or SC-
NM.
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R G-33

Comment: Reference made the following comments and request for additional information.

The gas-cooled NPR design is similar to the DOE MHTGR design for which NRC is
conducting a preapplication review for DOE toward ssuing a final preappication safety
evaluation report (PSER) on the design. The NPR fuel is very similar in design to the
M1HTGR fuel in that it is also multi-coated microspheres of fissile and fertile fuel
material. It is also being tested to irradiation burnup and neutron fluence values which
are similar to that for tests of theMHTGR fuel. For the NRC to assess the capability
of the MHTGR pgram to meet its fuel failure design goal, we need to understand the
similarities and differences in the design and testing of the fuel for the two DOE
programs. Therefore, you are requested to provide the NRC with the following: (1) the
fissile/fertile fuel designs for the two programs, (2) a discussion of the similarities and
differences of the designs, (3) the technical basis for each of the designs, (4) a discussion
of the testing results for the designs in comparison to the MHTGR failed fuel design
goal, and (5) which fuel design will be more stressed, and why, during power operation
and accidents.

Response: 1. The fisile/ferdile fiel designs for the two programs:

The MHTGR utilizes both a low enriched uranium fissile particle and a thoriumn
fertile particle, while the New Production Reactor (NPR) utilizes only a highly
enriched fissile fuel particle. The important features of the TRISO coated fissile
fuel particle designs for the MHTR and the NPR are shown in Table R -33-1.
The features for the MHTGR TRISO coated fertile particles are shown in Table
R 4-58-4 (Amendment 1 1).

In both designs, the fuel particles are bonded into molded fuel compacts. The
important features of the fuel compacts are shown for the two reactor types in
Table R -33-2. The significance of the fuel particle and compact features is
indicated in the paragraphs which follow.

2. A discussion of the similarities and differences of the designs:

The designs are very similar in tha each employs ceramic fuel particles within
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graphitic fuel elements of a size which was specified initially for the Fort St.

vrain Reactor. The fuel particles in the MHTGR and the NPR operate at the

same core power density, under very similar coolant conditions, and to similar

lifetimes.

Similarities:

Design Criteria

The design allowable fraction of reference coated fuel particles

with as-manufactured defective SiC coating and missing(

incomplete buffer is the same value of < 5 x V each.

The properties of the coated fuel particles are expressed as mean

values fr a composite or lot, with critical limits on small

fractions outside of bounding values.

A confidence level of 95% is specified for all statistical values

on properties.

Coated Particle Materials/Composition

TRISO coatings a used on all fuel particles.

The form of the fissile fuel kernel is a physical composition of

uranium carb~ide and uranium oxide which is described as UCO.
As indicated in Table R -33-1, the physical properties of

coating materials, such as density, isotropy and porosity are the

same.

Fuel Compacts

The size is the same for each, at a nominal diameter of 0.5 inch

and a length of 2 inches. The tolerances on dimensions are the

same also.

The matrix material is petroleumn pitch with graphite iller.
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The specifications for ncoming feed materials for matrix
fabrication are the same for the two reactors.

As indicated in Table R 0-33-2, the fractions of defective coated
particles and uranium contamination ae the same.

Differences:

Coated Particles Materials/Composition

The MHTGR has both fissile and fertile particles, while the NPR

has fissile only. This difference is a result of the requirements
on neutronic utilization. The use of fertile particles in the NPR
would cause a reduction in production of ritium.

The uranium for MTGR fissile particles s limited to an
enrichment of 19.9%, to meet the non-proliferation requirements
for a commercial power plant. The NPR utilized 93% enriched
uranium, which increases the production rat for special nuclear

materials.

The proportion of carbide to oxide phase in the UCO kernels is
different to accommodate the large difference in design burn-up.
The MTGR composition is characterized by 10.4% carbide,
while the NPR is characterized by 15.6% carbide.

The NPR fuel particles are specified to have thicker inner
pyrocarbon and protective pyrocarbon layers, as shown in
Table R 0-33-1. Te thicker layers were judged to reduce the
potential for defects in coated particles. A lower limit on faceting
was also specified for the NPR, on the basis tha the failures
from defective particles would be reduced for particles at very
high burnup.
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Fuel Compacts

The maximum particle packing fraction is greater for the NPR

design

Normal Operating Environment

The operating environment for the two reactor designs is

compared in Table R -33-3. The bumup difference is

accounted for in the selection of the fuel kernel diameters.

3. The technical basis for each of the designs:

The current designs for both the M1HTGR and the NPR fuels a based on the

evolutionary development of fuel specifications and manufacturing techniques in

the USA, Europe, and Japan. The strong performance of coated particle fuel in

tests within the German HTGR program has been of significant importance in the

selection of design conditions for the MHTGR and the NPR fuels.

The basis for the MHTGR fuel has been described in the fuel description

document (Reference 2) submitted as part of the response to Comment R 4-58

(Amendment 11) of the PSIID.

The technical basis for the NPR fuel has been strongly controlled by the program

mission of maximizing the production of special nuclear materials. Hence, the

design requires different uranium enrichment, kernel diameter and bumnup

conditions. The basis for the HEU UCO TRISO coated fuel particle design is the

NRC licensed Fort St. Vrain HEU-UC particle design documented in References

3, 4, and 5.

4. Discussion of the testing resukts of the coated particle fuel designs in comparison

of the MHTGR failed fuel design goal.

The performance of the coated fuel particle has been quantified in a series of

irradiation tests performed in the U.S. and Germany. The results are correlated
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with models which were desciibed in responses to comments R 4-57 and R 4-60.

The design goal for normal operation of the NPR is an end-of-life (EOL) fuel
failure fraction of < 4 x 10'4, and for the M1HTGR an EOL fuel failure fraction

of < 2 x V" at 95% confidence level.

Significant irradiation tests on both MHTGR and NPR fuel materials were
performed in 1991 and 1992. The primary objective of the tests was to

demonstrate that the fuel failure goals could be met. The NPR test fuel compacts
contained particles with highly enriched UCO kernels and an eight-layer TRISO

coating. These compacts were irradiated in test capsule experiments NPR-lA,

NPR-I, and NPR-2. The MHTGR test fuel compacts contained particles with
low enriched UCO kernels and a seven-layer TRISO coating. In the latter fuel

particles, an outer pyrocarbon seal coat was not applied to the low density

protective pyrocarbon layer (PPyC). The MGR compacts were irradiated in

test capsule experiment HRB-21.

Three of the four capsules were irradiated at temperatures near the peak design

temperature and one, NPR-2, was near the design core average, reactor

temperature. For all four capsules the preirradiation predictions indicated failure
fractions to be in the low lOr5 range.

In the absence of planned post irradiation examination (PIE) results as of this
writing, the fuel failure fraction in the four capsules can only be inferred from
the fission gas release that was monitored during irradiation. At the onset of

irradiation the fission gas release rate was extremely low, as expected from the
fact that uranium contamination and exposed kernels had been reduced to
< x Mrs fraction by process improvement However, at a fast neutron fluence

in the range of 1 x ICP nftzn to 2 x IO& n/z 2 fuel failures began to occur in each

of the capsules. The fuel failure fction increased with fast neutron exposure in
each of the capsules until termination of irradiation. For NPR -A and HRB-21,

termination occurred prior to reaching peak neutron exposure conditions.
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The gas release data from the MIHTGR test capsule HR.B-21 indicated that the

failure fraction may have been on the order of 1 % of the fissile particles, but this

observation may be erroneously high. The possibility exists that defective seals

on small encapsulated auxiliazy experiments within HRB-21 may have permitted

the fission gas from several hundred intentionally defective failed particles to leak

into the purge gas stream. Until the post irradiation examination proceeds to the

point that the particle failure s measured in individual compacts, the particle

failure fraction in HRB-21 based on n-reactor fission gas release is too uncertain

to be of value in evaluating the fuel performance. The PIE will provide the

necessary information to estimate more accurately the fuel failure fraction.

The on-line fission gas release data from the NPR capsules can be used directly

to infer in-reactor failure fraction because these test capsules contained no

designed-to-fail fuel particles. A summary of the test conditions is shown in

Table R G-33-4. The failure fraction has been estimated to be about 3.8 x 1lO3

for NPR-1 and about 7 x lOr4 for NPR-1A. In the NPR-2 test capsule, which

operated at a lower temperature, the failure fraction has been estimated to be

about 1.3 x IVs. The NPR-1 and NPR-2 tests were completed on May 29, 1992.

The NPR- IA test was completed on January 3, 1992. The PIE will provide the

necessary information to estimate more accurately the fuel failure fraction.

The onset of particle failure in capsules NPR-I, NPR- lA, and NPR-2 took place

at temperatures and/or uranium burnups which are high relative to the NPR core

average design conditions but within the peak design values. Preliminary

analysis has shown that the observed behavior of the fuel under the test

conditions does not preclude meeting the NPR core average fuel failure fraction

design goal limits.

5. Which fuel design will be more stressed, and why, during power operations and

accidents?

The NPR fissile particle operates at a higher maximum fuel temperature under

normal conditions and approximately similar temperature conditions during
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accidents, accumulates a higher maximum bumup of the kernel material (fission
per initial metal atom, FIMA). The higher kernel burnup and the resulting
increase in gas pressure is accommodated by decreasing the kernel diameter from

a nominal 350 microns in the MHTGR fissile particle to 195 microns in the NPR

particle. The selection of diameters results in about the same SiC stress in the
nominal particle and the same probability of SC coating failure for both

particles.
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TABLE R (G-33-1

COMPARISON OF MHTGR AND NPR FISSILE PARTICLE DESIGNS

UHTUR *1NPR

1 CIIO~~~~N CORE FRACTON CORE
PARAMETER MEAN ~CRrH CAL OSIE SEGMENT CRITCAL IOUTSIDE SECGMEN

PARAN~rM MEAN U~lT CRITCAL LIMIT MEAN MEAN LIMI M rI. LIMIT MEAN

Total U (weight %) __ __ _ __ _ __ _ _ _ _ _ 7_ _ _ _ _ _ _

U-235 conch (weight % ,jTT =7TT§ 9__ _ _ _ _ _ _ _ _ _ _ _ _1~ 3130 1 T __ _ _ _ _ _ _ _

Cabon uraniun rat T. ~ 0o

dxygen urnIum ratio _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Density. glc, ________ ZfTFT-

TIKNESS (rcon)

seal - 3~~!.I >5

IC zff- ~ s0.0l FU

seal -- 7~~0.1 7 - W

Seal W ~ S0.i 7r .~
DENSITY (gra=;/ce

OPYC T.7- ~.~ i 1.80-1.95 

hUCROPUROSM-Y (mm--5P)ChY-eTr

1.160

P'OROSIY atmr of te particl hv oete porosity in the atmore tn3the p hIll, Mvadc
COPyC coatinga exceeding the porosity in a atandard figure poroxity in the OPyC coatings exceeding the poroaity in

tam standani figure as MHTTCR

PARTICLE FAT at m a 0 o h puticles sh y ae a tota coate particle NJot mare than 5% of the particles shall have a total coated
aspect ratio >1.20. ~~~~~~~Particle aspect ratio >1 15.

Missiglncomp, buffer .c 5 x710 mean fraction in a onposite, and 5% of the cspsta 5£10menfcio in a compoaite, and < 5% of the
shall exceed 10' fractionccpale shall exceed x 10' fraction
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TABLE R G-33-2

COMPARISON OF MHTGR AND NPR FUEL COMPACT DESIGNS

Parameter MHTGR NPR

Diameter, mm )515
Length, mm 508 0.
Uranium loading, Avg. gm _________

Thorium loading, Avg. gm 0_7________0 axmu

Particle packing fraction (%) 57
Segment mean Limit for <5% of Segment mean Lit for <5 of

of all Lots lots in segment of all Lots lots in segment
Dlefective SiC coatingfacton •5 5.0 x 10' 1 10- 5 . x 10' • 1.0 X 107
Defective EPyC coating fraction :5 4.0 l •' 1.0 X 10' < 4T0 lo- 1.0 X 10-'
Heavy Metal Contamination, • 1.0 X 10', • 2.0 x 10r' I5 .0 T0' • 2.0 x 103
1gmU/gm U loading _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE R (3-33-3

COMPARISON OF OPERATING ENVIRONMENT ()FOR FUEL IN MH-TGR AN]) NPR

MEHTGR NPR (2)

feprature, C
Volume Avg. 700 710
Peak 1330 1350

Fast Fluence 0L~ n/rn'
Maximum 4.437

Bumup % FIMA
Design 26 75
Time to obtain, yrs. 3 3

Compacts, millions 2.0 1.4
Linear heat rating, kW/m

Avg. 3.2 4.4
Maximum 7.4 8.9

Notes:

(1) Peak core conditions do not occur simultaneously or in the same fuel compact.

(2) Preliminary design

R G-33-10 Amendment 13
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TABLE R G-33-4

IRRADIATION CAPSULE TEST CONDITIONS()

Parameter
HRB-21 NPR-1 NPR-IA (2 NPR-2

Temperature (0C):
Volume Average 95950 95069
Peak- 10 1240 1317 980

Fast Fluence (10' nn`
Range 14 -T. . 1 -2.2 2 -3.7

Blumup (%FIMA)
Design 25________75 75 75
Actual 22 8064 80

Nubr o Compacts 24 1 2016
lNumber of Parils1.5 x 10' 7.4 x 1 7.2 lW 7.4 x 10"

Notes:

(1) Preliminary values for temperatures, fluence, and actual bumnup; the PIE wili provide the necessary
information to estimate more accurate values.

(2) Capsule removed early due to capsule integrity concerns.

R G-33-11 Amendment 13
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G.3-1

Comment: The use of the terms Principal Design Criteria, and E are not

consistent with NRC definitions, practices, and the Advanced

Reactor Policy Statement. DOE should use terms and criteria which

build upon the LWR licensing process. The MHTGR Principal Design

Criteria will be developed using the LWR General Design Criteria.

Those LWR GDCs that apply will be listed, those that apply with

modification will be listed along with the basis for any changes

made, a basis will be provided for those that do not apply and new

criteria will be added to address the unique aspects of the

MHTGR. The role of Principal Design Criteria, as stated on page

3.2-1 in relation to the identification of safety-related systems,

will be clarified in Section 1.6. DOE stated it will not use the

term "lE" unless all E requirements are to be met.

Response: The MHTGR program has reviewed the LWR General Design Criteria of

lOCFR50, Appendix A to determine which are sufficiently general to

be relevant to the MHTGR design.

Because of the early, conceptual phase of the design we are unable

to unequivocally determine the applicability of the specific

criteria and all of the associated interpretations. Rather, at

this time we have indicated whether the HTGR design meets the

intent of the DC as is or with some modification. In so doing we

recognize there is still a need to reach a mutually agreed

definition of "important to safety" in terms of the quantitative

Top-Level Regulatory Criteria (Ref. 1).

The review of each LWR DC is presented in Attachment 1. Our

review of the existing LR General Design Criteria is consistent

with the Advanced Reactor Policy (Ref. 2).

R G.3-1-1 Am ndment 6
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Furthermore, the Advanced R actor Policy r cognizes that advanced

concepts may need additional guidance: "Advanced reactor

designers are encouraged as part of their design submittals to

propose specific review criteria or novel regulatory approach s

which NRC might apply to their designs." In keeping with this

Policy recommendation, the MHTGR program has developed design

criteria directly related to the Top-Level Regulatory Criteria.

The top four criteria that describe how the MHTGR will meet

IOCFR100 are contained in Section 3.2 of the PSID. Based on staff

comments, the names of these criteria have been changed from

"Principal Design Criteria" to "CFR1OO Design Criteria" to avoid

the confusion that these were developed from the LWR CDCs.

Further, these design criteria have been extended to the lower

functional levels at which the "safety-related" equipment was

chosen. Therefore, the additional 10CFR100 Design Criteria now

correspond one-to-one to all functions shown in PSID Figure 3.2-2

with a safety-related design selection. The markup of this figure

shows this correspondence. The extended 10CFR100 Design Criteria

are provided in Attachment 2.

Taken together, Attachments 1 and 2 provide a set of design

criteria that builds on the base of existing GDC where possible

and additionally develops criteria specific to HTGR features. It

is our intent to continue this two pronged approach and as the

design progresses continue to assure completeness and eliminate

duplication.

Regarding the use of the term Class E," names of electrical

systems which contain the terms "Class E" or "Non-Class E" have

been modified as follows: "Class 1E" has been replaced by

-"Essential" and "Non-Class 1E" has been deleted. The IEEE

definition of "Class E" relates to the safety classification of

electric equipment and systems that perform functions needed to

prevent a significant release of radioactive material to the

environment. Thus, the term Class E in IEEE standards invoked in

the HTGR pr gram is interpr ted as being th classification of

"safety r lat d" electrical equipment.

R G.3-1-2 Am ndment 6
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References:

1. U. S. Department of Energy. Top-Level Regulatory Criteria for the

Standard MIHTGR, HTGR-85-002, Rev. 2, October 1986.

2. Regulation of Advanced Nuclear Power Plants; Statement of Policy, Federal

R gister, Vol. 51, No. 130, p. 24643, July 8, 1986.
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ATTACHMENT 

TO R G.3-1

REVIEW OF LIGHT-WATER COOLED REACTOR

GENERAL DESIGN CRITERIA RELATIVE TO TE HTGR

R G.3-1-4 Amendment 
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DEFINITION

Important to Safety: Structures, systems, and components "important to

safety" as used in the GDC are equivalent to those MHTGR structures,

systems, and components classified as being "safety related" in the

PSID, that is, those which comprise the selected set of equipment capa-

ble of performing the functions required to maintain doses under acci-

dent conditions within 10CFR100 limits.

Criterion 1 - Quality standards and records

Structures, systems, and components important to safety shall be

designed, fabricated, erected, and tested to quality standards commiensu-

rate with the importance of the safety functions to be performed. Where

generally recognized codes and standards are used, they shall be identi-

fied and evaluated to determine their applicability, adequacy, and suf-

ficiency and shall be supplemented or modified as necessary to assure a

quality product in keeping with the required safety function. A quality

assurance program shall be established and implemented in order to pro-

vide adequate assurance that these structures, systems, and components

will satisfactorily perform their safety functions. Appropriate records

of the design, fabrication, erection, and testing of structures, sys-

tems, and components important to safety shall be maintained by or under

the control of the nuclear power unit licensee throughout the life of

the unit.

Discussion

The MHTGR meets the intent of GDC 1 with the qualification that "impor-

tant to safety" is defined as given above.

R G.3-1-5
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Criterion 2 - Design bases for protection against natural phenomena

Structures, systems, and components important to safety shall be

designed to withstand the effects of natural phenomena, such as earth-

quakes, tornadoes, hurricanes, floods, tsunami, and seiches without loss

of capability to perform their safety functions. The design bases for

these structures, systems, and components shall reflect: (1) appropri-

ate consideration of the most severe of the natural phenomena that have

been historically reported for the site and surrounding area, with suf-

ficient margin for the limited accuracy, quantity, and period of time in

which the historical data have been accumulated, (2) appropriate com-

binations of the effects of normal and accident conditions with the

effects of the natural phenomena, and (3) the importance of the safety

functions to be performed.

Discussion

The MHTGR meets the intent of GDC 2 with the qualification that "impor-

tant to safety" is defined as given above.

R G.3-1-6
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Criterion 3 - Fire protection

Structures, systems, and components important to safety shall be

designed and- located to minimize, consistent with other safety require-

ments, the probability and effect of fires and explosions. Noncom-

bustible and heat resistant materials shall be used wherever practical

throughout the unit, particularly in locations such as the containment

and control room. Fire detection and fighting systems of appropriate

capacity and capability shall be provided and designed to minimize the

adverse effects of fires on structures, systems, and components impor-

tant to safety. Firefighting systems shall be designed to assure that

their rupture or inadvertent operation does not significantly impair the

safety capability of these structures, systems, and components.

Discussion

The MHTGR meets the intent of GDC 3 with the following qualifications:

(1) "important to safety" is defined as given above, (2) the MHTGR

design does not include a containment structure, and (3) the control

room does not require special attention.

R G.3-1-7
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Criterion 4 - Environmental and missile design bases

Structures, systems, and components important to safety shall be

designed to- accommodate the effects of and to be compatible with the

environmental conditions associated with normal operation, maintenance,

testing, and postulated accidents, including loss-of-coolant accidents.

These structures, systems, and components shall be appropriately pro-

tected against dynamic effects, including the effects of missiles, pipe

whipping, and discharging fluids, that may result from equipment fail-

ures and from events and conditions outside the nuclear power unit.

However, the dynamic effects associated with postulated pipe ruptures

of primary coolant loop piping in pressurized water reactors may be

excluded from the design basis when analyses demonstrate the probability.

of rupturing such piping is extremely low under design basis conditions.

Discussion

The MHTGR meets the intent of GDC 4 with the following qualifications:

(1) "important to safety" is defined as given above, and (2) loss-of-

coolant accidents are not relevant to the MHTGR. While the approach to

pipe rupture may be utilized with regard to piping in the MHTGR, the

statement concerning primary coolant loop piping in PWRs does not apply.

R G3-1-8
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Criterion 5 - Sharing of structures, systems, and components

Structures, systems, and components important to safety shall not be

shared among nuclear power units unless it can be shown that such shar-

ing will not significantly impair their ability to perform their saf ty

functions, including, in the event of an accident in one unit, an

orderly shutdown and cooldown of the remaining units.

Discussion

The MHTGR plant meets the intent of GDC 5 with the qualification that

"important to safety" is defined s given above.

Criterion 10 - Reactor design

The reactor core and associated coolant, control, and protection sys-

tems shall be designed with appropriate margin to assure that specified

.acceptable fuel design limits are not exceeded during any condition of

normal operation, including the effects of anticipated operational

occurrences.

Discussion

The MHTGR meets the intent of GDC 10.

R G.3-1-9
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Criterion 11 - Reactor inherent protection

The reactor core and associated coolant systems shall be designed so

that in the power operating range the net effect of the prompt inherent

nuclear feedback characteristics tends to compensate for a rapid

increase in reactivity.

Discussion

The MHTGR meets the intent of GDC 11.

Criterion 12 - Suppression of reactor power oscillations

The reactor core and associated coolant, control, and protection systems

shall be designed to assure that power oscillations which can result in

conditions exceeding specified acceptable fuel design limits are not

possible or can be reliably and readily detected and suppressed.

Discussion

The MHTGR meets the intent of GDC 12.

R G.3-1-10
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Criterion 13 - Instrumentation and control

Instrumentation shall be provided to monitor variables and systems over

their anticipated ranges for normal operation, for anticipated opera-

tional occurrences, and for accident conditions as approporiate to

assure adequate safety, including those variables and systems that can

affect the fission process, the integrity of the reactor core, the reac-

tor coolant pressure boundary, and the containment and its associated

systems. Appropriate controls shall be provided to maintain these vari-

ables and systems within prescribed operating ranges.

Discussion

The MHTGR meets the intent of GDC 13. The design does not include an

LWR-type containment structure.

Criterion 14 - Reactor coolant pressure boundary

The reactor coolant pressure boundary shall be designed, fabricated,

erected, and tested so as to have an extremely low probability of

abnormal leakage, of rapidly propagating failure, and of gross rupture.

Discussion

The MHTGR meets the intent of GDC 14.

R G.3-1-11
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Criterion 15 - Reactor coolant system design

The reactor coolant system and associated auxiliary, control, and pro-

tection systems shall be designed with sufficient margin to assure that

the design conditions of the reactor coolant pressure boundary are not

exceeded during any condition of normal operation, including anticipated

operational occurrences.

Discussion

The MHTGR meets the intent of GDC 15.

Criterion 16 - Containment design

Reactor containment and associated systems shall be provided to estab-

lish an essentially leak-tight barrier against the uncontrolled release

of radioactivity to the environment and to assure that the containment

design conditions important to safety are not exceeded for as long as

postulated accident conditions require.

Discussion

The MHTGR meets the intent of GDC 16 with the following qualifications:

(1) important to safety" is defined as given above, (2) the principal

means of controlling the release of radionuclides to the environment

(i.e., the TRISO-coated fuel particles) is internal rather than external

to the reactor. Postaccident conditions are maintained such that fuel

particle integrity is assured. Further sequential barriers to release

to the environment are provided by the fuel element and structural

graphite, the primary coolant system boundary, and the Reactor Building.

R G.3-1-12
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Criterion 17 - Electric power systems

An onsite electric power system and an offsite electric power system

shall be provided to permit functioning of structures, systems, and

components important to safety. The safety function for each system

(assuming the other system is not functioning) shall be to provide

sufficient capacity and capability to assure that (1) specified accept-

able fuel design limits and design conditions of the reactor coolant

pressure boundary are not exceeded as a result of anticipated opera-

tional occurrences and (2) the core is cooled and containment integrity

and other vital functions are maintained in the event of postulated

accidents.

The onsite electric power supplies, including the batteries, and the

onsite electric distribution system, shall have sufficient independence,

redundancy, and testability to perform their safety functions assuming a

single failure.

Electric power from the transmission network to the onsite electric dis-

tribution system shall be supplied by two physically independent cir-

cuits (not necessarily on separate rights of way) designed and located

so as to minimize to the extent practical the likelihood of their sim-

ultaneous failure under operating and postulated accident and environ-

mental conditions. A switchyard co sn to both circuits is acceptable.

Each of these circuits shall be designed to be available in sufficient

time following a loss of all onsite alternating current power supplies

and the other offsite electric power circuit, to assure that specifi d

acceptable fuel design limits and design conditions of the reactor cool-

ant pressure boundary are not exceeded. One of these circuits shall be

designed to be available within a few seconds following a loss-of-

coolant accident to assure that core cooling, containment integrity, and

other vital safety functions are maintained.

R G.3-1-13
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Criterion 17 (cont)

Provisions shall be included to minimize the probability of losing elec-

tric power from any of the remaining supplies as a result of, or coinci-

dent with, the loss of power generated by the nuclear power unit, the

loss of power from the transmission network, or the loss of power from

the onsite electric power supplies.

Discussion

The MHTGR meets the intent of GDC 17 with the following qualifications:

(1) important to safety" is defined as given above, (2) the MHTGR

design does not include a containment structure, and (3) loss-of-coolant

accidents are not relevant to the MHTGR. Because the MHTGR has only

modest electric power requirements, on-site battery supplies are suffi-

cient to maintain safety functions. Further, rapid switching between

power sources is not required because of the long time constants for

accident behavior.

R G.3-1-14
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Criterion 18 - Inspection and testing of electric power systems

Electric power systems important to safety shall be designed to permit

appropriate periodic inspection and testing of important areas and fea-

tures, such as wiring, insulation, connections, and switchboards, to

assess the continuity of the systems and the condition of their compo-

nents. The systems shall be designed with a capability to test periodi-

cally (1) the operability and functional performance of the components

of the systems, such as onsite power sources, relays, switches, and

buses and (2) the operability of the systems as a whole and, under con-

ditions as close to design as practical, the full operation sequence

that brings the systems into operation, including operation of appli-

cable potions of the protection system, and the transfer of power among

the nuclear power unit, the offsite power system, and the onsite power

system.

Discussion

The MHTGR meets the intent of GDC 18 with the qualification that "impor-

tant to safety" is defined as given above.

R G.3-1-15
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Criterion 19 - Control room

A control room shall be provided rom which actions can be taken to

operate the -nuclear power unit safely under normal conditions and to

maintain it in a safe condition under accident conditions, including

loss-of-coolant accidents. Adequate radiation protection shall be pro-

vided to permit access and occupancy of the control room under accident

conditions without personnel receiving radiation exposures in excess of

5 rem whole body, or its equivalent to any part of the body, for the

duration of the accident.

Equipment at appropriate locations outside the control room shall be

provided (1) with a design capability for prompt hot shutdown of the

reactor, including necessary instrumentation and controls to maintain

the unit in a safe condition during hot shutdown, and (2) with a poten-

tial capability for subsequent cold shutdown of the reactor through'the

use of suitable procedures.

Discussion

The HTGR meets the intent of GDC 19 with respect to control by provid-

ing a fully automatic control system for normal operation and a protec-

tion system designed and located to assure its operability during and

after design basis events. No operator action is required to maintain

plant safety. While not needed to protect the safety of the public, the

intent with respect to operating personnel is achieved by meeting the

Top-Level Regulatory Criteria (i.e., 1CFR20). Loss-of-coolant acci-

dents are not relevant to the MHTGR.

R G.3-1-16
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Criterion 20 - Protection system functions

The protection system shall be designed (1) to initiate automatically

the operation of appropriate systems including the reactivity control

systems, to assure that specified acceptable fuel design limits are not

exceeded as a result of anticipated operational occurrences and (2) to

sense accident conditions and to initiate the operation of systems and

components important to safety.

Discussion

The MHTGR meets the intent of GDC 20 with the qualification that "impor-

tant to safety" is defined as given above.

Criterion 21 - Protection system reliability and testability

The protection system shall be designed for high functional reliability

and inservice testability commensurate with the safety functions to be

performed. Redundancy and independence designed into the protection

system shall be sufficient to assure that (1) no single failure results

in loss of the protection function and (2) removal from service of any

component or channel does not result in loss of the required minimum

redundancy unless the acceptable reliability of operation of the protec-

tion system can be otherwise demonstrated. The protection system shall

be designed to permit periodic testing of its functioning when the reac-

tor is in operation, including a capability to test channels indepen-

dently to determine failures and losses of redundancy that may have

occurred.

Discussion

The MHTGR meets the intent of GDC 21.

R G.3-1-17
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Criterion 22 - Protection system independence

The protection system shall be designed to assure that the effects of

natural phenomena, and of normal operating, maintenance, testing, and

postulated accident conditions on edundant channels do not result in

loss of the protection function, or shall be demonstrated to be

acceptable on some other defined basis. Design techniques, such as

functional diversity or diversity in component design and principles of

operation, shall be used to the extent practical to prevent loss of the

protection function.

Discussion

The MHTGR meets the intent of GDC 22.

Criterion 23 -Protection system failure modes

The protection system shall be designed to fail into a safe state or

into a state demonstrated to be acceptable on some other defined basis

if conditions such as disconnection of the system, loss of energy (e.g.,

electric power, instrument air), or postulated adverse environments

(e.g., extreme heat or cold, fire, pressure, steam, water, and

radiation) are experienced.

Discussion

The MHTGR meets the intent of GDC 23.

R G.3-1-18
Amendment 



HTGR-86-024 I

Criterion 24 - Separation of protection and control systems

The protection system shall be separated from control systems to the

extent that-failure of any single control system component or channel,

or failure or removal from service of any single protection system com-

ponent or channel which is co n to the control and protection systems

leaves intact a system satisfying all reliability, redundancy, and inde-

pendence requirements of the protection system. Interconnection of the

protection and control systems shall be limited so as to assure that

safety is not significantly impaired.

Discussion

The MHTGR meets the intent of GDC 24.

Criterion 25 - Protection system, requirements for reactivity control
malfunctions

The protection, system shall be designed to assure that specified accept-

able fuel design limits are not exceeded for any single malfunction of

the reactivity control systems, such as accidental withdrawal (not

ejection or dropout) of control rods.

Discussion

The MHTGR meets the intent of GDC 25.

R G.3-1-19
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Criterion 26 - Reactivity control system redundancy and capability

Two independent reactivity control systems of different design princi-

ples shall be provided. One of the systems shall use control rods,

preferably including a positive means for inserting the rods, and shall

be capable of reliably controlling reactivity changes to assure that

under conditions of normal operation, including anticipated operational

occurrences, and with appropriate margin for malfunctions such as stuck

rods, specified acceptable fuel design limits are not exceeded. The

second reactivity control system shall be capable of reliably control-

ling the rate of reactivity changes resulting from planned, normal power

changes (including xenon burnout) to assure acceptable fuel design lim-

its are not exceeded. One of the systems shall be capable of holding

the reactor core subcritical under cold conditions.

Discussion

The HTGR meets the intent of GDC 26. One reactivity control system

uses control rods for normal power changes, for power reduction or shut

down for anticipated operational occurrences. The second reactivity

control systems drops boron-containing pellets into the core in the

event the rod system fails to operate or additional shutdown margin is

needed.

R G.3-1-20
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Criterion 27 - Combined reactivity control systems capability

The reactivity control systems shall be designed to have a combined

capability, in conjunction with poison addition by the emergency core

cooling system, of reliably controlling reactivity changes to assure

that under postulated accident conditions and with appropriate margin

for stuck rods the capability to cool the core is maintained.

Discussion

The MTGR meets the intent of GDC 27. Poison addition by an emergency

core cooling system has no MHTGR counterpart.

Criterion 28 - Reactivity limits

The reactivity control systems shall be designed with appropriate limits

on the potential amount and rate of reactivity increase to assure that

the effects of postulated reactivity accidents can neither (1) result in

damage to the reactor coolant pressure boundary greater than limited

local yielding nor (2) sufficiently disturb the core, its support struc-

tures or other reactor pressure vessel internals to impair significantly

the capability to cool the core. These postulated reactivity accidents

shall include consideration of rod ejection (unless prevented by posi-

tive means), rod dropout, steam line rupture, changes in reactor coolant

temperature and pressure, and cold water addition.

Discussion

The MHTGR meets the intent of GDC 28.

R G.3-1-21
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Criterion 29 - Protection against anticipated operational occurrences

The protection and reactivity control systems shall be designed to

assure an extremely high probability of accomplishing their safety func-

tions in the event of anticiapted operational occurrences.

Discussion

The MHTGR meets the intent of GDC 29.

Criterion 30 - Quality of reactor coolant pressure boundary

Components which are part of the reactor coolant pressure boundary shall

be designed, fabricated, erected, and tested to the highest quality

standards practical. Means shall be provided for detecting and, to the

extent practical, identifying the location of the source of reactor

coolant leakage.

Discussion

The MHTGR meets the intent of GDC 30. The ability of the MHTGR to meet

safety requirements is not sensitive to small primary coolant leaks nor

is it dependent upon maintaining primary coolant pressure.

R G.3-1-22
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Criterion 31 - Fracture prevention of reactor coolant pressure boundary

The reactor coolant pressure boundary shall be designed with sufficient

margin to assure that when stressed under operating, maintenance, test-

ing, and postulated accident conditions (1) the boundary behaves in a

nonbrittle manner and (2) the probability of rapidly propagating frac-

ture is minimized. The design shall reflect consideration of service

temperatures and other conditions of the boundary material under oper-

ating, maintenance, testing, and postulated accident conditions and the

uncertainities in determining (1) material properties, (2) the effects

of irradiation on material properties, (3) residual, steady state and

transient stresses, and (4) size of flaws.

Discussion

The MHTGR meets the intent of GDC 31.

Criterion 32 - Inspection of reactor coolant pressure boundary

Components which are part of the reactor coolant pressure boundary shall

be designed to permit (1) periodic inspection and testing of important

areas and features to assess their structural and leaktight integrity,

and (2) an appropriate material surveillance program for the reactor

pressure vessel.

Discussion

The MHTGR meets the intent of GDC 32.

R G.3-1-23
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Criterion 33 - Reactor coolant makeup

A system to supply reactor coolant makeup for protection against small

breaks in the reactor coolant pressure boundary shall be provided. The

system safety function shall be to assure that specified acceptable fuel

design limits are not exceeded as a result of reactor coolant loss due

to leakage from the reactor coolant pressure boundary and rupture of

small piping or other small components which are part of the boundary.

The system shall be designed to assure that for onsite electric power

system operation (assuming offsite power is not available) and for of f-

site electric power system operation (assuming onsite power is not

available) the system safety function can be accomplished using the

piping, pumps, and valves used to maintain coolant inventory during

normal reactor operation.

Discussion

GDC 33 is not applicable to the MHTGR. Coolant makeup for protection

against small breaks in the reactor coolant pressure boundary of LWRs

has no MHTGR counterpart. Adequate core cooling is maintained with the

primary coolant system depressurized to atmospheric pressure and loss of

primary coolant inventory.

R G.3-1-24
Amendment 



HTGR-86-024

Criterion 34 - Residual heat removal

A system to remove residual heat shall be provided. The system safety

function sll be to transfer fission product decay heat and other

residual heat from the reactor core at a rate such that specified

acceptable fuel design limits and the design conditions of the reactor

coolant pressure boundary are not exceeded.

Suitable redundancy in components and features, and suitable intercon-

nections, leak detection, and isolation capabilities shall be provided

to assure that for onsite electric power system operation (assuming of f-
site power is not available) and for offsite electric power system oper-

ation (assuming onsite power is not available) the system safety func-.

tion can be accomplished, assuming a single failure.

Discussion

The MHTGR meets the intent of GDC 34 with the qualification that

interconnections, leak detection, and isolation capabilities are not

required. The Reactor Cavity Cooling System (RCCS) in conjunction with

the annular core, reactor internals, and reactor vessel can passively

remove sufficient heat to ensure the fuel and vessel design limits are

not exceeded.

R G.3-1-25
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Criterion 35 - Emergency core cooling

A system to provide abundant emergency core cooling shall be provided.

The system safety function shall be to transfer heat from the reactor

core following any loss of reactor coolant at a rate such that (1) fuel

and clad damage that could interfere with continued effective core cool-

ing is prevented and (2) clad metal-water reaction is limited to

negligible amounts.

Suitable redundancy in components and features, and suitable intercon-

nections, leak detection, isolation, and containment capabilities shall

be provided to assure that for onsite electric power system operation

(assuming offsite power is not available) and for offsite electric power

system operation (assuming onsite power is not available) the system

safety function can be accomplished, assuming a single failure.

Discussion

The MHTGR meets the intent of GDC 35 with the qualifications given in

GDC 34 and that clad damage and clad metal-water reaction are not

relevant. The?. MHTGR requires no counterpart to the LWR ECCS as the RCS

in conjunction with the annular core, reactor internals, and reactor

vessel accomplishes the heat removal function under accident conditions.

R G.3-1-26
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Criterion 36 - Inspection of emergency core cooling system

The emergency core cooling system shall be designed to permit appropri-

ate periodic inspection of important components, such as spray rings in

the reactor pressure vessel, water injection nozzles, and piping, to

assure the integrity and capability of the system.

Discussion

The MHTGR meets the intent of GDC 36 with respect to the Reactor Cavity

Cooling System. Components such as spray rings, injection nozzles, and

piping are not relevant to the MHTGR.

Criterion 37 - Testing of emergency core cooling system

The emergency core cooling system shall be designed to permit appropri-

ate periodic pressure and functional testing to assure (1) the struc-

tural and leaktight integrity of its components, (2) the operability and

performance of the active components of the system, and (3) the oper-

ability of the system as a whole and, under conditions as close to

design as practical, the performance of the full operational sequence

that brings the system into operation, including operation of applicable

portions of the protection system, the transfer between normal and emer-

gency power sources, and the operation of the associated cooling water

system.

Discussion

The MHTGR meets the intent of GDC 37 with respect to the Reactor Cavity

Cooling System. There is no associated cooling water system.

R G.3-1-27
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Criterion 38 - Containment heat removal

A system to remove heat from the rector containment shall be provided.

The system safety function shall be to reduce rapidly, consistent with

the functioning of other associated systems, the containment pressur

and temperature following any loss-of-coolant accident and maintain them

at acceptably low levels.

Suitable redundancy in components and features, and sutiable intercon-

nections, leak detection, isolation, and containment capabilities shall

be provided to assure that for onsite electric power system operation

(assuming offsite power is not available) and for offsite electric power

system operation (assuming onsite power is not available) the system-

safety function can be accomplished, assuming a single failure.

Discussion

GDC 38 is not applicable to the MHTGR. Heat removal systems are

employed by LWRs because loss-of-coolant accidents release a consider-

able quanity of heat to the containment due to the large heat capacity

of the reactor cooling water. By contrast, the helium coolant of the

MHTGR has low heat capacity, with the result that in the event of a

depressurization accident, passive heat sinks afforded by structures and

components plus direct venting of the Reactor Building remove heat at a

rate sufficient to limit the Reactor Building atmosphere pressure and

temperature to acceptable levels.

R G.3-1-28
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Criterion 39 - Inspection of containment heat removal system

The containment heat removal system shall be designed to permit appro-

priate periodic inspection of important components, such as the torus,

sumps, spray nozzles, and piping to assure the integrity and capability

of the system.

Discussion

GDC 39 is not applicable to the KiHTGR because a comparable heat removal

system is not required.

Criterion 40 - Testing of containment heat removal system

The containment heat removal system shall be designed to permit appro-

priate periodic pressure and functional testing to assure (1) the struc-

tural and leaktight integrity of its components, (2) the operability and

performance of the active components of the system, and (3) the opera-

bility of the system as a whole, and under conditions as close to the

design as practical the performance of the full operational sequence

that brings the system into operation, including operation of applicable

portions of the protection system, the transfer between normal and emer-

gency power sources, and the operation of the associated cooling water

system.

Discussion

GDC 40 is not applicable to the MHTGR because a comparable heat removal

system is not required.
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Criterion 41 - Containment atmosphere cleanup

Systems to control fission products, hydrogen, oxygen, and other sub-

stances which may be released into the reactor containment shall be

provided as necessary to reduce, consistent with the functioning of

other associated systems, the concentration and quality of fission

products released to the environment following postulated accidents, and

to control the concentration of hydrogen or oxygen and other substances

in the containment atmosphere following postulated accidents to assure

that containment integrity is maintained.

Each system shall have suitable redundancy in components and features,

and suitable interconnections, leak detection, isolation, and contain-.

ment capabilities to assure that for onsite electric power system oper-

ation (assuming offsite power is not available) and for offsite electric

power system operation (assuming onsite power is not available) its

safety function can be accomplished, assuming a single failure.

Discussion

GDC 41 is not applicable to the MHTGR. The LWR functions of controlling

fission products and other substances in the containment structure

requires no MHTGR counterpart to meet 1CFR100 dose criteria.

R G.3-1-30
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Criterion 42 - Inspection of containment atmosphere cleanup systems

The containment atmosphere cleanup systems shall be designed to permit

appropriate periodic inspection of important components, such as filter

frames, ducts, and piping to assure the integrity and capability of the

systems.

Discussion

GDC 42 is not applicable to the HTGR as there is no comparable cleanup

system.

Criterion 43 - Testing of containment atmosphere cleanup systems

The containment atmosphere cleanup systems shall be designed to permit

appropriate periodic pressure and functional testing to assure (1) the

structural and leaktight integrity of its components, (2) the operabil-

ity and performance of the active components of the systems such as

fans, filters, dampers, pumps, and valves, and (3) the operability of

the systems as a whole and, under conditions as close to design as prac-

tical, the performance of the full operational sequence that brings the

systems into operation, including operation of applicable portions of

the protection system, the transfer between normal and emergency power

sources, and the operation of associated systems.

Discussion

GDC 43 is not applicable to the HTGR as there is no comparable cleanup

system.

R G.3-1-31

Amendment 1



HTGR-86-.024

Criterion 44 - Cooling water

A system to transfer heat from structures, systems, and components

important to safety, to an ultimate heat sink shall be provided. The

system safety function shall be to transfer the combined heat load of

these structures, systems, and components under normal operating and

accident conditions.

Suitable redundancy in components and features, and suitable intercon-

nections, leak detection, and isolation capabilities shall be provided

to assure that for onsite electric power system operation (assuming

offsite power is not available) and for offsite electric power system

operation (assuming onsite power is not available) the system safety

function can be accomplished, assuming a single failure.

Discussion

GDC 44 is not applicable to the MHTGR. No SSCs "important to safety,"

as defined above, require cooling water to maintain the ability to

perform their safety functions.

R G.3-1-32
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Criterion 45 - Inspection of cooling water system

The cooling water system shall be designed to permit appropriate peri-

odic inspection of important components, such as heat exchangers and

piping, to assure the integrity and capability of the system.

Discussion

GDC 45 is not applicable to the MHTGR as there is no comparable cooling

water system.

Criterion 46 - Testing of cooling water system

The cooling water system shall be designed to permit appropriate peri-

odic pressure and functional testing to assure (1) the structural and

leaktight integrity of its components, (2) the operability and the per-

formance of the active components of the system, and (3) the operability

of the system as a whole and, under conditions as close to design as

practical, the performance of the full operational sequence that brings

the system into operation for reactor shutdown and for loss-of-coolant

accidents, including operation of applicable portions of the protection

system and the transfer between normal and emergency power sources.

Discussion

GDC 46 is not applicable to the HTGR as there is no comparable cooling

water system.
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Criterion 50 - Containment design basis

The reactor containment structure, including access openings, penetra-

tions, and the containment heat removal system shall be designed so that

the containment structure and its internal compartments can accommdate,

without exceeding the design leakage rate and with sufficient margin,

the calculated pressure and temperature conditions resulting from any

loss-of-coolant accident. This margin shall reflect consideration of

(1) the effects of potential energy sources which have not been included

in the determination of the peak conditions, such as energy in steam

generators and as required by Para 50.44 energy from metal-water and

other chemical reactions that may result from degradation but not total

failure of emergency core cooling functioning, (2) the limited experi--

ence and experimental data available for defining accident phenomena and

containment responses, and (3) the conservatism of the calculational

model and input parameters.

Discussion

GDC 50 is not applicable to the MHTGR. The MHTGR design relies upon

inherent characteristics and passive design features to control the

environmental release of radionuclides to acceptable levels under acci-

dent conditions. An LWR-type containment is not required.

R G.3-1-34
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Criterion 51 - Fracture prevention of containment pressure boundary

The reactor containment boundary shall be designed with sufficient

margin to assure that under operating, maintenance, testing, and postu-

lated accident conditions (1) its ferritic materials behave in a non-

brittle manner and (2) the probability of rapidly propagating fracture

is minimized. The design shall reflect consideration of service tem-

peratures and other conditions of the containment boundary material

during operation, maintenance, testing, and postulated accident condi-

tions, and the uncertainties in determining (1) material properties,

(2) residual, steady state, and trasient stresses, and (3) size of

flaws.

Discussion

GDC 51 is not applicable to the MIHTGR as there is no comparable

structure.

Criterion 52 - Capability for containment leakage rate testing

The reactor containment and other equipment which may be subjected to

containment test conditions shall be designed so that periodic inte-

grated leakage rate testing can be conducted at containment design

pressure.

Discussion

GDC 52 is not applicable to MHTGR as there is no comparable structure.
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Criterion 53 - Provisions for containment: testing and inspection

The reactor containment shall be designed to permit (1) appropriate

periodic inspection of all important areas, such as penetrations, (2) an

appropriate surveillance program, and (3) periodic testing at contain-

ment design pressure of the leaktightness of penetrations which have

resilient seals and expansion bellows.

Discussion

GDC 53 is not applicable to the MHTGR as there is no comparable

structure.

Criterion 54 - Piping systems penetrating containment

Piping systems penetrating primary reactor containment shall be provided

with leak detection, isolation, and containment capabilities having

redundancy, reliability, and performance capabilities which reflect the

importance to safety of isolating these piping systems. Such piping

systems shall be designed with a capability to test periodically the

operability of the isolation valves and associated apparatus and to

determine if valve leakage is within acceptable limits.

Discussion

GDC 54 is not applicable to the HTGR as there is no structure compara-

ble to the LWR-type containment which may be penetrated by piping

systems.
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Criterion 55 - Reactor coolant pressure boundary penetration containment

Each line that is part of the reactor coolant pressure boundary and that

penetrates primary reactor containment shall be provided with contain-

ment isolation valves as follows, unless it can be demonstrated that the

containment isolation provisions for a specific class of lines, such as

instrument lines, are acceptable on some other defined basis:

1. One locked closed isolation valve inside and one locked closed

isolation valve outside containment.

2. One automatic isolation valve inside and one locked closed iso-

lation valve outside containment.

3. One locked closed isolation valve inside and one automatic isola-

tion valve outside containment. A simple check valve may not be

used as the automatic isolation valve outside containment.

4. One automatic isolation valve inside and one automatic isolation

valve outside containment. A simple check valve may not be used as

the automatic isolation valve outside containment.

Isolation valves outside containment shall be located as close to con-

tainment as practical and upon loss of actuating power, automatic iso-

lation valves shall be designed to take the position that provides

greater safety.

Other appropriate requirements to minimize the probability or conse-

quences of an accidental rupture of these lines or of lines connected to

them shall be provided as necessary to assure adequate safety. Deter-

mination of the appropriateness of these requirements, such as higher

quality in design, fabrication, and testing, additional provisions for

inservice inspection, protection against more severe natural phenomena,
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Criterion 55 (cont)

and additional isolation valves and containment, shall include consider-

ation of the population density, use characteristics, and physical

characteristics of the site environs.

Discussion

GDC 55 is not applicable to the MHTGR. Lines that are part of the pri-

mary coolant system boundary of the HTGR will have appropriate isola-

tion valves, but due to their small size and the relatively benign con-

sequences of line breaks, the valving requirements will be established

on a case-by-case basis.

R G.3-1-38
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Criterion 56 - Primary containment isolation

Each line that connects directly to the containment atmosphere and pene-

trates primary reactor containment shall be provided with containment

isolation valves as follows, unless it can be demonstrated that the con-

tainment isolation provisions for a specific class of lines, such as

instrument lines, are acceptable on some other defined basis:

1. One locked closed isolation valve inside and one locked closed

isolation valve outside containment.

2. One automatic isolation valve inside and one locked closed isola-

tion valve outside containment.

3. One locked closed isolation valve inside and one automatic isola-

tion valve outside containment. A simple check valve may not be

used as the automatic isolation valve outside containment.

4. One automatic isolation valve inside and one automatic isolation

valve outside containment. A simple check valve may not be used as

the automatic isolation valve outside containment.

Isolation valves outside containment shall be located as close to the

containment as practical and upon loss of actuating power, automatic

isolation valves shall be designed to take the position that provides

greater safety.

Discussion

GDC 56 is not applicable to the MHTGR as there is no structure compara-

ble to the LWR-type containment.
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Criterion 57 Closed system isolation valves

Each line that penetrates primary reactor containment and is neither

part of the reactor coolant pressure boundary nor connected directly to

the containment atmosphere shall have at least one containment isolation

valve which shall be either automatic, or locked closed, or capable of

remote manual operation. This valve shall be outside containment and

located as close to the containment as practical. A simple check valve

may not be used as the automatic isolation valve.

Discussion

GDC 57 is not applicable to the MHTGR.

Criterion 60 - Control of releases of radioactive materials to the
environment

The nuclear power unit design shall include means to control suitably

the release of radioactive materials in gaseous and liquid effluents and

to handle radioactive solid wastes produced during normal reactor opera-

tion, including anticipated operational occurrences. Sufficient holdup

capacity shall be provided for retention of gaseous and liquid effluents

containing radioactive materials, particularly where unfavorable sit

environmental conditions can be expected to impose unusual operational

limitations upon the release of such effluents to the environment.

Discussion

The MHTGR meets the intent of GDC 60.
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Criterion 61 - Fuel storage and handling and radioactivity control

The fuel storage and handling, radioactive waste, and other systems

which may contain radioactivity shall be designed to assure adequate

safety under normal and postulated accident conditions. These systems

shall be designed (1) with a capability to permit appropriate periodic

inspection and testing of components important to safety, (2) with

suitable shielding for radiation protection, (3) with appropriate con-

tainment, confinement, and filtering systems, (4) with a residual heat

removal capability having reliability and testability that reflects the

importance to safety of decay heat and other residual heat removal, and

(5) to prevent significant reduction in fuel storage coolant inventory

under accident conditions.

Discussion

The MHTGR meets the intent of GDC 61 with the qualification that "impor-

tant to safety" is defined as given above.

Criterion 62 - Prevention of criticality in fuel storage and handling

Criticality in the fuel storage and handling system shall be prevented

by physical systems or processes, preferably by use of geometrically

safe configurations.

Discussion

The MHTGR meets the intent of GDC 62.
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Criterion 63 - Monitoring fuel and waste storage

Appropriate systems shall be provided in fuel storage and radioactive

waste systems and associated handling areas (1) to detect conditions

that may result in loss of residual heat removal capability and exces-

sive radiation levels and (2) to initiate appropriate safety actions.

Discussion

The MHTGR meets the intent of GDC 63.

Criterion 64 - Monitoring radioactivity releases

Means shall be provided for monitoring the reactor containment atmo-

sphere, spaces containing components for recirculation of loss-of-

coolant accident fluids, effluent discharge paths, and the plant

environs for radioactivity that may be released from normal operations,

including anticipated operational occurrences, and from postulated

accidents.

Discussion

The MHTGR meets the intent of GDC 64. Spaces containing components

for recirculation of loss-of-coolant accident fluids have no MHTGR

counterpart.
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ATTACHMENT 2

TO R G.3-1

REVIEW AND FURTHER DEVELOPMENT

OF 100FR100 DESIGN CRITERIA GIVEN

IN THE PSID
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For the purposes of defining the Standard MHTGR licensing bases, the

10CFR100 Design Criteria (previously identified in the PSID as Principal

Design Criteria) are qualitative statements, specific to the Standard MHTGR,

which represent the design commitments being made to ensure that the dose

criteria of 10CFR100 will be met under design basis event conditions. The

highest level criteria, I through IV, are given along with the corresponding

functions in Section 3.2.2 of the PSID. These are repeated below along with

eleven additional lower-level criteria which are extended to the functional

level where the "safety-related" structures, systems, and components are

selected. Figure 3.2-2 shows the 1CFR100 Design Criteria keyed to the

functional tree.

R G.3-1-44
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FUNCTION: Retain Radionuclides in Fuel: This function refers to th Stan-

dard MTGR safety design approach to design, fabricate, and operate the fuel

so that normal operation releases are limtited to the extent that only the

radionuclide inventory within the fuel tself presents a potential challenge

to meeting the 10CFR100 doses. Thus, only the fuel conditions need be main-

tained for off-normal events to assure 10CFRIOO compliance.

lOtFR100 DESIGN CRITERION I - Retain Radionuclides in Fuel: The reactor

fuel shall be designed, fabricated, and operated such that radionuclides are

retained within the fuel to the extent that releases to the primary coolant

will not exceed acceptable values.

The following three criteria are those required to maintain the fuel within

conditions which satisfy Criterion I:

FUNCTION: Control Chemical Attack: This function refers to the necessity

to prevent fuel degradation caused by the intrusion of compounds other than

helium into the primary coolant. The principal chemical attacks to be

avoided are those of air and water, which could react with the fuel or the

graphite and, as a result, degrade the fuel. Excessive air ingress is pre-

vented by limiting the loss of primary coolant boundary integrity. Excessive

water ingress is prevented by terminating the source of water following loss

of primary to secondary coolant boundary integrity.

IOCFR100 DESIGN CRITERION II - Control Chemical Attack: The vessels and

other components that limit or prevent the ingress of air or water shall

be designed, fabricated and operated such that the amount of air or water

reacting with the core will not exceed acceptable values.

FUNCTION: Control Heat Generation: This function refers to the necessity to

control the heat generation of the reactor so that fuel temperatures are not

excessive. Since Criterion II limits exothermic chemical reactions, the sole

requirement of this function is to assure reliable reactor shutdown.

R G3-1-46
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10CFR100 DESIGN CRITERION III - Control Heat Generation: The reactor shall

be designed, fabricated, and operated such that the inherent nuclear feedback

characteristics ensure that the reactor thermal power will not exceed accept-

able values. Additionally, the reactivity control system(s) shall be

designed, fabricated, and operated such that during insertion of reactivity,

the reactor thermal power will not exceed acceptable values.

FUNCTION: Remove Core Heat: This function refers to the necessity to remove

the reactor heat during off-normal conditions so that fuel temperatures are

not excessive. Since the design selections needed to meet Criterion II and

Criterion III limit chemical attack and fission heat generation, the princi-

pal requirement is to assure reliable decay heat removal.

10CFR100 DESIGN CRITERION IV - Remove Core Heat: The intrinsic dimensions

and power densities of the reactor core, internals, and vessel, and the pas-

sive cooling pathways from the core to the environment shall be designed,

fabricated and operated such that the fuel temperatures will not exceed

acceptable values.

The following eleven criteria extend Criteria II, II, and IV to a level at

which "safety-related" equipment is identified.

FUNCTION: Control with Movable Poisons: This function refers to the means

used to reduce reactor heat generation in off-normal situations commensurate

with any reduction in heat removal or increase in reactivity. Two sets of

control are chosen to be redundant and diverse in order to assure high relia-

bility. One set of control is designed solely as a backup to normal reactor

shutdown. The other normally assists in reactor control during power opera-

tion and is the primary means for shutdown during off-normal situations.

10CFR100 DESIGN CRITERIA V - Control with Movable Poisons: Two independent

and diverse sets of movable poison equipment shall be provided. Either set

shall be capable of limiting the heat generation of the reactor to acceptable

levels during off-normal conditions.
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FUNCTION: Shutdown Reactor: This function refers to the equipment necessary

to sense the need for a trip of the control rods and to command and to exe-

cute the trip. The equipment must measure and interpret plant parameters and

parameter changes so that command signals can be generated and delivered to

the rod drives to release the rods into the reactor. The independent elec-

trical power required to perform the sense, command, and execute actions, or

"fail safe" design features which accomplish this, separate from normal elec-

trical power, is also referred to in this function.

10CFR100 DESIGN CRITERION VI - Shutdown Reactor: The equipment needed to

sense, command and execute a trip of the control rods, along with any neces-

sary electrical power, shall be designed, fabricated, and operated such that

reactor core shutdown is assured during off-normal conditions.

FUNCTION: Shutdown Reactor Diversely: This function refers to the equipment

necessary to sense the need for a trip of the reserve shutdown control equip-

ment, and to command and to execute the trip. The equipment must measure and

interpret plant parameters and parameter changes so that command signals can

be generated and delivered to the reserve shutdown control equipment to

r lease the control material into the reactor. The electrical power required

to perform the' sense, command, and execute actions is also referred to in

this function.

10CFR100 DESIGN CRITERION VII - Shutdown Reactor Diversely: The equipment

needed to sense, command, and execute a trip of the reserve shutdown control

equipment, along with any necessary electrical power, shall be designed,

fabricated, operated, and maintained such that reactor core shutdown is

assured during off-normal conditions.

FUNCTION: Maintain Geometry for Insertion of Movable Poisons: This function

refers to the necessity to maintain the relative positions of the control

rods and their guide tubes and the outer reflector blocks, and to keep the

control channels in the individual blocks aligned so that sufficient control

rod insertion can be made when needed. To ensure insertion capability, the
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geometries of the control rod guide tubes, graphite core and ref lector

blocks, the core support structure, the core lateral restraint assemblies,

the reactor vessel, and reactor vessel support must be ensured.

IOCFR100 DESIGN CRITERION VIII - Maintain Geometry for Insertion of Movable

Poisons: The design, fabrication, operation, and maintenance of the control

rod guide tubes, the graphite core and reflectors, the core support struc-

ture, the core lateral restraint assemblies, the reactor vessel, and reactor

vessel support shall be such that their integrity is maintained during of f-

normal conditions so as to provide geometry which permits sufficient inser-

tion of the control rods into the outer reflector to effect reactor shutdown.

FUNCTION: Maintain Geometry for Insertion of Movable Poisons: This function-

refers to the necessity to maintain the relative positions of the reserve

shutdown control equipment guide tubes and the reserve shutdown control mate-

rial channels in the core blocks, and to keep the control channels in the

individual blocks aligned so that sufficient reserve shutdown control mate-

rial can be inserted when needed. To ensure insertion capability, the geom-

etries of the graphite core and reflector blocks, the core support structure,

the core lateral restraint assemblies, the reactor vessel, and reactor vessel

support must be ensured.

10CFR100 DESIGN CRITERION IX - Maintain Geometry for Insertion of Movable

Poisons: The design, fabrication, and operation of the reserve shutdown

control equipment guide tubes, the graphite core and reflectors, the core

support structure, the core lateral restraint assemblies, the reactor vessel,

and reactor vessel support shall be such that their integrity is maintained

during off-normal conditions, so as to provide geometry which allows suffi-

cient insertion of reserve shutdown control material to effect reactor

shutdown.

FUNCTION: Transfer Heat to Ultimate Heat Sink: This function refers to the

necessity to dissipate the heat transferred from the reactor vessel wall to

the reactor cavity. A means must be provided to remove the heat at a rate
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which limits temperatures in the core and vessel to acceptable levels. To

enhance the reliability of the heat removal and ultimate heat sink passive

means are favored.

10CFRIOO DESIGN CRITERION X - Transfer Heat to Ultimate Heat Sink: A highly

reliable, passive means of removing the heat generated in the reactor core

and radiated from the reactor vessel wall shall be provided. The system

shall remove heat at a rate which limits core and vessel temperatures to

acceptable levels during a loss of forced circulation.

FUNCTION: Limit Fuel Hydrolysis: This function refers to limiting the

amount of steam and water which can enter the reactor vessel in the event of

a steam generator leak or other water source. The event must be detected and-

terminated to prevent the ingress of an amount of steam and water which could

cause unacceptable levels of fuel hydrolysis.

100FR10O DESIGN CRITERION XI - Limit Fuel Hydrolysis: The steam, feedwater

and other cooling systems shall be provided with a reliable means to limit to

acceptable levels the amount of steam and water that can enter the reactor

vessel.

FUNCTION: Limit Fuel Oxidation: This function refers to preventing and

limiting the amount of air that can enter the reactor core in the event of

a breach of the primary system boundary. The function is accomplished by

protecting the integrity of the primary system boundary by both active and

passive means.

10CFR100 DESIGN CRITERION XII - Limit Fuel Oxidation: The primary system

boundary shall be designed and fabricated to quality standards sufficient to

ensure high reliability of its integrity to prevent air ingress during normal

and off-normal conditions. The plant shall be designed, fabricated, oper-

ated, and maintained in a manner which ensures that the primary system

boundary design limits are not exceeded.
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FUNCTION: Conduct Heat f rom Core to V ss 1 Wall: This function refers to

the necessity of providing a path for the transfer of heat away from the

reactor core so that fuel temperatures are not excessive during a loss of

forced circulation cooling.

100FR100 DESIGN CRITERION XIII - Conduct Heat from Core to Vessel Wall: Th

reactor core design and configuration shall ensure sufficient heat transfer

by conduction, radiation, and convection to the reactor vessel wall to main-

tain fuel temperatures within acceptable limits following a loss of forced

cooling. The materials which transfer the heat shall be chosen to withstand

the elevated temperatures experienced during this passive mode of heat

removal. This criterion shall be met with the primary coolant system both

pressurized and depressurized.

FUNCTION: Radiate Heat from Vessel Wall: This function refers to the

necessity to remove from the vessel wall the heat generated in the core and

transferred to the vessel wall. Heat must be removed from the vessel wall at

a rate which ensures that fuel and vessel temperatures are not excessive.

10CFR100 DESIGN CRITERION XIV - Radiate Heat from Vessel Wall: The vessel

design shall ensure that sufficient heat is radiated to the surroundings to

maintain fuel and vessel temperatures within acceptable limits. This cri-

terion shall be met with the primary coolant system both pressurized and

d pressurized.

FUNCTION: Maintain Geometry for Conduction and Radiation: This function

refers to the necessity to maintain the geometry of the annular core and th

core supports and restraints so that the path for heat transfer between the

core and vessel wall are ensured, and the necessity to maintain the geome-

tries of the vessel and the RCCS so that the heat can be transferred from the

vessel wall to the ultimate heat sink. Protecting the subject geometries

will ensure that fuel temperatures are not excessive.

R G.3-1-51
Amendment 1
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10CFR100 DESIGN CRITERION XV - Maintain Geometry for Conduction and Radi-

ation: The design, fabrication, operation, and maintenance of the core

support structure, graphite core and reflectors, core lateral restraint

assembly, reactor vessel, reactor vessel support, and reactor building shall

be such that their integrity is maintained during off-normal conditions so as

to provide a geometry conducive to removal of heat from the reactor core to

the ultimate heat sink to maintain fuel temperatures within acceptable

limits.

R G.3-1-52
Amendment 
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R G.3-2

Comment: Design rules for permanent graphite reactor structures (not yet

endorsed by the NRC) were formulated for trial use and comment in

1984, (ASME Code Section III, Division 2). For fuel and

replaceable reflector element graphite, a probabilistic based

standard, not necessarily ASME, is being prepared for trial use in

FY 1988.

Response: The comment is correct. A copy of the ASME Code Section III,

Division 2, Subsection CE was transmitted to the NRC by Reference

1.

Reference:

1. Letter, A. J. Neylan (GA) to P. M. Williams (NRC), Design Requirements

for Graphite Core Supports, GA/NRC-003-87, February 3, 1987.

R G.3-2-1

Amiendmient 1
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R G.3-3

Comment: DOE will supply by mid-summer the following information on ASME

Code Cases:

(1) A list of Code Cases to be used,

(2) Components they are to be used on,

(3) Why they are applicable (i.e., materials covered, temperature

range) and

(4) What they are to be used for (creep, fatigue, corrosion,

etc.).

Response: The requested information will be provided on a schedule

corresponding to the review of PSID chapters to which it is

relevant.

R G.3-3-1

Amendment 1
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R G.3-4

Comment: DOE will supply a list of all regulations, SRP sections, and

Regulatory. Guides that will be met in whole or in part. The

complete list need not be supplied by March 6, 1987, but rather on

a schedule corresponding to the review schedule for various

chapters.

Response: Regulations (10CFR) and Regulatory Guides have been reviewed

to assess the capability of the MHTGR design and analytical

procedures to meet the intent of the Regulations (CFR) and

Regulatory Guides, relative to the protection of public health

and safety. This assessment has been performed on the basis

described in R G-13, and the results are documented in Tables

R G.3-4-1, R G.3-4-2, and R G.3-4-3 for Regulatory Guides, and

Table R G.3-4-4 for the CFR (other than General Design Criteria).

Response R G.3-1 gives an assessment of the General Design

Criteria and PSID Section 3.1.1 discusses regulations that provide

the basis for the Top-Level Regulatory Criteria applied in the

MHTGR design.

The Standard Review Plan, which is specific to the LWR, is too

detailed relative to the PSID review and therefore will not be

included in this assessment. DOE recommends that the NRC develop

an MHTGR Standard Review Plan as part of the Application Phase of

the Licensing Plan for the MHTGR.

R G.3-4-1

Amendment 7



HTGR-86 -024

TABLE R G.3-4-1
REGULATORY GUIDES NOT APPLICABLE TO THE STANDARD MHTGR

No. Title

1.1 Net Positive Suction Head for Emergency Core Cooling (Rev. 0,
11/70)

1.2 Thermal Shock to Reactor Pressure Vessel (Rev. 0, 11/70)

1.5 Assumptions Used for Evaluating Steam Line Break Accident for BWR
(Rev. 0, 3/71)

1.7 Control of Combustible Gas Concentrations in Containment Following
a Loss of Coolant Accident (Rev. 2, 11/78)

1.9 Selection, Design, and Qualification of Diesel-Generator Units
Used as Standby (Onsite) Electric Power Systems at Nuclear Power
Plants (Rev. 2, 12/79)

1.11 Instrument Lines Penetrating Primary Reactor Containment: Back-
fitting Considerations (Rev. 1, 2/72)

1.13 Spent Fuel Storage Facility Design Basis (for comment) (Rev. 1,
12/75)

1.14 Reactor Coolant Pump Flywheel Integrity (for comment) (Rev. 1,
8/75)

1.26 Quality Group Classifications and Standards for Water, Steam, and
Radioactive Waste-Containing components (Rev. 3, 2/76)

1.27 Ultimate Heat Sink for Nuclear Power Plants (Rev. 2, 1/76)

1.35 ISI of Ungrouted Tendons in Prestressed Concrete Containment
Structures (Rev. 2, 1/76)

1.36 Non-Metallic Insulation for Austenitic Stainless Steel (Rev. 0,
2/73)

1.40 Qualification Tests of Continuous-Duty Motors Installed Inside the
Containment of Water-Cooled Power Plants (Rev. 0, 3/73)

1.52 Design, Testing, and Maintenance Criteria for Post-Accident
Engineered Safety Feature Atmosphere Cleanup System Air Filtration
and Adsorption Units of Light Water Cooled Nuclear Power Plants
(Rev. 2, 3/78)

1.56 Maintenance of Water Purity in BWR (Rev. , 7/78)

R G.3-4-2

Amendment 7
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TABLE R G.3-4-1 (Continued)

No. Title

1.57 Design Limits and Loading Combinations for Metal Primary Reactor
Containment System Components (Rev. 0, 6/73)

1.58 Qualification of Nuclear Power Plant Inspection, Examination, and
Testing Personnel (Rev. 1, 9/80)

1.63 Electric Penetration Assemblies in Containment Structures for
Light Water-Cooled Nuclear Power Plants (Rev. 3, 2/87)

1.64 Quality Assurance Requirements for the Design of Nuclear Power
Plants (Rev. 2, 6/76)

1.68.1 Preoperational and Startup Testing of Feedwater and Condensate
Systems for Boiling Water Reactor Power Plants (Rev. 1, 7/77)

1.68.2 Initial Startup Test Program to Demonstrate Remote Shutdown
Capability for Water-Cooled Nuclear Power Plants (Rev. 1, 7/78)

1.68.3 Preoperation Testing of Instrument and Control Air Systems
(Rev. 0, 4/82)

1.72 Spray Pond Piping Made from Fiberglass-Reinforced Thermosetting
Resin (Rev. 2, 11/78)

1.74 Quality Assurance Terms and Definitions (Rev. 0, 2/74)

1.77 Assumptions Used for Evaluating a Control Rod Ejection Accident
for Pressurized Water Reactors (Rev. 0, 5/74)

1.78 Assumptions for Evaluating the Habitability of a Nuclear Power
Plant Control Room During a Postulated Hazardous Chemical Release
(Rev. 0, 6/74)

1.79 Preoperational Testing of Emergency Core Cooling Systems for PWR
(Rev. 1, 9/75)

1.82 Sumps for ECC and Containment Spray Systems (Rev. 1, 11/85)

1.83 In-service Inspection for Steam Generator Tubes (Rev. 1, 7/75)

1.88 Collection, Storage and Maintenance of Nuclear Power Plant Quality
Assurance Records (Rev. 2, 10/76)

1.90 ISI of Prestressed Concrete Containment Structures with Grouted
Tendons (Rev. 1, 8.77)

1.95 Protection of Nuclear Power Plant Control Room Operators Against
an Accidental Chlorine Release (Rev. 1, 1/77)

R G.3-4-3

Amendment 7
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TABLE R G.3-4-1 (Continued)

No. Title

1.96 Design of Main Steam Isolation Valve Leakage Control Systems for
Boiling Water Reactor Nuclear Power Plants (Rev. 1, 676)

1.97 Instrumentation for Light-Water-Cooled Nuclear Power Plants to
Assess Plant and Environs Conditions During and Following an
Accident (Rev. 3, 5/83)

1.98 Assumptions Used for Evaluating the Potential Radiological
Consequences of a Radioactive Of fgas System Failure in a Boiling
Water Reactor (For Comment, 3/76)

1.105 Instrument Setpoints for Safety-Related Systems (Rev. 2, 2/86)

1.107 Qualification for Cement Grouting for Prestressing Tendons in
Containment Structures (Rev. 1, 2/77)

1.108 Periodic Testing of Diesel-Generators Used as Onsite Power Systems
at Nuclear Power Plants (Rev. 1, 8/77)

1.110 Cost-Benefit Analysis for Radwaste Systems for Light-Water-Cooled
Nuclear Power Reactors (For Comment, 3/76)

1.121 Bases for Plugging Degraded PWR Steam Generator Tubes (For
Comment, 8/76)

1.123 Quality Assurance Requirements for Control of Procurement of Items
and Services for Nuclear Power Plants (Rev. 1, 7/77)

1.125 Physical Models for Design and Operation of Hydraulic Structures
and Systems for Nuclear Power Plants (Rev. 1, 10/78)

1.126 An Acceptable Model and Related Statistical Methods for Analysis
of Fuel Densification (Rev. 1, 3/78)

1.127 Inspection of Water-Control Structures Associated with Nuclear
Power Plants (Rev. 1, 3/78)

1.136 Materials, Construction and Testing of Concrete Containments
(Rev. 2, 6/81)

1.137 Fuel-Oil Systems for Standby Diesel Generators (Rev. 1, 9/80)

1.141 Containment Isolation Provisions for Fluid Systems (For Comment,
4/78)

1.144 Auditing of Quality Assurance Programs for Nuclear Power Plants
(Rev. 1, 9/80)

R G.3-4-4

Amendment 7
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TABLE R G.3-4-1 (Continued)

No. Title

1.146 Qualification of Quality Assurance Program Audit Personnel for
Nuclear Power Plants (Rev. 0, 8/80)

1.151 Instrument Sensing Lines (Rev. 0, 7/83)

1.154 Format and Content of Plant-Specific Pressurized Thermal Shock
Safety Analysis Report for Pressurized Water Reactors

R G.3-4-5

Amendment 7
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TABLE R G.3-4-2
THE STANDARD MHTGR MEETS THE INTENT OF THE LISTED REGULATORY GUIDES

No. Title

Chapter 1 - Introduction and General Description of Plant

1.70 Standard Format and Content of Safety Analysis Reports for Nuclear
Power Plants (Rev. 3, 11/78)

Chapter 2 - Standard Site Characteristics

1.3 Assumptions Used for Evaluating Loss of Coolant Accident for BWR

(Rev. 2, 6/74)

1.4 Assumptions Used for Evaluating the Potential Radiological
Consequences of a Loss of Coolant Accident in Pressurized Water

Reactors (Rev. 2, 6/74)

Chapter 3 - Licensing Bases and the Criteria and Methodology for Design of
Structures, Systems, and Components

1.12 Instrumentation for Earthquakes (Rev. 1, 4/74)

1.20 Comprehensive Vibration Assessment Program for Reactor Internals
During Preoperational and Initial Startup Testing (Rev. 2, 5/76)

1.59 Design Basis Floods for Nuclear Power Plants (Rev. 2, 8/77)

1.60 Design Response Spectra for Seismic Design of Nuclear Power Plants
(Rev. 1, 12/73)

1.61 Damping Values for Seismic Design of Nuclear Power Plants (Rev. 0,I ~ ~~~10/73)

1.76 Design Basis Tornado for Nuclear Power Plants (Rev. 0, 4/74)

1.92 Combining Modal Responses and Spatial Components in Seismic
Response Analysis (Rev. 1, 2/76)

1.115 Protection Against Low Trajectory Turbine Missiles (Rev. 1, 7/77)

1.122 Development of Floor Design Response Spectra for Seismic Design of

Floor-Supported Equipment or Components (Rev. 1, 2/78)

1.124 Service Limits and Loading Combinations for Class 1 Linear-Type
Component Supports (Rev. 1, 1/78)

1.142 Safety-Related Concrete Structures for Nuclear Power Plants (Other
than Reactor Vessels and Containments) (Rev. 1, 10/81)

1.148 Functional Specification for Active Valve Assemblies in Systems

Important to Safety in Nuclear Power Plants (Rev. 0, 3/81)

R G.3-4-6

Amendment 7



HTGR-86 -024

TABLE R G.3-4-2 (Continued)

No. Title

Chapter 4 - Reactor System

1.20 Vibration Assessment During Preoperational and Initial Startup
Testing (Rev. 2, 5/76)

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.84 Design and Fabrication Code Acceptability, ASME Section III,
Div. 1 (Rev. 24, 6/86)

1.85 Materials Code Acceptability, ASME Section III, Div. 1, (Rev. 24,
6/86)

1.87 Guidance for Construction of Class 1 Components in Elevated
Temperature Reactors (Rev. 1, 6/76)

1.92 Combining Model Responses and Spatial Components in Seismic
Response Analysis (Rev. 1, 2/76)

1.133 Loose Part Detection Program for Primary System (Rev. 1, 5/81)

Chapter 5 -Vessels System

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.65 Materials and Inspections for Reactor Vessel Closure Studs
(Rev. 0, 10/73)

1.84 Design and Fabrication Code Case Acceptability ASME Section III,
Div. 1 (Rev. 24, 6/86)

1.85 Material Code Case Acceptability ASME Section III, Div. 1
(Rev. 24, 6/86)

1.99 Effects of Residual Elements on Predicted Radiation Damage to
Reactor Vessel Materials (Rev. 1, Rev. 2 pending)

1.147 In-service Inspection Code Case Acceptability - ASME Section XI,
Div. 1 (Rev. 5, 8/86)

1.150 Ultrasonic Testing of Reactor Vessel Welds During Preservice and
In-service Examinations (Rev. 1, 2/83)

R G.3-4-7

Amendment 7
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TABLE R G.3-4-2 (Continued)

No. Title

Chapter 5 Heat Transport System and Shutdown Cooling System

1.20 Vibration Assessment during Preoperational and Initial Startup
Testing (Rev. 2, 5/76)

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.45 Reactor Coolant Pressure Boundary Leakage Detection Systems
(Rev. 0, 5/73)

1.49 Power Levels of Nuclear Power Plants (Rev. 1, 12/73)

1.60 Design Response Spectra for Seismic Design of Nuclear Power Plants
(Rev. 1, 12/73)

1.61 Damping Values for Seismic Design of Nuclear Power Plants (Rev. 0,

10/73)

1.84 Design and Fabrication Code Acceptability, ASME Section III,
Div. 1 (Rev. 24, 6/86)

1.85 Materials Code Acceptability, ASME Section III, Div. 1 (Rev. 24,
6/86)

1.87 Guidance for Construction of Class 1 Components in Elevated
Temperature Reactors (Rev. 1, 6/75)

1.92 Combining Model Responses and Spatial Components in Seismic
Response Analysis (Rev. 1, 2/76)

1.130 Design Limits and Loading Conditions for Class 1 Plate-and-Shell-
Type Component Supports (Rev. 1, 10/78)

1.133 Loose Part Detection Program for Primary System (Rev. 1, 5/81)

Chapter 5 - Reactor Cavity Cooling System

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.139 Guidance for Residual Heat Removal (For Coimment, 5/78)

Chapter 6 - Buildings and Structures

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.60 Design Response Spectra for Seismic Design of Nuclear Power Plants
(Rev. 1, 12/73)

R G.3-4-8

Amendment 7
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TABLE R G.3-4-2 (Continued)

No. Title

1.61 Damping Values for Seismic Design of Nuclear Power Plants (Rev. 0,
10/73)

1.117 Tornado Design Classification (Rev. 1, 4/78)

1.142 Safety-Related Concrete Structures for Nuclear Power Plants (Other
than Reactor Vessels and Containments) (Rev. 1, 10/81)

1.143 Guidance for Radioactive Waste Management Systems, Structures, and
Components Installed in Light-Water-Cooled Nuclear Power Plants
(only 5.2 relevant to structures) (Rev. 1, 10/79)

Chapter 7 Plant Protection, Instrumentation and Control

1.22 Periodic Testing of Protection System Actuation Functions (Rev. 0,
2 /72)

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.47 Bypassed and Inoperable Status Indication for Nuclear Power Plant
Safety Systems (Rev. 0, 5/73)

1.53 Application of the Single-Failure Criterion to Nuclear Power Plant
Protection Systems (Rev. 0, 6/73)

1.62 Manual Initiation of Protective Actions (Rev. 0, 10/73)

1.75 Physical Independence of Electric Systems (Rev. 2, 9/78)

1.89 Qualification of Class lE Equipment for Nuclear Power Plants
(Rev. 1, 6/84)

1.114 Guidance on Being Operator at the Controls of a Nuclear Power
Plant (Rev. 1, 11/76)

1.152 Criteria for Programmable Digital Computer Software in Safety-
Related Systems of Nuclear Power Plants (Rev. 0, 11/85)

1.153 Criteria for Power, Instrumentation, and Control Portions of
Safety Systems (Rev. 0, 12/85)

Chapter 8 Electrical System

1.6 Independence Between Redundant Standby (Onsite) Power Sources and
Between Their Distribution Systems (Rev. 0, 3/71)

1.22 Periodic Testing of Protection System Actuation Functions (Rev. 0,
2/72)

R G.3-4-9

Amendment 7
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TABLE R G3-4-2 (Continued)

No. Title

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.32 Criteria for Safety-Related Electric Power Systems for Nuclear
Power Plants (Rev. 2, 2/77)

1.41 Preoperational Testing of Redundant Onsite Electric Power Systems
to Verify Proper Load Group Assignments (Rev. 0, 3/73)

1.47 Bypassed and Inoperable Status Indication for Nuclear Power Plant
Safety Systems (Rev. 0, 5/73)

1.53 Application of the Single-Failure Criterion to Nuclear Power Plant
Protection Systems (Rev. 0, 6/73)

1.75 Physical Independence of Electric Systems (Rev. 2, 9/78)

1.89 Qualification of Class lE Equipment for Nuclear Power Plants
(Rev. 1, 6/84)

1.93 Availability of Electric Power Sources (Rev. 0, 12/74)

1.100 Seismic Qualification of Electric Equipment for Nuclear Power

Plants (Rev. 1, 8/77)

1.106 Thermal Overload Protection for Electric Motors on Motor Operated
Valves (Rev. 1, 3/77)

1.118 Periodic Testing of Electric Power and Protection Systems (Rev. 2,
6/78)

1.128 Installation Design and Installation of Large Lead Storage
Batteries for Nuclear Power Plants (Rev. 1, 10/78)

1.129 Maintenance, Testing, and Replacement of Large Lead Storage
Batteries for Nuclear Power Plants (Rev. 1, 2/78)

1.131 Qualification Tests of Electric Cables, Field Splices and
Connections for Light-Water-Cooled Nuclear Power Plants (For

Commnent, 8/77)

1.153 Criteria for Power, Instrumentation, and Control Portions of
Safety Systems (Rev. 0, 12/85)

Chapter 9 - Fuel HandliLng Machine

1.25 Assumptions Used for Evaluating the Potential Radiological Con-
sequences of a Fuel Handling Accident in the Fuel Handling and
Storage Facility for Boiling and Pressurized Water Reactors
(Rev. 0, 3/72)

R G.3-4-10

Amendment 7
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TABLE R G.3-4-2 (Continued)

No. Title

1.60 Design Response Spectra for Seismic Design of Nuclear Power Plants
(Rev. 1, 12/73)

1.61 Damping Values for Seismic Design of Nuclear Power Plants (Rev. 0,
10/73)

1.122 Development of Floor Design Response Spectra for Seismic Design of
Floor-Supported Equipment or Components (Rev. 1, 2/78)

Chapter 9 HVAC System

1.140 Design, Testing and Maintenance Criteria for Normal Ventilation
Exhaust System Air Filtration and Absorption Units of Light-Water-
Cooled Nuclear Power Plants (Rev. 1, 10/79)

Chapter 10 - Steam and Energy Conversion Systems

1.29 Seismic Design Classification (Rev. 3, 9/78)

1.117 Tornado Design Classification (Rev. 1, 4/78)

Chapter 11 - Operational Radionulide Control

1.21 Measuring, Evaluating, and Reporting Radioactivity in Solid Wastes
and Releases of Radioactive Materials in Liquid and Gaseous
Effluents from Light-Water-Cooled Nuclear Power Plants (Rev. 1,
6/74)

1.24 Assumptions Used for Evaluating the Potential Radiological
Consequences of Pressurized Water Reactor Radioactive Gas Storage
Tank Failure (Rev. 0, 3/72)

1.109 Calculation of Annual Doses to Man from Routine Releases of
Reactor Effluents for the Purpose of Evaluating Compliance with
10CFR50 Appendix I (Rev. 1, 10/77)

1.112 Calculation of Releases of Radioactive Materials in Gaseous and
Liquid Effluents from Light-Water-Cooled Power Reactors (Rev. 1,
3/77)

1.143 Design Guidance for Radioactive Waste Management Systems,
Structures, and components Installed in Light-Water-Cooled Nuclear
Power Plants (Rev. 1, 10/79)

Chapter 12 - Occupational Radiation Protection

8.8 Information Relevant to Ensuring that Occupational Radiation
Exposures at Nuclear Power Stations Will Be As Low As Is
Reasonably Achievable (Design Guidance) (Rev. 3, 6/78)

R G.3-4-11

Amendment 7
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TABLE R G.3-4-2 (Continued)

No. Title

8.19 occupational Radiation Dose Assessment in Light-Water Reactor
Power Plants - Design Stage Man-Rem Estimates (Rev. 1, 6/79)

Chapter 13 - Conduct of Operations

1.17 Protection of Nuclear Power Plants Against Industrial Sabotage
(Rev. 1, 6/73)

1.101 Emergency Planning and Preparedness for Nuclear Power Reactors
(Rev. 2, 10/81)

Chapter 17 - Quality Assurance

1.28 Quality Assurance Program Requirements - Design and Construction
(Rev. 3, 8/85)

R G.3-4-12

Amendment 7
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TABLE R G.3-4-3
REGULATORY GUIDES TO BE ASSESSED AS THE

STANDARD MHTGR DESIGN DEVELOPS

No. Title

Chapter 2 - Standard Site Characteristics

1.23 Onsite Meteorological Programs (Rev. 0, 2/72)

1.102 Flood Protection for Nuclear Power Plants (Rev. 1, 9/76)

1.132 Site Investigations for Foundations of Nuclear Power Plants
(Rev. 1, 3/79)

1.135 Normal Water Level and Discharge at Nuclear Power Plants (For
Comment) (Rev. 0, 9/77)

1.138 Laboratory Investigations of Soils for Engineering Analysis and
Design of Nuclear Power Plants (For Comment) (Rev. 0, 4/78)

Chapter 4 Reactor System

1.31 Control of Ferrite Content in Stainless Steel Weld Metal (Rev. 3,
4/78)

1.34 Control of Electroslag Weld Properties (Rev. 0, 12/72)

1.43 Control of Stainless Steel Weld Cladding of Low-Allow Steel

(Rev. 0, 5/73)

1.44 Control of the Use of Sensitized Stainless Steel (Rev. 0, 5/73)

1.50 Control of Preheat Temperature for Welding Low-Alloy Steel
(Rev. 0, 5/73)

1.68 Initial Test Programs for LWR Power Plants (Rev. 2, 8/78)

1.139 Guidance for Residual Heat Removal (For Comment, 5/78)

1.147 In-service Inspection Code Acceptability, ASME Section XI, Div. 1
(Rev. 5, 8/86)

1.153 Criteria for Power, Instrumentation, and Control Portion of Safety
Systems (Rev. 0, 12/85)

Chapter 5 - Vessels System

1.31 Control of Ferrite Content in Stainless Steel Weld Metal (Rev. 3,
4/78)

R G.3-4-13

Amendment 7
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TABLE R G.3-4-3 (Continued)

No. Title

1.34 Control of Electroslag Weld Properties (Rev. 0, 12/72)

1.50 Control of Preheat Temperature for Welding of Low-Alloy Steel
(Rev. 0, 5/73)

1.71 Welder Qualification for Areas of Limited Accessibility (Rev. 0,
12/73)

1.73 Qualification Tests of Electric Valve Operators Installed Inside

the Containment of Nuclear Power Plants (Rev. 0, 1/74)

1.87 Guidance for Construction of Class 1 Components in Elevated
Temperature Reactors (Supplement to ASME Section III Code Cases
1592, 1593, 1594, 1595, and 1596) (Rev. 1, 6/75)

1.148 Functional Specifications for Active Valve Assemblies in Systems

Important to Safety in Nuclear Power Plants (Rev. 0, 3/81)

Chapter 5 -Heat Transport Sstem and Shutdown Cooling System

1.31 Control of Ferrite Content in Stainless Steel Weld Metal (Rev. 3,
4/78)

1.34 Control of Electroslag Weld Properties (Rev. 0, 12/72)

1.38 QA Requirements for Packaging, Shipping, Receiving, Storage and
Handling (Rev. 2, 5/77)

1.43 Control of Stainless steel Weld Cladding of Low Alloy Steel
(Rev. 0, 5/73)

1.44 Control of the Use of Sensitized Stainless Steel (Rev. 0, 5/73)

1.50 Control of Reheat Temperature for Welding Low-Alloy Steel (Rev. 0,
5/73)

1.68 Initial Test Programs for LWR Power Plants (Rev. 2, 8/78)

1.73 Qualification Tests of Electric Valve Operators Installed Inside

the Containment of Nuclear Power Plants (Rev. 0, 1/74)

1.139 Guidance for Residual Heat Removal (Rev. 0, 5/78)

1.147 In-service Inspection Code Acceptability, ASME Section XI, Div. 1
(Rev. 5, 8/86)

1.148 Functional Specifications for Active Valve Assemblies in Systems

Important to Safety in Nuclear Power Plants (Rev. 0, 3/81)

R G.3-4-14

Amendment 7
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TABLE R G.3-4-3 (Continued)

No. Title

Chapter 5 -Reactor Cavity Cooling System

1.31 Control of Ferrite Content in Stainless Steel Weld Metal (Rev. 3,
4178)

1.34 Control of Electroslag Weld Properties (Rev. 0, 5/73)

1.44 Control of the Use of Sensitized Stainless Steel (Rev. 0, 12/72)

1.50 Control of Preheat Temperature for Welding of Low-Alloy Steel
(Rev. 0, 5/73)

1.68 Initial Test Programs for Water-Cooled Reactor Power Plants
(Rev. 2, 8/78)

1.84 Design and Fabrication Code Case Acceptability ASME Section III,
Div. 1 (Rev. 24, 6/86)

1.85 Materials Code Case Acceptability ASME Section III, Div. 
(Rev. 24, 6/86)

1.147 In-Service Inspection Code Case Acceptability - ASME Section XI,
Div. 1 (Rev. 5, 8/86)

Chapter 6 Buildings and Structures

1.69 Concrete Radiation Shields for Nuclear Power Plants (Rev. 0,
12/73)

Chapter 7 Plant Protection, Instrumentation and Control System

(None)

CHAPTER 8- ELECTRICAL SYSTE1S

1.81 Shared Emergency and Shutdown Electric Systems for Multi-Unit
Nuclear Power Plants (Rev. 1, 1/75)

1.120 Fire Protection Guidelines for Nuclear Power Plants (Rev. 1,
11/77)

Chapter 9 - Fuel Handling

5.1 Serial Numbering of Fuel Assemblies for Light-Water-Cooled Nuclear
Power Reactors (Rev. 0, 12/72)

R G.3-4-15

Amendment 7
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TABLE R G.3-4-3 (Continued)

No. Title

Chapter 9 - Service Systems

1.120 Fire Protection Guidelines for Nuclear Power Plants (Rev. 1,
11/77)

Chapter 10 - Steam and Energy Conversion Systems

1.120 Fire Protection (Rev. 1, 11/77)

Chapter 11 - Operational Radionulide Control

1.111 Methods for Estimating Atmospheric Transport and Dispersion of
Gaseous Effluents in Routine Releases from Light-Water-Cooled
Reactors (Rev. 1, 7/77)

1.113 Estimating Aquatic Dispersions of Effluents in Routine Releases
from Light-Water-Cooled Reactors (Rev. 1, 4/77)

Chapter 12 - Occupational Radiation Protection

1.69 Concrete Radiation Shields for Nuclear Power Plants (Rev. 0,
12/73)

8.1 Radiation Symbol (Rev. 0, 2/73)

8.2 Guide for Administrative Practices in Radiation Monitoring
(Rev. 0, 2/73)

8.3 Film Badge Performance Criteria (Rev. 0, 2/73)

8.4 Direct-Reading and Indirect-Reading Pocket Dosimeters (Rev. 0,
2/73)

8.7 Occupational Radiation Exposure Records Systems (Rev. 0, 5/73)

8.9 Acceptable Concepts, Models, Equations, and Assumptions for a

Bioassay Program (Rev. 0, 9/73)

8.10 Operating Philosophy for Maintaining Occupational Radiation
Exposures As Low As Is Reasonably Achievable (Rev. 1-R, 5/77)

8.13 Instruction Concerning Prenatal Radiation Exposure (Rev. 1, 11/75)

8.14 Personnel Neutron Dosimeters (Rev. 1, 8/77)

8.15 Acceptable Programs for Respiratory Protection (Rev. 0, 10/76)

R G.3-4-16
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TABLE R G.3-4-3 (Continued)

No. Title

8.20 Applications of Bioassay for -125 and -131 (Rev. 1, 7/79)

8.26 Applications of Bioassay for Fission and Activation Products
(Rev. 0, 9/80)

Chapter 13 - Conduct of Operations

1.8 Personnel Selection and Training (Rev. 1, 5/77)

1.16 Reporting of Operating Information, Appendix A Technical
Specification (Rev. 4, 8/75)

1.39 Housekeeping Requirements for Water-Cooled Nuclear Power Plants
(Rev. 2, 9/77)

1.86 Termination of Operating Licenses for Nuclear Power Reactors
(Rev. 0, 6/74)

1.134 Medical Evaluation of Nuclear Power Plant Personnel Requiring
Operator Licenses (Rev. 1, 3/79)

1.149 Nuclear Power Plant Simulators for Use in Operator Training
(Rev. 0, 4/81)

5.7 Entry/Exit Control for Protected Areas, Vital Areas, and Material
Access Areas (Rev. 1, 5/80)

5.12 General Use of Locks in the Protection and Control of Facilities
and Special Nuclear Materials (Rev. 0, 11/73)

5.14 Use of Observation (Visual Surveillance) Techniques in Material
Access Areas (Rev. 1, 5/80)

5.20 Training, Equipping, and Qualifying of Guards and Watchmen
(Rev. 0, 174)

5.27 Special Nuclear Material Doorway Monitors (Rev. 0, 6/74)

5.43 Plant Security Force Duties (Rev. 0, 1/75)

5.44 Perimeter Intrusion Alarm Systems (Rev. 2, 5/80)

5.59 Standard Format and Content for a Licensee Physical Security Plan
for the Protection of Special Nuclear Material of Moderate or Low
Strategic Significance (Rev. 1, 2/83)

5.62 Reporting Physical Security Events (Rev. 0, 2/81)

R G.3-4-17
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TABLE R G.3-4-3 (Continued)

No. Title

5.65 Vital Area Access Controls, Protection of Physical Security
Equipment,-and Key and Lock Controls (Rev. 0, 9/86)

Chapter 15 - Safety Analysis

1.91 Evaluation of Explosions Postulated to Occur on Transportation
Routes (Rev. 1, 278)

1.145 Atmospheric Dispersion Models for Potential Accident Consequence
Assessments at Nuclear Power Plants (Rev. 1, 2/83)

Chapter 17 - Quality Assurance

1.30 Quality Assurance Requirements for the Installation, Inspection,
and Testing of Instrumentation and Electric Equipment (Rev. 0,
8/72)

1.33 Quality Assurance Program Requirements (Operation) (Rev. 3, 2/78)

1.37 Quality Assurance Requirements for Cleaning of Fluid Systems and
Associated Components of Water-Cooled Nuclear Power Plants
(Rev. 3, 3/73)

1.38 Quality Assurance Requirements for Packaging, Shipping, Receiving,
Storage, and Handling of Items for Water-Cooled Nuclear Power
Plants (Rev. 2, 5/77)

1.54 Quality Assurance Requirements for Protective Coatings Applied to
Water-Cooled Nuclear Power Plants (Rev. 0, 6/73)

1.94 Quality Assurance Requirements for Installation, Inspection, and
Testing of Structural Concrete and Structural Steel During the
Construction Phase of Nuclear Power Plants (Rev. 1, 4/76)

1.116 Quality Assurance Requirements for Installation, Inspection, and
Testing of Mechanical Equipment and Systems (Rev. 1, 5/77)
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TABLE R G.3-4-4
THE STANDARD MHTGR MEETS THE INTENT OF THE

LISTED PARTS OF THE CODE OF FEDERAL REGULATIONS

Part/IPara. Title

Chapter 4 - Reactor System

None

Chapter 5 - Vessels System

50.55a(a)(1) Codes and Standards

50.55a(a)(3) Codes and Standards

50, App. G Fracture Toughness Requirements

50, App. H Reactor Vessel Material Surveillance Program Requirements

Chapter 5 - Heat Transport System and Shutdown Cooling System

None

Chapter 5 - Reactor Cavity Cooling System

50.55a(a)(1) Codes and Standards

50.55a(a)(3) Codes and Standards

Chapter 7 - Plant Protection, Instrumentation and Control System

50.49 Environmental Qualif ication of Electric Equipment Important
to Safety for Nuclear Power Plants

50.55a(h) Codes and Standards (Protection Systems

Chapter 8 - Electrical System

50.49 Environmental Qualification of Electric Equipment Important
to Safety for Nuclear Power Plants

Chapter 10 - Steam and Energy Conversion Systems

10CFR50.55a Codes and Standards

Chapter 11 - Operational Radionulide Control

10CFR20 Standards for Protection Against Radiation

20. 101 Radiation Dose Standards for Individuals in Restricted Areas

R G.3-4-19
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TABLE R G.3-4-4 (Continued)

Part/Para. Title

20.103 Exposure of Individuals to Concentrations of Radioactive

Material in Air in Restricted Areas

20.105 Permissible Levels of Radiation in Unrestricted Areas

20.106 Radioactivity in Effluents to Unrestricted Areas

20.207 Storage and Control of Licensed Materials in Unrestricted
Areas

20.301 Waste Disposal - General Requirement

20.303 Disposal by Release into Sanitary Sewer Systems

20.305 Treatment or Disposal by Incineration

20.306 Disposal of Specific Wastes

20.311(dl) Transfer for Disposal and Manifests (invokes 10CFR61)

Appendix B, Concentrat ions in Air and Water Above Natural Background
Table 2

10CFR50 Domestic Licensing of Production and Utilization Facilities

50.34a Design Objective for Equipment to Control Releases of Radio-
active Material in Effluents - Nuclear Power Reactors

50.36a Technical Specifications on Effluents from Nuclear Power
Reactors

Appendix I Numerical Guides for Design Objectives and Limiting Condi-
tions for Operation to Meet the Criterion "As Low As Is
Reasonably Achievable" for Radioactive Material in Light-
Water-Cooled Nuclear Power Reactor Effluents

10CFR61 Licensing Requirements for Land Disposal of Radioactive
Waste

61.55 Waste Classification

61.56 Waste Characteristics

61.58 Alternative Requirements for Waste Classification and
Characteristics

R G.3-4-20

Amendment 7



HTGR-86-024

TABLE R G.3-4-4 (Continued)

Part/IPara. Title

40CFR190 Environmental Radiation Protection Standards for Nuclear
Power Operations

190.10 Standards for Normal Operations

Chapter 12 - Occupational Radiation Protection

10CFR20 Standards for Protection Against Radiation

Chapter 13 - Conduct of Operations

10CFR50.34(c) Physical Security Plan

10CFRSO.34(d) Safeguards Contingency Plan
and (e)

10CFR50.47 Emergency Plans

10CFR50, Emergency Planning and Preparedness for Production and
Appendix E Utilization Facilities

10CFR73.55 Requirements for Physical Protection of Licensed Activities
in Nuclear Power Reactors Against Radiological Sabotage

10CFR73.57 Requirements for Criminal History Checks of Individuals
Granted Unescorted Access to a Nuclear Power Facility or
Access to Safeguards Information by Power Reactor Licensees

Chapter 15 - Safety Analysis

10CFR50.34(a)(4) Preliminary Safety Analysis Report

Chapter 17 - Quality Asurance

10CFR50, Quality Assurance Criteria for Nuclear Power Plants and Fuel
Appendix B Reprocessing Plants

R G.3-4-21
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R G.3-5

Comment: DOE will address by mid-summer how TI action items, USIs and

unresolved GSIs are to be met by the design. NUREGs 1070 and

0933 should be used for identification of those TMI, USI and GSI

which need to be addressed.

Response: DOE-HTCR-87-089, MIHTGR Assessment of NRC LWR Generic Safety

Issues, is issued in fulfillment of this commitment.I

R G.3-5-1 Amendment 7
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R G.3-6

Comment: In a presentation on the use of industry standards, it was stated

that the hot duct and steam generator are not considered

safety-related. The staff will consider its position on these

items in its review of Chapter 5. n preparation for this review,

material will be supplied by DOE in regard to the stress analysis

to be done on the core support structure and whether the steam

generator will be inspected to ASME Code, Section XI.

Response: The stress analysis of the core support structure will be carried

out in accordance with the draft ASME Code, Section III, Division

2, Subsection CE. This has been provided to the NRC (Letter

A. J. Neylan (A) to P. M. Williams (NRC), February 3, 1987).

Information on the steam generator inspection will be provided

prior to the Chapter 5 review meeting in April, 1987.

R G.3-6-1

Amendment 1
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R 1.1-1

Comment: DOE will expand the two items given in Section 1.1.5, "Requested

NRC Response" to include items contained in other submitted

documents such as HTGR-85-001, "Licensing Plan for the Standard

HTGR"I, February 1986. This expansion will thus reflect that the

goals of the NRC review include (1) the establishment of licensing

guidance and criteria, (2) an assessment of the potential of the

design to meet established criteria, and (3) to assess the

adequacy of the technology development program.

Response: Agree, Section 1.1.5 of the PSID has been amended to reflect the

goals of NRC review.

R 1.1-1-1

Amendment 1
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* R 1.2-1

Comment: Section 1.2.2.1 will be re-written to establish that the design

capacit y for meeting top level criteria will not be sufficient in

itself to determine licensability and that other criteria must

also be met.

Response: PSID Section 1.2.2.1 has been amended to clarify the meaning.

Section 2.4 of the Licensing Plan (Ref. 1) discusses the

relationship of the Top-Level Regulatory Criteria to the other

bases that provide assurance of their compliance.

Reference:

1. U.S. Department of Energy, Licensing Plan for the Standard HTGR.

HTGR-85-001, Rev. 3, February 1986.

R 1.2-1-1
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R 1.6-1

Comment: DOE will clarify in Table 1.6-1 that certification is desired for

systems listed in the left column and the interface items

asterisked in the center column. DOE should justify why Plant

Fire Protection, Feedwater and Condensate, and Main and Bypass

Steam Subsystem interfaces are not asterisked.

Response: For purposes of preapplication review leading to a licensability

statement, the Standard MHTGR has been defined as the subsystems

in columns 1 and 2 in Table 1.6-1. Within the second column, more

detail has been provided for the asterisked subsystems which are

judged to have more significance to the public's health and safety

over the spectrum of normal operation and licensing basis events.

The Nuclear Island portion of the Plant Fire Protection Subsystem

should have been included in column 1. The Feedwater and

Condensate, and Main and Bypass Steam Subsystems are not

asterisked because they are not required and do not affect

ultimate core heat removal. The MTGR relies on passive design

selections using radiation and conduction to the Reactor Cavity

Cooling System for core heat removal to meet the Top-Level

Regulatory Criteria under accident conditions. PSID Section 1.6

and Table 1.6-1 have been amended accordingly.

R 1.6-1-1

Amendment 
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R 2.3-1

Comment: In Section 2.3 and correspondingly in Sections 3.5.1.4 and 3.5.1.5

DOE will state that missiles and tornado design provisions will

cover all but special cases of off-site hazards. An indication of

the plant's capability to withstand explosions, combustible gas

and toxic materials will be provided.

Response: PSID Sections 2.3 and 3.5 have been amended to address the plant's

capability to withstand a broad range of offsite hazards.

R 2.3-1-1

Amendment 1
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R 2.6-1

Comment: Section 2.6 implies that the allowable static soil bearing

capacity of 480 kPa limits the plant location to only bed rock.

DOE will respond to the bed rock limitation as well as make

consistent the 480 kPa figure used in Section 2.6 with the 479 kPa

figure used in Section 3.7.

Response: The allowable static bearing capacity of 479 kPa (10 ksf) was

determined to be appropriate for large mat foundations located 40

feet below grade for approximately 85% of candidate U.S. sites in

a 1980 study conducted by Dames and Moore for CRA. The correct

value is 479 kPa, PSID Section 2.6 has been amended.

R 2.6-1-1

Amendment 1
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R 3.2-1

Comment: The words "evaluated conservatively" as used with respect to the

dose analysis of Design Basis Events (page 3.2-3) will be defined

at "95% confidence level."

Response: The sentence has been revised as indicated. PSID Section 3.2.1.2

has been amended to incorporate this comment. The following para-

graphs express the MHTGR position on conservatism appropriate when

comparing consequences with criteria.

The MHTGR licensing approach identifies which generic quantifiable

regulatory criteria are to be met, the range of event frequencies

over which each criterion should be applied, and the appropriate

level of uncertainty to be used. The MHTGR licensing approach

recognizes that the consequences of off-normal events should meet

appropriate criteria with conservatism in order to account for

uncertainties.

Events, designated Anticipated Operational Occurrences (AOOs) (see

Figure 3.2-1), that may be expected to occur during the life of a

single plant typically have associated with them relatively small

consequences. Furthermore, the uncertainties in the consequences

of these As are relatively small, and are monitored and reduced

during the life of the plant. Therefore, it is appropriate that

the consequences of As meet OCFR50 Appendix I criteria on a

mean value basis. The mean, or expected, value represents a

first-order consideration of uncertainty. This consideration of

uncertainty is consistent with that traditionally required when

the consequences of anticipated events were compared with OCFR50

Appendix I. Th expected AOO consequences are presented in

Section 11.6.

R 3.2-1-1
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The Design Basis Events (DBEs), while less likely, still may occur

in the lifetime of a population of several hundred MHTGR plants.

Because of the larger potential consequences and uncertainties

associated with DBEs, a greater degree of assurance (conservatism)

is desirable. Therefore, it is appropriate that the consequences

of DBEs meet 1CFR100 criteria at the 95% confidence level, and be

evaluated considering the uncertainties in all important conse-

quence parameters. This level of conservatism is consistent with

the conservatism that has been required traditionally when the

consequences of design basis accidents were compared with

10CFR100. Chapter 15 presents both median and upper bound (best

estimate and 95% confidence level) DBE consequences and shows a

great deal of margin between the more conservative (upper 95% con-

fidence level) consequences and 1CFR100 criteria.

The MHTGR licensing approach also recognizes that emergency plans

should be prepared for a spectrum of events, including those less

likely than DBEs down to some de minimus frequency. The utilities

require that the consequences of such events, designated Emergency

Planning Basis Events (EPBEs), shall not exceed the PAGs of

EPA-520/1-75-001 at the Exclusion Area Boundary (EAB). For the

purpose of planning for events that are not expected in the life

of a population of plants, it is appropriate that the mean, or

expected, value of consequences be compared with the AGs. This

represents a first-order consideration of uncertainty, and is

consistent with the manner in which Emergency Planning Zones were

selected for LWRs in NREG-0396. The mean values of DBE and EPBE

consequences are presented in the Emergency Planning Basis report

(Ref. 1), and are shown to meet the PAGs for sheltering at the

EAB. Appendix A of Ref. 1 presents the median and also upper

bound (best estimate and 95% confidence level) consequences of the

DBEs and EPBEs. The HTGR meets the AGs for sheltering at the

EAB for all events on an expected basis and even when conserva-

tively calculated at the 95% confidence level.

R 3.2-1-2

Amendment 10



HTGR-86-024

In conclusion, the licensing approach provides appropriate levels

of conservatism for the range of MHTGR licensing basis events.

Applicable regulatory criteria are met with margin.

References:

1. "Emergency Planning Bases for the Standard Modular High-Temperature Gas-

Cooled Reactor," DOE Report DOE-HTGR-87-001, Revision 1, August 1987.

R 3.2-1-3
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R 3.2-2

Comment: The last sentence in Section 3.2.3.1 (pages 3.2-8) will be

deleted.

Response: The sentence has been deleted. PSID Section 3.2.3.1 has been

amended.

R 3.2-2-1
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R 3.3-1

Comment: In Section 3.3.2.3, the paragraphs numbered 1 and 2 will be

deleted and a general statement will be made regarding impact on

tornado-protected structures by debris from non-tornado designed

structures.

Response: PSID Section 3.3.2.3 has been amended to provide a general

statement regarding the impact of non-tornado designed structures

on those which are tornado protected.

R 3.3-1-1
Amendment 
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R 3.4-1

Comment: The sumips and pumps described in Section 3.4 are proposed to not

have a safety function with respect to protecting the reactor

cavity silo against in-leakage from ground water or floods. Flood

protection is to be provided by siting restrictions and the PSID

is to be modified to state that Technical Specifications will

require plant shutdown if unacceptable in-leakage should occur.

The NRC staff judges that final acceptance or further discussion

of the proposed sumip and pump provisions are beyond the scope of

the current conceptual design review.

Response: Section 3.4 has been amended to clarify the Standard MHTGR

approach on handling water inleakage to below-grade spaces.

R 3.4-1-1
Amendment 1
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R 3.5-1

Comment: DOE will consider committing to SRP 3. 5.3, Appendix A if

non-linear concrete behavior is to be used in the design of

concrete missile barriers. Its recommendation in this regard will

be provided.

Response: The guidance in SRP 3.5.3 Appendix A, 1981, provides no specific

guidance relative to non-linear concrete behavior. Rather, it

makes reference to Regulatory Guide 1.142, which, in turn,

endorses the use of ANSI/ACT 349-76 as acceptable subject to

certain exceptions or modifications. Consistent with standard

industry practice, on the basis set forth in the final paragraph

of Section 3.8.1.1, ACT 349-76 and its 1979 Supplement, as

modified by Regulatory Positions 10 and 11 of Regulatory Guide

1.142, Revision 1, will be used if non-linear concrete behavior is

considered in the design of concrete missile barriers. Sections

3.8.1.2 and 3.8.2.2 have been amended to reflect this.

R 3.5-1-1
Amendment 1
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* R 3.6-1

Comment: No generic regulatory conclusion has yet been developed on the

treatment of a simultaneous pipe break and large earthquake. At

present such a conclusion will likely depend on the design and

analysis of accidents and be developed on a case-by-case basis.

For this reason DOE will augment Section 3.6 with more detail or

references pertaining to leak detection, inservice inspection

plans, and failure modes of corrosion, erosion and fatigue. This

further detail will be developed both for helium and water/steam

piping including the cross duct.

Response: A paragraph discussing the treatment of the crossduct with respect

to postulated ruptures has been added to Section 3.6. Further

discussion on the subject may be found in Sections 5.2.1.5.1 and

5.2.2.5.1 of the PSID.

A discussion concerning separation of LOCA and seismic loads is

provided in response to Comment 3.8-3.

R 3.6-1-1

Amendment 1
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R 3.6-2

Comment: DOE will be prepared at the time of the Chapter 5 review (April

1987 to discuss, document, and otherwise augment the material in

Section 3.6 supporting the classification of the cross duct as a

vessel rather than a pipe. What ASME rules and code cases will

apply to its construction and field assembly?

Response: The requested information will be provided as part of the review

of Chapter 5 of the PSID.

R 3.6-2-1
Amendment 
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R 3.6-3

Comment: DOE proposes that the staff evaluate, as stated in Section 3.6, a

guillotine break of a main steanmline in its assessment of the

design of the reactor building. Prior to construction, DOE will

have performed a trade-off study assessing the economics of using

leak-before-break criteria, with its attendant requirements for

inspection and monitoring, as an alternate to the guillotine

rupture. However, this consideration is not to be a part of the

staff's review.

Response: The Standard MHTGR Reactor Building is currently designed to

accommodate a full separation double-ended guillotine break (DEGB)

of the main steam or feedwater line. Section 3.6 has been amended

to clarify this. At some future date, an economics trade-off

study may be performed to determine whether the use of a

leak-before-break (LBB) argument, with its attendant requirements

for inspection and leak detection, is more cost effective than the

building volume dedicated to venting. In the event that LBB

application is found to be more cost effective, an appropriate

amendment will be made to any affected licensing documents

submitted to the NRC.

R 3.6-3-1
Amendment 1
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R 3.6-4

Comment: In Section 3.6, numbered paragraph 3, DOE will add to the first

sentence, no "special" provisions.

Response: High energy line breaks outside the Reactor Building silo have no

potential for adversely affecting the 10CFRIOO-related

radiological control aspects of the plant. Therefore, the need

for protection from such effects as jet impingement or pipe whip

beyond standard industrial practice is not currently anticipated

to be required. Paragraph 3 on page 3.6-2 has been amended to

clarify this.

R 3.6-4-1

Amendment 1
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R 3.7-1

Comment: DOE will provide references to discussions in 3.7.1.4 regarding

dynamic tests performed on a helical coil tube bundle and scale

model tests on graphite fuel.

Response: The documents containing the test results are:

(a) "Test Evaluation Report on Helical Bundle Seismic Test," GA

Document No. 907766/0, February 5, 1985 (GA Proprietary).

(b) "Topical Report: Verification of Core Seismic Analysis

Codes," GA Document No. 907097/1, September 30, 1983 (GA

Proprietary).

R 3.7-1-1
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R 3.7-2

Comment: In Section 3.7.3.1.2, first paragraph, the words "will bell are to

be added to the last sentence and identification by reference of

the qualification program indicated will be made. Clarification

will be provided on whether any valve must operate during a

seismic event.

Response: The "Qualification" program refers to a qualification program

consistent with Regulatory Guide 1.48. En addition, the last

sentence of the second paragraph has been revised for clarity.

PSID Section 3.7.3.1.2 has been amended accordingly.

R 3.7-2-1
Amendment 1
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R 3.7-3

Comment: The analysis described on pages 3.7-13 and 3.7-14 appears to be a

commitment to do seismic analysis on the core but not on other

reactor internals. DOE should comment and describe how the ASME

Code and graphite property data will be used in the analysis of

permanent graphite structures.

Response: The model used in the seismic analysis described on pages 3.7-13

and 3.7-14 includes both the core and the reactor internal

structures. This analysis determines the seismic loads acting on

the various components. In the case of the permanent graphite

components, the ASME Code is the Standard for acceptable

stresses. The seismic loads are added to the loads from the other

sources for calculation of total stresses and for comparisons with

the appropriate stress limits of the ASME code. Graphite property

data derived with methods defined in the Code will be used both in

the seismic load analysis and the subsequent seismic stress

analysis of permanent graphite structures.

R 3.7-3-1

Amendment 
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R 3.7-4

Comment: The damping values used are those provided in Regulatory Guide 1.61, "Damping Values
for Seismic Analysis of Nuclear Power Plants," with some exceptions for steam generator
tube bundles. DOE claims that these exceptions are justified by dynamic test results for
similar configurations. The staff will need to review the test data that support the
proposed high damping values for the steam generator tube bundle. (Per NUREG-1338,
Section 3.5.5, Item B)

Response: 1. Background

Damping is a measure of the rate of energy dissipation in an excited structure.
Damping values for use in seismic analysis of nuclear power plants are specified
in Table of Regulatory Guide 1.61. The same damping values appear in
Appendix N (Table N-1230-1) of Section III of the ASMIE Code, 1989 Edition.
The Regulatory Guide penmits the use of higher damping values if documented
test data are provided to support higher values. The ASMEE Code permits higher
values if the basis is justified. The damping values used for the seismic analysis
of the MHTGR steam generator tube bundle were 5% and 10% for OBE and
SSE, respectively, which differ from the values of 1% and 2% given in Table 
of Regulatory Guide 1.61. These damping values were based on data obtained
from dynamic tests performed on a helical coil tube bundle similar in design to
the MHTGR tube bundle (Reference 1). Section 2.0 of this response provides
the details of this test program. As expected, the loosely supported helical tube
bundle, with high energy losses at the tube-to-support plate interfaces and the
support plate-to-shroud interfaces, exhibited damping that ranged from 10% to
32% of critical, a much higher critical damping than the values of 1% and 2%
given in the Regulatory Guide.

By close analogy and as additional background, Code Case N41 1 provides
alternative damping values for piping to those given in Table N-1230-1. The
Code Case values are based on the recommendation of the Committee on Piping
Systems of the Pressure Vessel Research Committees. The PVRC technical
position is reported in WRCB Bulletin 300 (Reference 2). The Code Case

R 3.7-4-1 Amendment 



HTGR-86-024

presents damping as a function of the frequency of response and permits higher

values than Table N-1230-1. For frequencies in the range of 10 Hz or less, as

predicted for the steam generator bundle, for example, the Code Case damping

value is 5%.

The Code Case N-41 1 damping value (5%) is supported by tests of a piping

system subjected to seismic loadings (Reference 3). The purpose of this test

program, under the joint sponsorship of EPRI and NRC, was to develop

understanding of the behavior of piping components under dynamic loadings, i.e.,

seismic loadings. Preliminary results indicated that linear elastic response

predictions using 5% damping bound the experimental output. The study

concluded that the calculated loads are always conservative even when plastic

strain occurs. This program strongly supports the use of 5% damping in seismic

response analysis of piping systems. The appropriateness of the piping system

damping values for the helical tube bundle is justified since these values provide

the lower bound of permissible damping values in Reg. Guide 1.61.

2. Seismic Test Proaram for Helical Tube Bundle

2.1 Introduction

A series of vibration tests were performed on a test model of the lower

portion of a HTGR Steamn Generator Helical Tube Bundle. The test

model consisted of twenty-four (24) tube coils, support plates, wear

shields and rings (see Figure 3.7-4-1).

The primary objective of the vibration tests was to determine the effects

of water, tube preload, radial plate/keyway gap and excitation amplitude

on the tube bundle fundamental resonant frequency and damping factor.

It was also required to document peak loads, displacements, and strains

at various locations to verify the seismic load path within the tube

bundle. In order to meet the objectives of this parametric study, a test

matrix was established. This test matrix is reproduced from Reference I

and presented in Table 3.7-4-1.

R 3.7-4-2 Amendment I
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2.2 Summary of Results

The objectives of the test were achieved without deviation fm the
specification requirements. The test results indicated the general trends
described below:

0 The helical coil tube bundle is, for all intents and purposes,
axially symmetric in terms of its mass distribution, and slightly
dissymmetric in terms of its stiffness. This explains the multiple
peaks in the measured transmissibility functions. In a linear
(normal mode) sense, each of the peaks represents the same
mode excited in a slightly different direction. As a result, it was
perfectly valid to fit any one of the peaks to obtain the associat-
ed bundle frequency and damping. During the data reduction
phase, the peak which most closely resembled a normal mode

was curve fit.

o The fundamental response of the bundle is translation in the axis
parallel to the shaker driver bar for excitation axis HA and the
head expander for excitation axis HB. (See Figure 3.7-4-2 for
the definition of HA and HB axes).

o The fundamental bundle frequency for excitation axis HA was in
the range of 6 to 16 Hz with damping at 10 to 32% of critical.

o The fundamental bundle frequency for excitation axis HB was in
the range of 7 to 16 Hz with damping of 10 to 32% of critical.

o Bundle amplification varied between 1.21 and 3.85 with an

average of less than 2.

o For excitation axis HA, increasing the excitation amplitude
increased the bundle breakpoint frequency and damping while
decreasing its fundamental frquency and amplification factor.

R 3.7-4-3 Amendment 
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o For excitation axis HB, increasing the excitation amplitude

increased the bundle damping while decreasing the fundamental-

frequency. Varying the excitation amplitude had little effect on

the bundle amplification.

o For excitation axis HA, increasing keyway gaps increased bundle

damping while decreasing breakpoint and fundamental frequen-

cies and amplification factors. The effects of varying gaps were

not determined for axis HB.

o For excitation axis HA, increasing tube preload increased the

bundle breakpoint and fundamental fequencies and amplification

factors, while decreasing bundle damping.

o For excitation axis HB, increasing tube preload increased the

bundle breakpoint and fundamental frequencies. No trend was

found in the damping and amplification factors.

o The addition of water in the tubes decreaed the bundle break-

point frequency, fundamental bundle frequency and damping,

and increased the amplification factor.

o Locking radial plates ( and 5 for HA axis, 2 and 6 for HB axis)
increased the bundle fundamental and breakpoint frequencies and

amplification factors, while decreasing the bundle damping.

o Test data showed excellent repeatability in the HA axis and

moderately good repeatability in the HB axis.

o The test system acts as a single-degree-of-freedomn system (mass

mode).

R 3.7-4-4 Amendment 11
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o The load forces at the coil/plate friction device interface were
reduced in amplitude with no tube preload applied. The forces
were less without tube preload.

3. Conclusions:

The results of the test program briefly described in Section 2.0 of this response
support the use of damping values for the steam generator helical tube bundle
higher than the 1% and 2% values depicted in Regulatory Guide 1.61 for OBE
and SSE, respectively. For the OBE loading, a value of 5% was conservatively
used considering the guidance of Code Case N41 1. For SSE loading, the lowest
damping value (10% of critical) from the test results was recommended for
seismic analysis.

This response addresses an issue raised during NRC's review of the MHTGR PSID)
(Reference 4), and supplements item R 3.7-1 in the PSID.

References:

1. National Technical Systems Report No. 279-5848-2, "Seismic Tests on High Temperature Gas-
Cooled Reactor Steam Generator Helical Tube Bundle - Volume I," September 1984.

2. Welding Research Council Bulletin 300, "(2) Technical Position on Damping Values for Piping -
Interim Summary Report," December 1984.

3. EPRI Contract No. RP 1543-15, "Piping and Fitting Dynamic Reliability Program," Preliminary
Version (1988), Project Final Report, Volume 1.

4. Item 3.010 of DOE MHTGR PSER Issues Tracking System, submitted July 31, 1991, from Peter
M. Williams, Director, HTGR Division to Mr. R.C. Pierson, Director, Advanced Reactors Project
Directorate.
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FIGURE R 3.7-4-1
HELICAL BUNDLE SEISMIC TEST MODEL AND FIXTURE
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FIGURE R 3.7-4-2
RADIAL PLATE CONFIGURATION/AXIS IDENTIFICATION

One () Keyway Shown for Purposes of Clarity

R 3.7-4-7 Amendment 
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TABLE 3.711
TUBE BUNDLE

VIBRATION TEXT MATRIX

Test PI ate/Keyway Excitation Tube Special
Sequence Gap Setting (1) Amplitude (2) Preload (3) Notes

1 2 2 0 (5)

2 2 2 3 (5)

3 2 2 2 (5), (9)

4 2 1 2 (5)

5A 2 2 2 (5)

5B 2 2 2 (5)

5C 2 2 2 (5)

50 2 2 2 (5)

5E 2 2 2 (5)

5F 2 2 2 (5)

6 2 3 2 (5)

7 11 2 (5)

8 12 2 (5). (8)

9 1 3 2 (5)

10 3 1 2 (5), (8)

11 3 2 2 (5), (8)

12 3 3 2 (5)

13 2 2 0 (5), (8)

14 2 2 1 (5). (8)

15 2 1 0 (5)

16 2 3 0 (5), (4)

17 -2 1 3 (5), (4)

18A 2 3 3 (5), (4)

18B 2 2 3 (5), (4)

4-B 2 2 2 (6)
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TABLE 3.7-4-I
TUBE BUNDLE

VIBRATION TEXT MATRIX (Continued)

Test Plate/Keyway Excitation Tube Special
Sequence Gap Setting (1) Amplitude (2) Preload (3) Notes

5A-B 2 2 2 (6)
SB-B 2 2 2 (6)
5C-B 2 2 2 6
5D-B 2 2 2 (6)
5E-B 2 2 2 (6)
5F-B 2 2 2 (6)
6-B 2 2 2 (6)
13A-B 2 2 0 (6), (8)
13B-B 2 2 0 (6). (7)

NOTES: (1) Plate/Keyway Gap Settings

Gap Setting 1 - 0.040 inch

Gap Setting 2 0.080 inch

Gap Setting 3 0.120 inch

(2) Excitation Amplitudes

Level 1 - 0.20 g peak

Level 2 - 0.35 g peak

Level 3 0.50 g peak
(3) Tube preload settings are defined in Table 4-1, GA Technologies

Test Specification 903940, Issue A and NTS Test Procedure

279-5848.
'(4) Radial plates one (1) and five (5) locked within the keyway gap.
'(5) Excitation axis, HA

'(6) Excitation axis, HB

'(7) Radial plates two (2) and six (6) locked within the keyway gap.
(8) Measure time history response of all instrumentation, except

accelerometers, at 9 or 11 Hz.
(9) Test with dry tubes, all other tests with water filled tubes.

*Reference Figure 3.7.4-2
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R 3.8-1

Comment: Section 3.8.1.1, will be changed to indicate that the listed codes

will actually be used but may be modified, perhaps on the basis of

PRA, if acceptable to the NRC.

Response: Section 3.8.1.1 has been amended accordingly.

R 3.8-1-1
Amendment 1
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R 3.8-2

Comment: DOE will describe in Section 3.8.2.1 how the fraction of live load

will be determined.

Response: Section 3.8.2.1, subparagraph 2b, has been amended to describe how

the fraction of live load will be determined.

R 3.8-2-1
Amendment 1
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R 3.8-3

Comment: DOE will explain why Table 3.8-1 is not consistent with SRP 3.8.4

and justify separation of LOCA and seismic loads.

Response: Table 3.8-1 has been amended to be consistent with Regulatory

Guide 1.142, Revision 1, Regulatory Position 6, with the exception

that LOCA or HELB effects are not considered in conjunction with

seismic loads. Differences between the Regulatory Guide and SRP

3.8.4 are not considered significant, and this approach, applied

on the basis set forth in the final paragraph of Section 3.8.1.1,

is consistent standard industry practice.

LOCA effects are not combined with seismic effects in the design

of structures since the reactor vessel, steam generator vessel,

crossduct, their supports and appurtenances are designed to

withstand operating loads and seismic effects up to and including

the SSE. The leak-before-break approach will be applied to the

crossduct as discussed in the response to Comment 3.6-1.

R 3.8-3-1
Amendment 1
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R 3.9-1

Comment: In Section 3.9, first paragraph, the sentence beginning "pending

development" will be removed except for statements identifying

what methodologies will actually be used.

Response: The paragraph has been revised. PSID Section 3.9 has been amended

accordingly.

R 3.9-1-1
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R 3.9-2

Coimment: In Section 3.9.1 DOE will state that plant life is forty years at

80% capacity.

Response: Section 3.9.1 has been revised as indicated. PSID Section 3.9.1

has been amended accordingly.

R 3.9-2-1

Amendment 1
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R 3.9-3

Comment: In Section 3.9.2.2, the future tense, rather than the present

tense, will be used as appropriate. It will be clarified that

valves that need not operate during an earthquake will not receive

dynamic seismic testing.

Response: Section 3.9.2.2 has been revised as indicated. PSID Section

3.9.2.2 has been amended accordingly.

R 3.9-3-1
Amendment 
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R 3.9-4

Comment: The first sentence of Section 3.9.3.1 will be reworded for

clarity.

Response: The sentence has been revised. Section 3.9.3.1 has been amended

accordingly.

R 3.9-4-1
Amendment 1
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R 3.9-5

Comment: The second paragraph of Section 3.9.4 states that final

qualification regarding acoustic and flow induced vibration will

be accomplished during startup testing, thus implying that the

MH-TGR design cannot be certified until after startup testing is

complete. DOE stated it will modify this paragraph.

Response: This implication was not the intention of Section 3.9.4. Design

verification for acoustic and flow-induced loads is performed by

analysis and testing prior to completion of the final design. In

addition, a vibration assessment program consistent with

Regulatory Guide 1.20 will be carried out during preoperational

and start-up testing. PSID Section 3.9.4 has been amended

accordingly.

R 3.9-5-1
Amendment 1
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R 3.9-6

Comment: The flow testing of critical structures in the upper core plenum

identified in Section 3.9.4.3 is not described in the Technology

Development Plan. After review of PSID Chapter 4, the staff may

request additional information in this area.

Response: The testing described is contained in Section 10.2 of the

Regulatory Technology Development Plan.

R 3.9-6-1

Amendment 1
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. R 3.9-7

Comment: DOE will supply to the staff References 4 and 5 on page 3.9-17.

Response: The following references have been transmitted to the NRC by

Reference 1:

4. "INSSS Maintainability Assessment," HTGR-86-053, 908750,

June 1986.

5. "INI ISI/Surveillance Assessment," HTGR-86-026, unpublished

908749, May 1986, draft.

Reference:

1. Letter, A. J. Neylan (GA) to T. L. King (NRC), Reference Requested by

NRC, GA/NRC-005-87, February 24, 1987.

R 3.9-7-1
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INTRODUCTION TO THE RESPONSES ON

CHAPTER 4 ACTION ITEMS AND CLARIFICATIONS

At the NRC review meeting on March 19, 1987, DOE committed to validate MHTGR
nuclear physics codes consistent with NRC regulations and industrial
standards relevant to the MHTGR as the design development proceeds. Since
this commitment will take considerable time to complete, in the interim DOE
has agreed to evaluate the sensitivity of important nuclear physics
parameters in support of the PSID.

Initial results indicate that core temperatures during bounding LEs are
insensitive to uncertainties in the negative temperature reactivity
coefficients used in the analysis. For example, for the hypothetical Safety
Related Design Condition 6 (SRDC 6), a conduction cooldown following a large
moisture ingress, the core negative temperature (power feedback) coefficient
of reactivity was arbitrarily assumed to become 50% less negative. This
large change in the temperature coefficient resulted in only an 110C (20'F)
increase in the maximum fuel temperature. The effect of this less negative
temperature coefficient is shown in Figure R 4-i. A similar calculation for
SRDC 4, a spurious control rod withdrawal, resulted in an increase of only
60C (110F) in the maximum fuel temperature for a 50% change in feedback
coefficient. There were no changes in the fission product release as a
result of the reactivity changes for either event. Therefore, assuming a
large uncertainty in the temperature coefficient results in only small
changes in the severity of events.

While the temperatures that the core reaches during accidents are insensitive
to the negative temperature coefficient, they are strongly influenced by
decay heat. Therefore, the PSID decay heat curve was chosen to be extremely
conservative. A recent, more detailed and less conservative decay heat curve
is compared with the PSID curve in Figure R 4-ui. The more detailed decay
heat input decreases the maximum predicted fuel temperature listed in the

R 4-i
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PSID by about 220'C (400 0F) and the reactor vessel temperature by 4000 (74
0F)

during SRDC-1, a pressurized conduction cooldown event.

As a guide to identifying the relationship between the comments on Chapter 4,

Table R 4-i presents a categorization by component and technical specialty.

R 4-ui
Amendment 3



HTGR-86-024/m

TABLE R 4-i

CATEGORIZATION OF CHAPTER 4 COMMENTS BY
COMPONENT AND TECHNICAL SPECIALTY

Technical Comment
Component Specialty No. Topic

Core Neutronics G-7.B Control worth uncertainties
G-7.C Basis for uncertainties
4-12 Reactor core operating limits
4-14 Assurance of correct loading
4-15 Critical experiments data base
4-16 Effect of water on reactivity
4-17 Sensitivity of bounding LBEs
4-18 Afterheat rate data
4-19 Role of industry standards
4-20 Need for physics in Technology

Plan

Core Fission G-7.A Fission product release
Product uncertainties
Transport G-7.D Factoring of uncertainties into

off-site doses
G-7.E Sensitivity in safety analyses
4-6 Data base on plateout and liftoff
4-7 Update TBD values
4-8 Primary circuit removal factors
4-9 Holdup in graphite block affecting

uncertainties
4-10 Sources affecting worker doses

Core Fuel 4-1 Fuel performance models and data
Performance base

4-2 Retention of fission gases in fuel
kernels

4-3 Reason for choosing UCO
4-4 Envelope for fuel design

conditions
4-5 Statisticgl requirements for tests

Core Thermal/Flow 4-11 Core outlet helium temperature
4-13 Coolant flow blockage
4-28 Flow distribution uncertainties
4-29 Potential for laminar flow

R 4-iii
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TABLE R 4-i. (CONT.)

Technical Comment

Component Specialty No. Topic

Core Structural 4-27 Mechanical/structural requirements
4-30 Probabilistic stress-to-strength

ratio
4-31 FSV fuel element cracking

Core Neutron 4-21 Confirm inner control rod override
Control 4-22 "Safety-related" status of

Components components
4-23 Environmental protection and

shielding
4-24 Comparison with FSV
4-25 In-vessel neutron detectors
4-26 Location of startup monitors
4-38 Design requirements for equipment

Reactor Structural G-8.A Upper plenum thermal structure

Internals integrity
G-8.B Hot duct insulation integrity
4-32 ASME code for graphite support
4-33 Graphite support post location
4-34 Fast neutron f luence to permanent

graphite
4-35 Potential for Wigner energy
4-36 Acceptability of past seismic

analysis
4-37 In-service inspection

Total Overview G-8.C Activation of air in Reactor

System Cavity Cooling System
G-9 FSV experience enhancing data base

G-10 Comparison table of HTGRs
4-39 Intent of regulations, LWR

regulatory guides, and industry
standards

R 4-iv
Amendment 3
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R 4-1

Comment: DOE will document additional information pertaining to Section 4.2

on fuel design, performance, data base, and development planning

presented in viewgraphs and in oral responses to questions. The

information to be documented in the PSID or, as appropriate, in

the Technology Development Plan should include

(a) the data base supporting fuel performance considering failure

mechanisms and consequences for both normal and limiting LBE con-

ditions (including hydrolysis effects),

(b) fuel response to transients including load following and As

from the standpoint of not weakening the fuel response to accident

conditions,

(c) fuel quality requirements,

(d) reasons to expect achievement of the desired fuel quality and

the development program yet needed to make this achievement and,

(e) comparisons, of MHTGR fuel design and performance with Fort

St. Vramn and the HTR fuels developed by the Federal Republic of

Germany.

To clarify fuel design and performance selected temperature

profiles from the fuel kernel outward to the helium flow channels

should be presented for nominal and peak steady state conditions

and for limiting transient and accident conditions. Peak and

average power densities in the fuel kernel should be given as well

as fuel and fertile particle composition at various times in the

cycle, particularly at EOC. In addition, any discrepancies

between view-graph information and PSID information should be

clarified (e.g., burnups given on viewgraphs GILLASPRL] 320, page

R 4-1-1
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4.2-39 of the PSID and on page 6-115 of the Technology Development

Plan and the time average peak temperature of 13300G given on the

viewgraph versus the value f 1250G given on page 4.2-38 of the

PSID.) Final response to this comment will be needed by June 5,

1987.

Response: The data base supporting fuel performance, failure mechanisms and

4-1(a) consequences for both normal and limiting LBE conditions has been

documented in both the U.S. and FRG literature. The initial

description of the HTGR fuel data base, performance models, and

failure models is given in Ref. 1. That document was reviewed by

NRC and with some added conservatism a document was issued which

was defined as an interim guide for use in scoping studies and

component design until additional data became available (Ref. 2).

An irradiation and post irradiation test program was carried out

and the resulting data base in support of the current failur

mechanisms and performance predictions under normal and accident

conditions has been summarized in Refs. 3 and 4. The range of

conditions represented in the data base is shown in Figures

R 4-1-1, R 4-1-2, and R 4-1-3. The data base characterizing

release of fission products from exposed kernels under high

moisture conditions where hydrolysis takes place is derived from

both out-of-pile and in-pile experiments. Typical data from an

in-pile experiment (capsule HRB-17) agrees well with prediction

based on models used in Standard MHTGR design analysis, as shown

in Figure R 4-1-4.

Response: Predicted power transients including load following and As such

4-1(b) as rod withdrawal do not reduce the margin for fuel performance

during subsequent design basis events. The reason for this insen-

sitivity is that the fuel operates with very low thermal gradients

in the low-power-density core. Temperature profiles are shown for

the conditions existing under time average, local peak, and rod

R 4-1-2
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withdrawal transient conditions in Figure R 4-1-5. The rod with-

drawal produces only a 600C rise in fuel compact centerline

temperature. As shown in PSID Figure 15.4-1, after two minutes

into this event the temperature rapidly falls to shutdown

conditions. During this most severe MHTGR power transient result-

ing from accidental rod withdrawal, the 600C fuel compact center-

line temperature increase is accompanied by a transient tempera-

ture increase of less than 750C in the individual particle kernel.

The power transients and related temperature rise in the particles

of an MHTGR are much less than experienced by similar particles

during test reactor accelerated irradiation, as illustrated in

Figure R 4-1-6. During irradiation in test reactors, the particle

thermal gradients, associated stress, and thermal transport

effects are amplified relative to MHTGR service conditions. This

condition results from the fact that during irradiation tests the

unit power per particle is typically 5 times that predicted during

reactor transients. Therefore, test results from accelerated

testing provides a conservative basis for the performance models

and margin exists for multiple transients.

With regard to calculated fuel temperatures in the MHTGR core, the

terminology and values given in PSID Table 4.2-17 are correct.

The temperatures reported in Table 4.2-17 were calculated by eval-

uating the refueling cycle of 19 months in 5 to 50 day intervals.

The entire core was divided into local spacial points consisting

of 1/21 of a fuel element volume. The local points over the

entire core were then surveyed and the average fuel compact cen-

terline temperature was calculated for each of the time periods at

each of the local points. The "Peak Fuel Temperature" is the

highest temperature calculated in that survey. The "Maximum Time

Average Temperature" is the average calculated by adding the tem-

peratures for the individual time interval for each local point

R 4-1-3
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(1/21 of fuel element) and dividing by the number of time points

over the fuel cycle lifetime.

The viewgraph GILLASPRL] 320 was intended to present information

of PSID Table 4.2-17 and the temperature values were simply

rounded off to the nearest whole decade. The peak temperatures of

13300C in the viewgraph and 13290C in PSID Table 4.2-17 are the

maximum fuel temperature which occurs in a small volume of the

core for a short time (5 to 50 days) during the fuel cycle. The

design guideline of 125000, mentioned in Section 4.2.5.2.2.2.1,

was used in conceptual design as an acceptable limit for maximum

time-average temperature which would avoid failure of the SiC by

fission product attack during normal operation. The conceptual

design achieved a maximum time-average temperature of 110100 which

is significantly less than the design guideline.

With regard to discrepancies between viewgraph information and

PSID information on projected heavy metal burnup, the predicted

maximum MHTGR fissile and fertile burnups of 0.25 and 0.035 FIMA,

respectively, shown in PSID Section 4.2.5.2.2.2.2 are correct.

Those burnup values are consistent with Figures 4.2-19 and 4.2-20

showing volumetric burnup distribution in the core. The "design

values" of 0.26 and 0.07 FIMA for fissile and fertile fuel, res-

pectively, shown in PSID Section 4.2.5.2.2.2.2 are maximum guide-

lines to indicate the conservative boundaries within which per-

formance prediction can be made with high confidence, given the

current data base for LEU UCO/ThO2 TRISO fuel. The MHTGR design

effort resulted in maximum fuel burnup below these design

guidelines. The viewgraph [GILLASPRL] 320 and the Regulatory

Technology Development Plan, Section 6.2.2.2.1.1, incorrectly show

22% and 3% FIMA as maximum fissile and fertile burnup, res-

pectively; these values were based upon earlier estimates made

with zero- and one-dimensional burnup codes. The RTDP will be

corrected.

R 4-1-4
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The PSID Sections 4.2.5.2.2.1 and 4.2.5.2.2.2.2 are amended for

clarification.

Response: The fuel performance is highly dependent on fuel quality. The

4-1(c) quality requirements for the particles and fuel compacts are given

in PSID Table 4.2-4 in terms of thorium and uranium contamination

and allowable levels of defective coatings. These quality attni-

butes are used directly in fuel performance models to predict

coating failure and fission product release during service. Par-

ticle dimensions are controlled so that design requirements are

met. The nominal dimension and allowable variation for both UCO
and Th02 particle kernel and coating components are given in Table

4.2-16.

Figures R 4-1-6a through R 4-1-6c illustrate the contribution of

various defect and failed fuel mechanisms to fission product

release. The diagrams are based on a nominal 100,000 particles.

In Figure R 4-1-6a, the five possible states of as manufactured

fuel particles are depicted. Note that the vast majority of the

reference 100,000 particles (99,975) are standard particles with-

out defects. The remaining particles show the relative numbers of

various manufacturing defects. Specifically, 25 out of 100,000

particles are expected to have missing buffers, missing outer or

inner pyrolytic carbon coatings (OPyC and IPyC), defective silicon

carbide coatings, heavy metal contamination or have exposed ker-

nels. Of these only the latter three states (initially six parti-

cles) are capable of fission product release at the beginning of

normal operation. This corresponds to the MHTGR reference fuel

specification (6x10-5 defect fraction) specified in the PSID.

In Figure R 4-1-6b, the impact of normal operation on the refer-

ence 100,000 particles is depicted. The diagram shows not only

R 4-1-5
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the relative population of standard, defective, and failed par-

ticles at equilibrium conditions;, but also the transitions occur-

ring between each particle type. For example there are zero

standard fuel particles that will experience pressure induced

failure at these conditions.

Approximately 3000 particles are expected to have some irradiation

induced OPyC damage. However, this does not lead to fission gas

release. A total of five particles having missing buffers are

expected to fail and increase the number of releasing particles.

Finally, Figure R 4-1-6c depicts the incremental additional fail-

ures occurring as a result of a depressurized conduction cooldown.

In this case only a very small fraction of the particles having

had previously damaged OPyC become exposed. In addition, two

standard particles are expected to increase diffusive release of

metallic fission products due to the temperature induced SiC

defects. It should also be noted, as indicated in the subsequent

tables, the retention of fission products within the kernel itself

is reduced as temperatures increase.

In summary, it can be seen that even following this extreme tem-

perature transient only a very small fraction of the particles

(exposed kernels, defective/failed SC coatings, and heavy metal

contamination) are capable of fission product release.

Two MHTGR transients (fuel temperature versus time) are included

in Figures R 4-1-6d and R 4-1-6e to illustrate the conservative

and best estimate results for the conduction cooldown events.

Tables R 4-1(c)-i and R 4-1(c)-2 indicate the predicted fuel fail-

ure fraction and resulting iodine (the most important radionuclide

contributing to dose) releases from the core at two peak tempera-

tures. Table R 4-1(c)-3 shows releases from the core, the vessel,

R 4-1-5a
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and the reactor building at the peak temperatures in each of the

aforementioned transients; these releases are also compared to the

maximum release that would still result in doses within the PAGs.

Attenuation of iodine release from the reactor vessel is mainly

due to cooldown and resultant thermal contraction of gases in the

vessel after the initial heatup phase of the conduction cooldown

event. The attenuation in the reactor building is due to deposi-

tion along the tortuous release pathway.

All information regarding fuel quality presented at the meeting

is included in (1) the PSID, (2) The Regulatory Technology Devel-

opment Plan, or (3) responses to NRC comments. The dimensions and

coating quality are in PSID Tables 4.2-4 and 4.2-16. The Quality

Assurance Standards are given in Section 5 of the Regulatory

Development Plan. The importance of manufacturing experience in

the improvement of fuel quality to meet MHTGR requirements is

illustrated in Figure R 4-1-7.

PSID Section 4.2.5.2.2.1.3 is amended for clarification.

Response: There is high confidence that the fuel quality goals will be

4-1(d) achieved. The specified quality fuel particles meeting MHTGR fuel

quality goals have been produced on production scale equipment in

both the Federal Republic of Germany (FRG) and the U.S. This

accomplishment results from large improvements in fuel design and

fabrication processes over the last two decades. The quality

improvement as the result of design and process evolution is

illustrated in Figure R 4-1-7. This figure compares the con-

tamination plus SiC defect content of fuel made for the various

R 4-1-5b
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operating HTGRs and more recent quality demonstrated at fuel

manufacturing facilities in the FRG and U.S.

There has been a steady trend toward higher quality fuel from

production line equipment for operating reactors. Very high qual-

ity fuel (2xl10 6 fraction SC defective plus contamination) made

by HOBEG (FRG) in 1982 represents the results of intensive effort

to demonstrate the limit on how low the defect and contamination

level can be driven. The level of effort required to achieve such

a low defect fraction was not considered practical for a produc-

tion line process. Therefore, the FRG-HTR specification for fuel

quality has remained the same as for the U.S. MHTGR (6xl10 5 frac-

tion SiC defective plus contamination). Reference coated par-

ticles meeting MHTGR specifications were produced utilizing

production scale equipment in 1986 using production scale

equipment in the U.S. In 1987, these particles will be used to

produce high quality MHTGR fuel compacts for irradiation testing

at ORNL. The complete fuel process development plan schedule and

related irradiation testing is described in Section 6 of the

Regulatory Technology Development Plan.

Response: The design of the MHTGR fuel particle is compared with the FSV

4-1(e) and FRG HTR-500 and Modular HTR particles in Table R 4-1-1. Th

particle coating designs of the different reactors are based on

the same pressure vessel design principles (Ref. 5), and the void

volume provided for gases in the MHTGR particle is similar or

greater than the FRG-HTR and FSV particles. Therefore, the MHTGR

fuel particle design will produce comparable or less coating

stress than prior fuel designs.

The FSV coatings are thinner and the allowable defect and contami-

nation levels are about 10 times higher than for the MHTGR and FRG

HTR fuel. The adequacy of this fuel design for the FSV HTGR has

been demonstrated by the fact that no significant particle failure

R 4-1-6
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in the operating reactor has been detected. This conclusion is

based on the observation that measured gas release agrees well

with the release predicted for the heavy metal contamination

alone. When failure of defective particles and the effects of

hydrolysis is calculated with current performance models, the

predicted Kr-85m release is a factor of 1.8 higher than the

observed value as shown in Figure R 4-1-8. These results support

the conclusion that insignificant particle failure (<10-4

fraction) has occurred in the FSV HTGR and that current models

based on accelerated testing are appropriate estimates of fission

product release from an operating HTGR.

The fission gas release at full exposure of fuel being developed

for the FRG-HTR program is significantly lower than observed in

FSV (Ref. 6). The lower release in German fuel results from a

more retentive dense matrix between particles and a reduced heavy

metal contamination fraction of 5x10-6. In the FSV fuel, the

contamination fraction upper limit is specified at x10-4 , a fac-

tor of 20 higher than the FRG fuel limit. The FRG HTR contamina-

tion is representative of the MHTGR fuel which has a specified

heavy metal contamination limit fraction of x10-5 .

High temperature accident testing of irradiated fuel has shown

that the higher defect level of the FSV fuel results in early

release of fission products from those defective particles, but

the particles which are not defective exhibit high temperature

performance similar to the MHTGR fuel (Ref. 4). The FRG HTR

particles which have MHTGR quality show no failure when heated at

the peak MHTGR accident temperature for more than 5 times longer

than the accident condition, as shown in Figure R 4-1-9 (Ref. 7).

Failure of the coatings occurs at a slow rate until a temperature

of about 2200'C is reached as shown in Figure R 4-1-10. The MHTGR

fuel with quality similar to the FRG HTR fuel is expected to

perform with the same excellent coating integrity.

R 4-1-7
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TABLE R 4-1(c)-i

PREDICTED FUEL FAILURE AND IODINE RELEASE FOR A CORE
WITH PEAK TEMPERATURE OF 16220C

Core Average Core Inventory I-131 I-131
Failure I-131 Core Release Core Release

Source Fraction (Ci) (% (Ci)

Initially failed 5x10-5 465 9 43

Incremental failure 3x10-6 27 9 2.4

HM contamination jx1lO 5 93 90 84

Total (w/o 129
decay)

Total (wldecay) 97

R 4-1-8a
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TABLE R 4-1(c)-2

PREDICTED FUEL FAILURE AND IODINE RELEASE FOR A CORE
WITH PEAK TEMPERATURE OF 13600C

Core Average Core Inventory I-131 I-131
Failure I-131 Core Release Core Release

Source Fraction (CA.) (% (Ci)

Initially failed 5x10-5 465 3 15

Incremental failure 4x10-7 3 3 0.1

HM contamination jx10-5 93 86 80

Total (w/o 95

decay)

Total (w/decay) 50

R 4-1-8b
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TABLE R 4-1(c)-3

COMPARISON OF NOMINAL IODINE RELEASE WITH ALLOWABLE

Maximum Building

Curies Released From Barrier RelaeWthi

Temperature Core Vessel Reactor Building (Ci)

Gore with 16220C peak 97 60 2 140

Cor with 13600C peak 50 28 1 140

(1)Lower thyroid PAG limit of 5 rem is used.

Limit derived for long-term release (such as for conduction cooldown
events).

Realistic breathing rate and weather dispersion used as per Reg.
Guides 1.4 and 4.2.

Dose conversion factor used from Reg. Guide 1.109.

R 4-1-8c
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TABLE R 4-1-1

COMPARISON OF FUEL PARTICLE DESIGNS FOR THE MHTGR,
FRG-HTR, AND FSV HTGR

FRG- HTR
MHTGR (HTR-500 FSV

Parameter Fissile Fertile Modular) Fissile Fertile

Kernel Composition UCO TH02 U02 (Th,U)C2 ThC2

Enrichment 19.9% None 10% 93% None

Peak Design Burnup 25 3.5 10 20 8
(% FIMA)

Relative Buffer 1.0 2.5 1.2 1.4/0.7 1.0/0.8
Volume per Fission
at Peak Design
Burnup

Dimensions (m)
Kernel 350 500 500 150/250 350/450
Buffer 100 65 95 50 50
IPyC 50 50 40 25 25
sic 35 35 35 25 25
OPyC 40 40 35 30/35 35/45

Total Coating 225 190 205 130/135 135/145
Thickness

R 4-1-9
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R 4-2

Comment: The basis for assuming that greater than 95 percent of the short-

lived fission gases are retained in the fuel kernel as stated on

page 4.2-27 should be discussed. What retention fractions are

being assumed for other fission products critical to meeting AG

guideline doses?

Response: Experimentally determined transport correlations are used rather

than assumptions to calculate the release of all gaseous and

metallic nuclides. Core design calculations are made by analyzing

individual local points in the core as a function of burnup, tem-

perature, hydrolysis condition, and nuclide and then integrating

to obtain the total core release.

The kernel is the first barrier to fission product release since a

significant fraction of the short lived fission gases decay prior

to being released. This effect results because the time needed

for fission products to diffuse from the place of birth to the

kernel surface being long relative to the half life of these

nuclides. The diffusion rate increases with increasing tempera-

ture so the rate of release of the nuclides is also a function of

temperature. Experimental measurements have been made to deter-

mine the temperature dependence for release of nuclides of concern

in meeting the Protective Action Guidelines (AG) dose limits

(Refs. 1 and 2). Iodine-131 and the isotopes of Kr and Xe are the

most critical of the nuclides with regards to meeting the dose

limits. For bare kernels in fuel compact matrix the fractional

releases of krypton, xenon, and iodine isotopes of interest are

always less than 5 percent at normal operation temperatures of

11000C and lower. This supports the PSID statement that under

normal conditions the core average retention of fission gases of

importance in meeting AG dose limits is greater than 95 percent.

R 4-2-1
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Under core conduction cooldown conditions, the release of stored

fission gases from exposed kernels is also calculated from models

based on experimental data (Refs. 1, 2). Under dry conditions the

release of -131 fro UCO at peak temperature is about 10%, but

under wet conditions the calculated release from exposed UO

kernels approaches 100%. The release from ThO2 is not affected by

exposure to moisture. However, the use of high quality fuel

containing an exposed kernel fraction of 5xl10 5 limits the

fission product release and yields offsite doses less than PAG

dose limits.

References:

1. Myers, B. F. et al. The Behavior of Fission Product-Gases in HTGR Fuel
Material. GA-A13723, October 1977.

2. Myers, B. F. , and R. E. Morrissey. The Measurement and Modelling of
Postirradiation Fission Product Release from HTGR Fuel Particles Under
Accident Conditions. GA-A15018, December 1978.
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R 4-3

Comment: Document the reasons for choosing a reference fuel composition of

85% U02 and 15% UC2 as compared with the choice of 100% UC2 used

in Fort St. Vrain, or other possible kernel compositions. Discuss

the effects of EO fuel composition on the choice of this

reference fuel.

Response: The Fort St. Vramn HTGR fuel particles contain (Th,U)C2 mixed

carbide fissile, and ThC2 fertile particles. The UC2 kernel

referenced in the comment has been licensed for FSV as an

alternative and six test elements containing that fuel have been

loaded into the core.

The major reasons for selecting UCO rather than the FSV carbide

system were (1) to reduce the rate of increase in fission gas

release during hydrolysis of kernels exposed by failed coatings,

(2) to improve the sphericity and uniformity of the kernels which

assist in meeting the higher MHTGR quality goals, and (3) to

reduce fuel kernel migration. The reduction in rate of increase

in fission gas release during hydrolysis stems from the fact that

the UCO kernel, is primarily U02, so the rate of reaction of

exposed UCO kernels with water is less than for exposed carbide

kernels. The improved sphericity and uniformity results from the

difference in the processes used to make the kernels. The carbide

fuel kernels are made by a high temperature melting process in

which precise size and shape control is difficult. The UCO kernel

is made with a relatively low temperature gellation process

yielding much better shape and size control.

The single phase U02 composition was not chosen because in a

thermal gradient the kernel migrates more rapidly than for a

kernel composed of UO (Ref. 1). Kernel migration can lead to

R 4-3-1
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failure of the coating layers. The selection of UCO eliminated

that failure mechanism as a concern for MHTGR conditions (Ref. 2).

With regard to the UCO kernel stoichiometry, it is useful to first

discuss pure U02 fuel. During fissioning of U02 , the liberated

oxygen reacts with strong oxide- forming fission products such as

Sr, Zr and Ba, but there are not enough of these elements formed

so there is always a certain amount of oxygen (1.6 atom/fission)

which can leave the kernel and react with carbon in the buffer to

form CO gas. The CO gas contributes along with the fission gases

to the internal pressure.

The UCO kernel stoichiometry is based on a phase composition of

85% U02 and 15% UC2 at the start of irradiation. During

irradiation the UC2 reacts with liberated oxygen to form U0 2

(Ref. 3). The formation of the solid U02 rather than CO gas

reduces the pressure buildup and coating stresses relative to the

condition with a U02 kernel. Once the UC2 phase is depleted

during irradiation, the Sr, Zr, and Ba inventories which are

present in the form of carbides will react with available oxygen

and suppress CO formation (Ref. 4). The relationship between the

amount f UC2 remaining in the kernel and the amount of burnup is

shown in Figure R 4-3-1. The specified range f UC2 content at

the time of fabrication also shown in the figure.

The lower UC2 specified level assures that for a wide range of

exposure conditions, the formation of CO gas in the buffer layer

is avoided. With this value, the UC2 is depleted at about 16%

FIMA but the Sr, Zr, and Ba fission product inventories, present

in the form of carbides, then begin to react forming solid

refractory oxides and preventing formation of CO gas. In the

MHTGR with an EOC peak burnup as shown in PSID Figs 4.2-19 and

4.2-20, the Sr will be completely converted to oxide at peak

R 4-3-2
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burnup but there will still be traces of Zr and Ba in the form of

carb ides.

The upper UC2 specification level was established consistent with

the process ability to consistently avoid making kernels with less

than the minimum carbon content of the kernel. The mid range of

the resulting range f UC2 content is the reference nominal 85%

U02, 15% UC2 composition. For kernels containing the nominal or

higher UC2 content there will be UC2 remaining in the kernel at

peak MHTGR burnup. For the reference fuel stoichiometry, no

effects from the possible variation in EOC kernel composition has

been observed in the irradiation and post irradiation testing of

UCO particles.

References:

1. Ketterer, J. W. , B. F. Myers. Capsule HRB-16 Postirradiation Examina-
tion Report. U.S. DOE Report HTGR-85-053, September 1985, (Applied
Technology).

2. Stansfield, 0. M., W. A. Simon, and A. M. Baxter. Fuel Performance
Models for High-Temperature Gas-Cooled Reactor Core Design. U.S. DOE
Report GA-A16982 , September 1983.

3. Proksch, E., A. Strigl, H. Nabielek. Carbon Monoxide Formation in U02
Kerneled HTR Fuel Particles Containing Oxygen Getters. Jour. Nuc. Mat.
139 (1986) pp. 83-90.

4. Homan, F., et al. Stoichiometric Effects on Performance of HTGR Fuels
from the UCO System. ucl. Technol. 35, 1977.
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R 4-4

Comment: Identify the envelope of fuel design conditions within (steady

state and transient) which the fuel could function without having

to be replaced due to loss of lifetime or loss of its ability to

withstand a limiting LBE.

Response: During normal operation the failure of fuel coatings and subse-

quent fission product release is limited by keeping the peak time-

averaged temperature below the design guideline of 125000 so that

the fission product release remains well within the envelope of

design conditions given in PSID Table 4.2-18. Of all the As,

DBEs, and SRDCs discussed in the PSID, only DBE 11 has a time-

temperature envelope which may require replacement of fuel because

of coating failure or decrease in performance margin. During DBE

11 with associated fuel temperatures in excess of 125000,

increased fission product release can result, primarily from

pressure vessel failure of initially defective "missing buffer"

particles. The magnitude of the increase in fission product

release is a function of the burnup and temperature conditions and

the number of initially defective "missing buffer" particles in

the core at the time of the transient.

After a Design Basis Event, the condition of the fuel could be

characterized by fission gas release measurements and model

calculations. This analysis of the DBE would determine if the

envelope of design limits on primary circuit activity given in

PSID Section 11.1 (e.g., <,3.7 x 0-6 Kr-85m and (. 0 RIB

Xe-138) would be exceeded uon return to service and if sufficient

performance margin remains to account for a potential future

accident without exceeding PAG dose limits. The results of that

analysis would be used to decide whether the fuel should continue

in service.

R 4-4-1
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R 4-5

Cormment: For both the current data base and planned development program

supporting MHTGR fuel, discuss the statistical requirements of

experiments to support both 95% and 50% levels of confidence in

fission product release data. What is the number of particles

which need to be tested, acceptable failure fraction and the

distribution function?

Response: The Fuel/Fission Product Technology Development Program has been

planned to validate statistically that the MHTGR fuel performs in

accordance with reference models. During normal conditions and

during a conduction cooldown event the core average failure

fraction is required to be:

Core Average Failure Fraction

Gore Condition 50% Confidence 95% Confidence

Normal Operation <5.0xl10 5 <2.0x10-4

Conduction Cooldown <1.5xl10 4 <6.0xl10 4

Failure at localized positions in the core may have higher or

lower predicted failure than the core average values given above,

but the order of magnitude will be similar. Therefore, the core

average failure fraction limit provides a reference point to

illustrate testing sample size requirements to validate models

used in predicting failure. Examples of the relationship between

sample size, number of observed failures, and the resulting

confidence statement on failure fraction is shown below:

R 4-5-1
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Number
of Total
Failed Number of
Particles Particles Observed Failure Fraction

Observed Tested Average (50% Confidence) 95% Confidence

0 1.5xj0 4 0.0 <2xj10 4

1 2x104 5x10-5 <2xl10 4

2 4x104 5x10-5 <2xj0-4

3 6x104 5x10-5 <2xl10 4

With these statistics, the theoretical minimum number of particles

of each type, fissile or fertile, to satisfy the above specifica-

tion for normal operation would be 1.5xj04 with no observed

failure during irradiation.

To minimize the effect of experimental error, about 6x104 fissile

and 6x104 fertile particles will be irradiated to provide

suffLcient margin that the 95% confidence level in normal

operation performance goals. With this sample size up to 3

particles in an irradiation test can fail and the performance

models can still be validated.

Individual tests conducted at more severe conditions than core

average for normal or accident conditions will have a higher than

core average predicted failure so the sample size requirement will

be less than when testing under core average conditions. Applying

this logic to the testing which simulates the limiting LBE gives

sample sizes of 1.5x104 to 3x10 4 particles.

The current U.S. data base represents observations on over 106

particles at various quality levels. Hence, the generic pro-

perties of TRISO fuel are well known and can be applied to the

quality of the fuel specified for the MHTGR. In addition, the FRG

HTR data base on fuel meeting MHTGR quality standards represents

R 4-5-2
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results from more than 2x105 particles. Because of these combined

data bases showing extremely low failure and release, there is

high confidence that the testing program with MHTGR fuel will

provide a strong statistical confirmation of the predicted low

failure.

R 4-5-3
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R 4-6

Comment: Discuss the data base on fission product plateout and liftoff

phenomena given in the Technology Development Plan from standpoint

of how this past experience gives confidence that the accident.

dose objectives of the MHTGR design can be met. How dependent is

this confidence on the proposed development plan? What further

information could be obtained from Fort St. Vrain in this regard?

If Fort St. Vramn information has been considered for the MTGR

indicate how and where.

Response: As discussed in Section 11.1.3 of the PSID, the uncertainties in

the plateout predictions are accounted for by making very

conservative assumptions about the plateout per pass when

calculating the circulating activities of condensable fission

products, especially iodines, in the primary coolant and by adding

additional conservatism when calculating the plateout

distributions in the primary circuit.

There is considerable scatter in the liftoff data base. M4ost of

the liftoff data were obtained in ex situ blowdown tests wherein

fission products' were deposited in one test facility, and then

test specimens were mechanically removed and subjected to

high-velocity helium in another facility. The only reliable

liftoff data were obtained in the in situ blowdown of the CPL 2/4

inpile fission product transport loop.

In this test, <0.5% liftoff was measured for shear ratios that

exceed those during the bounding Standard MHI-TGR depressurization

transient (DBE-10). The results of this in situ loop blowdown

indicate that ex situ blowdown test samples underwent physical

changes which increased the amount of liftoff above that which

would occur during an actual depressurization transient.

The 10CFR100 dose limits are met, even if it is extremely

conservatively assumed that there is 100% liftoff.

R 4-6-1
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Similarly, the PAG doses can be met even with 100% liftoff with

expected values for other parameters, e.g. , weather. To provide

greater assurance that the PA~s can be met under conservative

conditions, a comprehensive 1:est program has been initiated to

that end. The program, which is described in Section 6.2.1.4.2 of

the RTDP, consists of differential single-effects tests at ORNL

and GA from which an improved model will be developed, and

integral inpile blowdown tests in the CEA COMEDIE loop to validate

the refined liftoff model. The objective of these test programs

is to develop and validate a liftoff model which is accurate to

within a factor of 10 at 95% confidence.

All available FSV fission product surveillance data have been used

to assess the validity of the design methods used to predict MHTGR

source terms. The most significant FSV data are the measured

fission gas release rates from the core, and the most significant

observation is that the fuel performance has not been compromised

by repeated and prolonged water ingresses 'nto the primary

circuit. Based upon a recently completed analysis, the design

methods used for the PSID Section 4 analysis overpredict the

measured FSV gas release by a factor of two.

The most significant plateout data from FSV were obtained from the

first plateout probe which was removed in November 1981 (Ref. 2).

The predicted Cs and Sr plateout distributions in the probe were

in good agreement with the measurements; the amount of I in the

probe was well predicted, but the predicted I distribution

deviated from the measurements probably because of errors in the

calculated temperature distribution in the probe. There are no

liftoff data from Fort St. Vrain.

The most important information which could be obtained from Fort

St. Vramn in the area of plateout and liftoff would be a direct

measurement of the amount and nature of the particulate in the

primary coolant circuit. Liftoff involves the mechanical

R 4-6-2
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reentrainment of deposited particulate matter and/or the

spallation of friable surface films to which fission products are

attached. Consequently, the potential for liftoff increases as

the amount of particulate matter in the primary circuit

increases. The available data from FSV, which are largely

qualitative (e.g., inspection of the surface condition of primary

circuit components such as the circulators) imply that there will

be extremely low concentrations of particulate matter in the

primary circuits of HTGRs with prismatic cores. Direct

measurements of the particulate matter in the FSV primary circuit

are proposed in the RTDP to confirm this expectation.

References:

1. U.S. Department of Energy. Regulatory Technology Development Plan for

The Standard Modular High-Temperature Gas-Cooled Reactor.

DOE-HTGR-86-064, Rev. 1, August 1987.

2. Burnette, R. D., Radiochemical Analysis of the First Plateout Probe from

the Fort St. Wrain High-Temperature Gas-Cooled Reactor," DOE Report

GA-A16764, General Atomic, June 1982.
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R 4-7

Comment: Design requirements for radioactive releases are given in various

locations in Chapter 4 of the PSID and in Chapter 6 of the

Technology Development Plan but contain TBD values for several

isotopes. DOE will either complete determination of the values,

indicate the values are so small that they are inconsequential, or

justify and explain why these values should continue to remain

undefined at this stage of review.

Response: The TBD values that appear in Chapter 4 of the PSID and in Chapter

6 of the RTDP are for radionuclides whose contributions to offsite

doses are inconsequential for the particular cases for which they

are unspecified. For example, in Section 4.1.3 of the PSID,

short-term (0-2 hr) and long-term (0-30 day) limits are given for

compliance with A~s and 10CFR100 at the EAB assuming Regulatory

Guide 1.4 weather and Regulatory Guide 1.109 breathing rates. The

most constraining radionuclide for the fuel and core design is

I-131 for which the release limits were derived from the thyroid

dose limits, and the -131 limits are completely specified.

The limits on noble gas release, which are less constraining on

the fuel design than are the iodine release limits, are derived

from whole-body dose limits. For short times, Kr-88 is the

dominant dose contributor, and Xe-133 is inconsequential by

comparison; consequently, limits are specified for Kr-88 but not

for Xe-i33. For long times, their importance is reversed (because

of the short 2.8-hr half life of Kr-88), and limits are specified

for Xe-133 but not for Kr-88. Likewise, the contributions of

Cs-137 and Ag-110m to offsite doses are small compared to that

from -131, and no limits are provided on the basis of offsite

dose. The releases of these metals and other radionuclides from

the core are limited for different reasons as discussed below.

R 4-7-1
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Chapter 11.1 of the PSID contains a complete specification of the

radionuclide design criteria for the MTGR which impose limits on

the allowable core releases of some 250 radionuclides and

describes their bases. In summnary, the limits on fission gas

release from the core, including the iodine isotopes, were derived

from AG dose limits at the EAB. The limits on fission metal

release from the core (Cs and Ag isotopes) were derived from

limits on maintenance dose rates which were imposed to assure a

collective occupational exposure of <100 man-rem/GW(e)-yr.

It is also noteworthy that these fission product release limits

are not independent: once a release limit for the dominant

radionuclides such as Kr-88 and -131 have been established,

limits have been effectively imposed on all fission gasses because

the fractional releases of fission gases from heavy-metal

contamination and exposed fuel kernels during irradiation varies

as the square root of isotope half life. Likewise, imposing

limits on the releases of the most volatile metals - silver and

cesium isotopes - effectively limits the releases of the much less

volatile metals such as strontium and barium.

R 4-7-2
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R 4-8

Comment: On PSID page 4.2-5 it is stated that the condensable radioisotopes

would be altered by a factor of 30 by primary circuit removal

mechanisms and that the core release would be altered by a factor

of 100 by plateout and washout in the primary and secondary

coolant circuits prior to environmental release. DOE will discuss

the basis supporting these factors and describe how they are used

in determining the release limits presented.

Response: The attenuation factors mentioned above were not used in the

Standard MHTGR safety assessments presented in Chapter 15.

Rather, these attenuation factors, which are based on early

scoping analyses and engineering judgment, were utilized in the

initial derivation of fuel product specifications. Their bases

and use in this derivation are described below.

As a first step in establishing release limits, a spectrum of

limiting accidents was reviewed and a representative set

identified as limiting. Using these limiting accident scenarios

as a basis, scoping level dose calculations were performed to

determine the required fuel performance if the various applicable

dose limits (e.g., 10CFRIOO, PAGs) were to be met. The

performance requirements then became the initial fuel

specification.

For example, one of the limiting accident scenarios considered was

the depressurized conduction cooldown. Preliminary analyses of

this accident had shown expansion and contraction of the gas

within the reactor vessel during the thermal transient along with

plateout in the reactor building to result in a factor of 30

attenuation in the release of condensable radionuclides. Then

using Regulatory Guide meteorology, breathing rates, and this

attenuation factor, an initial estimate of the required fuel

R 4-8-1
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performance was made which ensured that the 5 rem thyroid limit

specified in the PAG could be net at the Exclusion Area Boundary.

A second limiting accident scenario identified in the initial

stages of the design was the possibility of water ingress with

subsequent depressurization through the secondary coolant system.

Preliminary analysis of the scenario led to an estimated

attenuation factor of 100 as radionuclides released from the core

traversed the labyrinthine path through the primary circuit, the

steam generator and the dump system prior to their environmental

release. As before, required fuel performance was determined such

that offsite dose limits could be met.

A third limiting accident scenario was the rapid depressurization

of the primary system. Preliminary analysis of this scenario

resulted in fuel performance requirements that were the most

constraining. The initial fuel specification was based on the

fuel performance requirements resulting from the rapid

depressurization scenario.

Subsequently, the detailed fuel performance assessment presented

in PD Section 4.5.2.2 and the safety analysis presented in PSID

Chapter 15 were conducted, based on the fuel specification that

resulted from the performance requirements determined as described

above . These more recent analyses, along with design

enhancements, have resulted in an understanding of MTGR releases

somewhat different from that which was available at the time these

attenuation factors and initial fuel release limits were derived.

In fact, the water ingress scenario with depressurization through

the secondary coolant system is no longer a limiting scenario; it

has been replaced. by a water ingress scenario with

depressurization through the reactor building. Nevertheless, the

detailed analyses show that the Standard MHTGR meets PAG and

10CFR100 dose limits, thus confirming the radionuclide design

criteria and the fuel product specification to be adequate. The
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fuel and core design process is, of course, iterative, and as the

design evolves these criteria and specifications will be reviewed

and optimized as appropriate.
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R 4-9

Comment: A quantitative estimate of how uncertainties in fuel performance,

fission product plateout, and fission product lift off affect

conclusions now presented on the consequences of the controlling

accidents should be provided. If significant holdup of fission

products is expected in the fuel pins and graphite blocks: ) How

will it affect the consequences of the controlling accidents; and

2) Is credit taken for it?

Response: The first part of the comment was addressed in the responses

R G-7.A and R 4-6. The second part, relating to fission product

retention by the fuel compacts and graphite blocks, is addressed

below.

As discussed in PSID Section 4.2.5.2.2.1, holdup of fission

products by fuel compacts (or, more precisely, by the matrix

material of the fuel compacts) and the graphite blocks is

realistically modeled during both normal operation and LBEs. Th e

degree of holdup depends upon the radionuclide and the

environmental conditions. In general, the attenuation of fission

gases, including' iodine, and tellurium isotopes, is modest, but

the attenuation of fission metals, including strontium, is large.

Since iodine is the dominant offsite dose contributor, MTGR

accident consequences are not strongly influenced by the degree of

matrix/graphite attenuation.

The fission gases, including iodine and tellurium isotopes, which

are produced by fissioning in the heavy-metal contamination in the

fuel-compact matrix are partially retained in the matrix. The

degree of retention depends upon the temperature, the chemical

element, and the time; for example, the cumulative fractional

release of -131 at 13270C has been determined experimentally to

be about 0.4 after 100 hr of heating. Fission gases released from

exposed kernels are not appreciably held up by the fuel-compact
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matrix. No credit is taken for the holdup of fission gases by the

graphite blocks although the iodine isotopes will partially adsorb

on the colder graphite structures, especially at temperatures

below about 400'C.

While the fuel-compact matrix provides limited retention of

fission gases, it is highly sorptive of metallic fission products,

especially strontium. Although the matrix is highly sorptive of

metals, it provides little diffusional resistance to the release

of fission metals because of its high, interconnected porosity.

The fuel. element graphite, which is denser and has a more ordered

structure than the fuel-compact matrix, is somewhat less sorptive

of the fission metals than the matrix, but it is much more

effective as a diffusion barrier than the latter. The

effectiveness of the graphite as a release barrier decreases as

the temperature increases. Under normal operating conditions, the

fuel element graphite attenuates the release of Cs and Ag from the

core by more than an order of magnitude, and the Sr is essentially

completely retained.

Even during depressurized core conduction cooldown transients, the

fuel element graphite is a significant barrier to the release of

fission metals from the core. Although cesium and, to lesser

extent, strontium isotopes are released from the fuel elements in

the hotter portions of the core, they resorb on the colder

graphite structures in the core to such an extent that their

release to the primary circuit is inconsequential.

Test programs are presented in the Regulatory Technology

Development Plan to characterize Ag transport in the reference

materials. However, Ag is not a significant contributor to

offsite doses during normal operation or LBEs. The Ag data are

being determined to quantify better the expected amount of Ag

plateout in the primary circuit and its contribution to

maintenance/ISI dose rates.
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R 4-10

Comment: DOE will clarify PSID page 4.1-6 items 2 and 3 with respect to

their differences and state whether or not items 2 and 4 are

applicable only to normal operation and A0s.

Response: The difference between items 2 and 3 on page 4.1-6 is that item 3

includes the effects of direct radiation shine while item 2

applies to radionuclide release from the core. Also, items 2 and

4 are applicable to normal operation and AOs only, while item 3

includes DBEs as well.

PSID Section 4.1.3 is amended to clarify these points.
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R 4-11

Comment: DOE will clarify why the stated quantities for "Region average

outlet helium temperature" and "Core outlet helium temperature"

are different, as given on Table 4.1-1 in the PSID.

Response: Table 4.1-1 has been amended to explain the "Region average outlet:

helium temperature." Also, the word "Region" has been changed to

"Column."
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* R 4-12

Comment: DOE will clarify its statement in PSID Section 4.2.4.5 that "The

RCCS is a passive subsystem and therefore has no operating

limits." NRC cannot agree with this statement as it is now

presented.

Response: The term "operating limit" as used in Section 4.2.4.5 means a set

point at which some action by the subsystem occurs. Since the

Reactor ore Subsystem (RCSS) is a passive system, it has no

"operating limits" in this sense. It does, however, have design

limits such as fast neutron limits on the fuel particles, etc.

Section 4.2.4.5 is amended to clarify the meaning and discuss

these system limits.
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. R 4-13

Comment: DOE will clarify its description of flow blockage given in Section

4.2.5.1.1 and give or provide a reference for its analysis of flow

blockage consequences.

Response: Section 4.2.5.1.1 is amended to clarify flow blockage description.
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R 4-14

Comment: DOE will document the means to assure proper loading of fuel and

other replaceable core elements. This documentation will address

the concern of misloading reflector elements as a potential cause

of control channel blockage as described in Section 4.2.5.1.2.

This item can be addressed as part of the meeting in Chapter 10

(May, 1987).

Response: The Fuel Handling System for the Standard MTGR provides several

independent features to minimize the potential for placing fuel or

reflector elements in the wrong place in the reactor. The most

important of these features is the automated fuel management

program which requires that each element have two types of

engraved identifying numbers which distinguish it from other

elements. First, each core element which enters the reactor plant

will have its own unique serial number which will be used to track

its movements in chronological order while it is on site. Second,

each core element will be identified with a type number which is

specific to all elements having identical physical and nuclear

characteristics. These two numbers on each element and the

computerized control system for the fuel handling equipment

provide the broadest protection against improper placement of core

elements and are used as follows.

Prior to the refueling operation the entire handling sequence is

planned in a step-by-step sequence, including recording the serial

and type numbers of the elements involved. This planning record

is used to preload the new elements into the storage facility and

to prepare specific operating instructions for the computerized

fuel handling control system.

The automated fuel handling control system uses these specific

operating instructions (or manual instructions from the operator)
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to move the various portions of the fuel handling machine.

However, to protect against rroneous instructions, the machine

also has a set of bounding operating instructions (i.e. , safety

logic) which prevents the machine from performing unacceptable

acts without specific changes to these permanent instructions.

One portion of these permanent instructions correlates each

in-core location to the element type that must be positioned at

the location.

The fuel handling system features which implement the protection

against improper position are the television camera on the fuel

handling machine which views the engraved identification numbers

on each element as it leaves or enters the core, a character

recognition device which automatically reads the numbers on the

element from the television monitor and a transfer of the data to

the control system. The control system then makes two major tests

to confirm that elements are being handled in the proper

sequence. First it compares the unique serial number of the

element and its type number to the numbers listed in the specific

operating instructions to assure that the operation is proceeding

as planned. Secondly, it compares the type number of this element

and its destination in the core versus the permanent instructions

regarding the type of element which must be installed at that core

location. This second check cannot prevent accidental location of

an element having the wrong age, but it does provide an important

check against errors in the selection of element types to be used

during the specific planning for this refueling.

In addition to the numerical checks used to assure proper

placement of core elements, the fuel handling machine also weighs

each element that is handled and checks for the absence of coolant

holes by two independent methods. The data on element weight and

coolant holes are also automatically compared to the expected

configuration for each core location as defined in the permanent

safety logic.
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The five automated checks and one visual check of element

placement described above should preclude the possibility of

misplacing a side reflector block in a fuel element location with

the resulting blockage of coolant flow.

R 4-14-3
Amendment 3



HTGR-86-024/?,~_'- 

R 4-15

Comment: DOE will describe both the HEU and LEU reactors and critical

experiments listed in view-graph (GILLASPRL] 268 with an

indication of the degree of agreement attained with the

application of GAT reactor physics methodology. DOE will describe

the basis for choosing the reference measurements and will include

the estimate of the uncertainties that could be introduced from

(1) the MHTGR's level of fuel enrichment and the annular core

geometry, (2) the quality of the experimentally reported data, and

(3) GAT methodology. Using this data base show comparisons of

calculations with measurements that support the calculations of

coefficients of reactivity, control rod worths, and reserve

shutdown margins, including estimated uncertainties.

Resp~onse: At the NRC review meeting on March 19, 1987, DOE committed to

validate MHTGR nuclear physics codes consistent with NRC

regulations and industrial standards relevant tot he HTGR as the

design development proceeds. This long-term commitment will take

considerable time to complete and will be developed during

preliminary design. DOE agreed, in the interim, to evaluate the

sensitivity of important nuclear physics parameters to the results

being presented at the conceptual design phase of the MTGR in

support of the PSID. The results of this uncertainty study are

provided in DOE-HTGR-87-085, "MHTGR Core Nuclear Uncertainty

Analyses," Rev. 0, August 1987.

The following report summarizes the data from the reactors and

critical experiments listed in [GillasprlI268, in particular

results from Fort St. Vramn measurements, the HTGR critical

experiments, and the MARIUS, HTLTR, and HITREX-2 measurements

relevant to LEU fuel calculational method validation.

For additional information, se respons to NRC Comment R 4-41.
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1. FORT ST. VIN MEASUREMENTS

1.1. DESCRIPTION*

The Fort St. Vramn (FSV) active core is made up of 247 columns of fuel with

six individual fuel elements vertically stacked in each column. The fuel

columns are grouped into 37 regions, each containing seven columns, except

for six regions at the core periphery which contain five columns. The

central column of fuel elements in each region has three parallel channels

through the top reflector and the active fuel zones. Two of the channels are

for control rods that move as a unit. The third channel is available for the

insertion of reserve shutdown material.

The fuel is contained in the graphite elements as compacts of coated fuel

particles and graphite filler. The fresh fuel materials are fully enriched

uranium and fertile thorium in carbide form. The ratio of thorium. to uranium

is about 10. The uranium and thorium, carbide particles are coated with

layers of pyrocarbon and silicon carbide and bonded into fuel compacts and

located in the fuel holes within the hexagonal graphite elements. The

particle coatings provide the prime barrier for fission product retention.

The core is designed to produce 842 MW(t) at a power density of 6.3 M(t)Im 3.

1.2. TEMPERATURE DEFECT

Temperature defect measurements, from which the temperature coefficient is

derived, were made during the rise to power at the beginning of each cycle.

These measurements were obtained from a series of small, relatively rapid

power increases. The temperature reactivity defect is defined as the

reactivity difference between 270C (80'F) and the operating temperature.

Comparison of these measured temperature defects with the calculated data has

shown that the agreement is within 8% to 10%.

R 4-15-2
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1.3. CONTROL ROD WORTH

Comparisons of the measured and calculated integral reactivity worth for

control rod groups over 3 cycles of operation show that the difference is

typically 5% for the cumulative worth, except for two ring-4 groups which

have differences of- +20%. The larger differences for these two rod groups

are due primarily to higher uncertainty in the measurement because of their

extremely low total reactivity worth.

1.4. REACTIVITY DISCREPANCY

The effective multiplication factor, calculated with a two-dimensional, 7-

group GA physics model, is monitored throughout each cycle 
in order to detect

any reactivity anomalies. A calculational reactivity bias is defined as the

difference between the calculated 
keff and measured criticality averaged 

over

time, and any variation in this bias with burnup is then defined as the

reactivity discrepancy.

Throughout cycles 1, 2, and 3 operation, the reactivity bias was generally

constant at '0.0065 A for both cold and hot (30% rated power)

criticalities, indicating that the core was less reactive 
than predicted. An

analysis of the cause of this bias is not yet complete, but results to date

indicate that it is mainly due to the limitations associated with the two-

dimensional physics model. Thus, to allow for this, a similar bias was

included in all MHTGR calculations 
using the similar physics model.

The reactivity discrepancy of initial 
cold criticalities at the beginning of

each cycle has been within +0.001 Ap. The discrepancy for the core

generating power at a given level for at least several days (i.e., for

reasonably steady-state operations) has been statistically determined 
to be

0.003 + 0.001 AP. This discrepancy is slightly higher than in the

..cold/clean" core, due primarily to uncertainties in the fuel temperature

resulting from uncertainties in the core thermal power and in the coolant

mass flow. (At low temperatures, an uncertainty of 20
0F in fuel temperature
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results in a reactivity uncertainty of +0 .001 Ap.) These small variations in

the bias have indicated no reactivity anomalies 
due to burnup, verifying that

the GA calculational model is adequate for monitoring the reactivity status

of the core.

Comparisons of reactivity change with increasing core temperature are shown

in Figure R 4-15-1 for FSV, the Peach Bottom HTGR, and the MHTGR initial

core. The FSV and Peach Bottom predictions were within 
2% of the measured

values. These close predictions were made with the same 
methods as used for

the MHTGR.

1.5. RADIAL POWER DISTRIBUTION

Comparisons of the measured and calculated radial peaking factor (RPF)

distribution have indicated that at power levels greater than approximately

30% a few boundary regions (regions 20, 34, and 37) had large discrepancies.

The major cause of these RPF discrepancies was determined to be the presence

of bypass coolant gas entering the sleeve 
of the thermocouple used to measure

gas outlet temperature. These temperature measurements were used in

assessing power distribution. If this gas flow is significantly colder than

the region exit temperature as it passes over the region exit thermocouple

assembly, the measured region exit temperature will be lower than the actual

temperature. These temperature measurement errors can cause a significant

normalization bias in the "measured" RPFs. The calculated and measured RPFs

agree to within -15% when this bias is eliminated.

R 4-15-4
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2. GA HTGR CRITICAL EXPERIMENTS

2.1. DESCRIPTION

As part of the HTGR development program in the mid-1960s, GA conducted a

series of critical experiments using HTGR fissile and fertile particles with

fully enriched uranium covering a wide range 
of neutron spectra possible for

this type of reactor. These experiments were directly applicable 
to the FSV

core design, and were used to confirm FSV nuclear design 
methods and control

rod and lumped burnable poison calculations.

The first five assemblies in the HTGR critical experiment program were 
nearly

homogeneous compositions of five different 
C/U ratios (5000, 2500, 1718, 859,

and 432), and contained no thorium (the uranium was fully enriched). Because

of the absence of thermal absorbers other than uranium, the thermal spectra

in these assemblies were somewhat softer than that occurring in an actual

HTGR composition having the same C/U ratio. 
Reactivity coefficient measure-

ments were made in each assembly for the principal nuclides of interest in

HTGR design. The simple geometry of the assemblies assured that any

discrepancy between measured and calculated reactivity worths was primarily

due to deficiencies in the cross section data of the material 
being measured.

The range of thermal energy spectra produced by the different assembly

compositions is wider than that resulting from the varying fuel loadings in

different regions of an HTGR core, the changes produced in the course of

burnup, or the shift caused by increasing 
the moderator temperature from room

temperature to above operating conditions. Good agreement between

measurement and calculation over the entire range of spectra therefore gives

considerable additional confidence in the results of depletion calculations

and temperature coefficient calculations as well as static calculations.

The second series of assemblies employed a mockup of a single refueling

region of a large HTGR. The mockup region was located at the center of the

R 4-15-5
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critical assembly and surrounded by a driver region and the reflector. These

assemblies were used primarily to study the calculational models developed to

represent the fuel element geometry. Measurements included the Doppler

coefficient, control rod worth, and lumped burnable poison worth.

Comparisons of measurements and calculations for each experiment are given in

the sections below.

2.2. REACTIVITY WORTH OF CORE MATERIALS

The analysis of the reactivity coefficient measurements in the HTGR critical

assemblies for four of the five ratios of C/U indicates that the reaction

rates in core material can be adequately predicted.

The analysis for Assembly 1 (C/U= 5000) initially indicated a consistent

overestimate of 10% in worth. However, the multiplication constant of the

assembly could not have been predicted as confirmed if the reaction rates of

U-235 were actually in error by 10%. A reconstructed lattice has shown that

the structural heterogeneities present in the assembly but not present in the

HTGR are capable of causing discrepanices of the nature and type observed.

By considering the results of the boron samples as a reference point (since

the boron cross section is well defined) and correcting all other results by

the 10% discrepancy in the boron calculation, the results of all worth

calculations in all assemblies fall within the ranges shown below for

Assemblies 2 through 5:

Boron: +2% U-238: +2 to +5%

U-235: +2% U-236: +3 to +5%

U-233: +4% Np-237: +2 to -10%

Th-232: +2 to +5%

The uncertainties noted in all of the reactivity worths for these assemblies

are accounted for in the calculational design models employed.

R 4-15-6
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O 2.3. DOPPLER COEFFICIENT

The Doppler coefficient of thorium is the major contributor t the

temeraurecoefficient 
in the HEU/Th core. Hence, its magnitude is

iemportatur tbohteacdn 
analysis and the shutdown margin. 

To measure

thepopplert oefficient acentraal 
lattice region 57.6 cm (22.7 in.) in dia-

meter was constructed 
in the center of theaseby 

A uondgfeloe

(C/U = 2500) and an outer reflector region were adjusted as necessary to

maintain criticality. The central fuel element in the mockup lattice was

used as a test region in which temperature 
coefficients were measured. 

The

composition and geometry 
of the lattice region 

were similar to those 
in FSV.

Doppler coefficients 
were measured by heating 

the central test element 
in an

oven outside the core and then inserting the hot element into the core and

measuring the change in reactivity from an identical test element at room

temperature. Test elements of three different 
C/Th ratios (100 to 300) were

used. Comparison of the measured and calculated Doppler 
coefficient (300 K

to 600 K) showed excellent 
agreement, i.e., + -%

The worth of the thorium in the central element, relative to a no-thorium

case, was also measured and calculated at room temperature for a range of

CITh from 100 to 300. The results were excellent, 
indicating that estimates

of both the thorium capture rate and Doppler coefficient to be quite

accurate. The tendency to overestimate the Th-232 worth noted in the

reactivity coefficient measurements is not apparent in these lattice

calculations. A measurement was also 
made in which thorium 

was removed from

the central lattice 
element and boron was 

added in an amount 
to give the same

macroscopic absorption 
cross section as that of the thorium in 

the 1/v cross

section region. The differences between 
these data and the 

data obtained for

the C/Th = 100 test element are 
proportional to the 

resonance absorption 
rate

in the Th-232.

These results indicate that the reactivity 
worth of thorium at 

room tempera-

ture is about equally divided between the thermal and the resonance energy

R 4-15-7
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regions, but that the change in worth with temperature is dominated by the

Doppler effect.

2.4. CONTROL ROD WORTH

The FSV control rod pairs have rods separated by 24.61 cm. The FSV critical

assembly program was concerned 
not only with the worth of individual 

rods but

also with rod interaction effects.

The measurements were performed 
in the same central lattice region used for

the Doppler experiments. The rods were the same axial length as the core.

End effects were negligible. The poison annulus of the rod had inner and

outer diameters which were very close to the actual dimensions of an FSV

control rod. The rod was enclosed in a steel sheath. Criticality was

established by adjusting the thickness of the radial driver region and the

radial reflector. Experiments were also performed with a single rod along

the centerline of the lattice, and two rods in adjacent lattice positions.

For the unrodded lattice, the calculated core reactivity was 0.010 Ak too

high. For a single rod along the axis, the rod worth calculated in the

modified core (i.e., the core that was critical with the inserted control

rod) was 0.070 Ak. The calculated core reactivity 
for the critical core with

the rod inserted was 0.007.Ak 
too high. If the calculated control rod 

worth

agreed with the measured worth (as determined from the increased core size

required for criticality), then 
the calculated core reactivity 

for the rodded

core would be expected to be 0.010 Ak too high as in the unrodded case.

Hence, the rod worth was overestimated by about 0.003 Ak, a discrepancy of

about 4%.

For two adjacent rods, the calculated rod worth was too large by about 0.008

Ak, an error of about 9%. For two rods separated by 24.6 cm (9.7 in.) , the

calculated worth was too large 
by about 0.013 Ak, a discrepancy 

of about 11%.

The homogeneously distributed 
(over the central lattice) boron 

load that was

equivalent in reactivity (same core and reflector size) to the control rods

R 4-15-8
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was also measured experimentally and studied analytically. The distributed

boron load required to give the same worth as the separated rod pair was 2.1

times the distributed load required for a single rod, i.e., the worth of a

rod pair can be approximated to within about 5% by simply doubling the

homogeneous boron equivalent of a single rod. The ratio of the reactivity

worth of two rods to a single rod is about 1.7.

The actual HTGR control rod consists of several absorber segments, attached

end to end, with unpoisoned regions between segments. The effect of such

unpoisoned regions on rod worth was measured experimentally. The basis for

these relative data was a solid rod whose total worth was calculated to be

about 0.07 Ak. The experiments show that small axial unpoisoned regions

affect rod worth very little, i.e., the axial unpoisoned regions should

reduce rod worth in the FSV by about 2.6%. This is consistent with the

results of two-dimensional transport theory calculations.

These observations are in agreement with the results of HTGR design analyses.

These data imply that the' calculated worth of control rods in well-defined

configurations may be overestimated by 5% to 10%.

2.5. LUMPED BURNABLE POISON WORTH

The burnable poison load in FSV is in the form of boron-graphite rods,

typically 1.027 cm (0.40 in.) in diameter with the boron concentration rang-

ing up to 0.5 gB/cm3 per rod. The configuration of these rods in the reactor

could be any of the following:

1. An array of essentially isolated rods,

2. An array of rod pairs, the members of the pair being separated by

about 3.5 cm (1.38 in.),

3. An array of rod triplets.

R 4-15-9
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The reactivity worth of these configurations of rods was studied experi-

mentally in the HTGR critical lattice defined earlier.

The comparison between calculations and experiments was within 5% for each of

the configurations.

R 4-15-10
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3. CRITICAL EXPERIMENTS TO VERIFY THE APPLICABILITY

OF GA'S REACTOR PHYSICS CODES FOR LEU FUEL

3.1. INTRODUCTION

The HTGR critical experiments discussed in Section 2 provided the

experimental verification of the nuclear design methods used for the FSV core

for fully enriched (93.15% U-235) fuel. With the change to low enriched

uranium (LEU) fuel containing less than 20% U-235, check calculations were

performed to ensure the accuracy of these design methods when applied to

systems containing significant levels of U-238 and plutonium.

The primary impact of this change is the increased neutronic importance of

U-238, and the generation of significant levels of plutonium isotopes with

burnup. Due to its low-lying (0.3 eV) fission cross section resonance,

Pu-239 has a positive contribution to the MHTGR temperature coefficient up to

normal operating temperatures, while Pu-240 provides a major negative

contribution above operating temperatures due to its large absorption

resonance at 1.1 eV.

An additional verification program was carried out using available measure-

ments on LEU/graphite assemblies from the MARIUS-III, HITREX-2, and HTLTR

critical facilities. The purpose of this program was to provide an integral

check on GA's nuclear design methods using critical assemblies most closely

resembling HTGR cores with LEU fuel, and in particular to assess the effects

of increased levels of U-238, Pu-239, and Pu-240 on plant safety.

3.2. MARIUS

MARIUS was a graphite moderated critical assembly used by the French CEA in

their HTGR program; it operated at room temperature and was especially

adapted for making small sample central-worth reactivity measurements using

an oscillator technique. The test zone was surrounded by axial and radial

R 4-15-11
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buffer zones, a radial driver zone, and reflectors. Criticality was

controlled by adjusting the size of the radial driver zone. A series of

tests was analyzed for low enriched uranium in both pin-in-block and

multihole fuel elements. The eigenvalves calculated with GA methods agreed

with the measured data to within 3%.

For Pu-239 fissionlU-235 fission ratios, U-238 capture/U-235 fission ratios,

and the relative conversion ratio, i.e. , U-238 capture/U-235 fission in the

fuel, the calculated values (and trends) generally ag ree to within 3%. The

biggest discrepancy occurs for U-238 capture/U-235 fission in the 3.5%

enriched particle fuel case where the difference is 8%.

Manganese activity with and without cadmium covers was determined for 
the two

3.5%-enriched cases. The calculations were done for the infinitely dilute

condition so as not to disturb the spectrum. However, foils of 0.1-mm

thickness were simulated by calculating self-shielding factors. Both methods

of calculation gave results that agree with experiment to within 4%.

The generally good agreement of calculated eigenvalues and spectral indices

with experimental values indicates that the GA physics codes used for MHTGR

analysis adequately treat the effects of U-238 and Pu-239.

3.3 COMPARISONS BETWEEN GA AND OTHER VALIDATED CODES

A set of comparisons was made between results from GA code calculations and

the results from the British WIMSD code for 20% enriched U02-graphite unit

cells typical of the MHTGR. The WIMSD code has been validated with British

low- and medium-enriched U02-graphite critical experiments. The GA code cal-

culations using the MHTGR cross section data sets yield 2% to 3% lowerk.

values than the WIMSD calculations. The discrepancy between the GA and WIMSD

calculations appears to be almost entirely due to the calculation of 
7% to 9%

larger U-238 resonance capture cross sections in the GA calculations.

R 4-15-12
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Comparisons were also mad for these same calculations using GA codes and the

French APOLLO code. The k values from the GA code are about 0.75% lower

than the APOLLO values for four cases with homogeneous fuel and about 1.2%

lower for a case with 800-#Mm particle fuel. The U-238 capture cross sections

predicted by the two codes were in remarkably good agreement, showing a

maximum difference of 0.5% for the four homogeneous cases and a 1.2%

difference for the particle case.

A discrepancy between the E > 2.38 eV U-238 capture results from the GA code

and WIMSD for the case with 800 /lm particle fuel also appears to be resolved

in favor of the GA code due to the reasonable agreement between APOLLO and GA

codes in this case (3.8% higher than APOLLO versus 13.6% higher than WIMSD).

In addition, the GA code and WIMSD k depletion calculations for MHTGR fuel

agree very well (-2%) to about 150,000 Mwd/tonne exposure. By way of

comparison, the MHTGR exposure is less than 100,000 Mwd/tonne.

3.4. HIGH TEMPERATURE LATTICE TEST REACTOR

Experiments in the High-Temperature Lattice Test Reactor (HTLTR) program were

carried out at Battelle Northwest Laboratories (BNWL) as part of the USAEC

General Reactor Technology Program. The object of the experiments was to

measure zero-power reactor lattice parameters, specifically k W, in HTGR-type

lattices at temperatures ranging from room temperature to 1000'C (1832 0F).

The HTLTR experiments used a novel unpoisoned technique for measuring the

neutron multiplication constant of a test lattice. This unpoisoned scheme

was experimentally verified against null reactivity (poisoned) method

measurements. The null reactivity method has been very widely used (the PCTR

at Hanford, the hot box at UCRL, CEASAR in France, and HERO in Great

Britain). The agreement between the HTLTR unpoisoned method and the

well-known null reactivity (poisoned) method was excellent at room

temperature. The HTLTR unpoisoned method allows much easier measurement at

higher temperatures than the null reactivity method.

R 4-15-13
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Five experiments were carried out with lattice compositions shown in

Table R 4-15-1. Of particular interest for MHTGR LEU fuel application is

Lattice 4 which consisted of plutonium in the form of PuO2 particles

209 microns in diameter. The plutonium composition is similar to that

produced in thermal reactor fuel exposed to a burnup of about

20,000 MWd/tonne. The plutonium isotopic distribution is

Pu-239 72.8 wt %

Pu-240 22.9 wt %

Pu-241 3.3 wt %

Pu-242 1.0 Wt %

The lattice also contained thorium in 65-micron mean diameter particles. 
The

results of the experiment are shown in Fig. R 4-15-2, and the temperature

coefficient data are shown in Fig. R 4-15-3.

The agreement between calculation and experiment for Lattice 4 is excellent,

within 6%. Both the calculated magnituda and the calculated temperature

dependence of the values agree very well with the experimental results.

From Fig. R 4-15-2 there appears to be a slight tendency for the calculated

results to show less decrease in k. with increased temperature than do the

experimental results. This is also shown in Fig. R 4-15-3; the calculated

temperature coefficient is slightly smaller than the coefficient from the

experimental data at both high and low temperatures. It should be noted,

however, that the confidence intervals for these data are fairly tight and

that experiment and calculation agree to well within these confidence

intervals.

These excellent results indicate that GA's physics techniques are well

capable of calculating the temperature dependent nuclear behavior of the

plutonium resonance structure. Both the grain shielding and rod shielding

effects of the doubly heterogeneous plutonium fuel appear to be well

accounted for.

R 4-15-14
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3.5. HTREX-2

The HITREX-2 program was a comprehensive series of reactor physics

measurements on LEU fuel in multihole elements carried out by the UKAEA in

their HITREX critical facility. These measurements included core cri-

ticality, material reactivity worth distributions, and fast and thermal flux

distributions. A comparison was made between results from GA code

calculations and measurements of radial fission rate distribution in the

critical assembly; measured rhodium reaction rate traverses, corresponding to

an epi-thermal flux distribution; and a maganese reaction measurement

corresponding to the thermal flux distribution. The GA code calculations

agreed with the measured data to within 10%. The calculated core reactivity

was 1.001 using a GA R-Z model, and 0.9989 using a GA X-Y model. The

measured value was 1.0036. Overall the calculated results showed good

agreement with the measured data.
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TABLE R 4-15-1

LATTICE COMPOSITIONS FOR HTLTR

Fissile Fissile Carbon Rto CarbonRai

Lattice Material Particle Thorium Rto FissileRai

1 U-235 UC2 193 5,910

2 U-233 U-ThO2 189 10,292

3 U-233 U-ThO2 278 13,756

4 Pu-239 + Pu-241 PuO2 250 9,847

5 U-233 U-ThO2 146 9,469

R 4-15-16
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R 4-16

Comment: DOE will calculate effects that water or steam ingress and power

distributions have on temperature coefficients, control rod

worths, reactivity insertion (magnitude and rate) and other

possible significant reactivity effects. The uncertainties

associated with the calculation of these effects will also be

estimated. The calculations should consider as independent

parameters reactor status (startup, normal operation, limiting

LBE) and fuel cycle points of BOG, MOC, EOC.

Response: In this discussion, the fuel composition (burnup) is reflected by

the terms BOG-IC, EOC-IC, BOC-EQ, MOG-EQ or EOG-EQ which

correspond to the beginning, middle, or end-of-cycle burnup fuel

composition for either the initial core (IC) or the equilibrium

(EQ) cycle.

Moisture Ingress Effects on Reactivity

The addition of water to the MHTGR core initially produces a

positive reactivity feedback effect caused by the moderating

property of hydrogen which reduces resonance absorption in U-238

and Th-232, and results in a more thermalized neutron flux

spectrum. Core neutron leakage is also reduced which adds to the

positive reactivity feedback. Eventually, as the amount of

moisture is increased, thermal neutron absorption in hydrogen

becomes dominant, causing a negative reactivity feedback and

shutting down the core. Thus, the curve of reactivity effect due

to moisture goes through a maximum as shown in Figure R 4-16-1

which shows the reactivity behavior under cold conditions.

These reactivity feedback effects due to moisture are larger in

the hot operating core than under cold conditions because the hot

R 4-16-1
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core has a harder neutron flux spectrum. This harder spectrum

results in a maximum reactivity worth due to moisture that is

approximatley 25% higher under hot conditions than cold. Figure

R 4-16-2 shows the calculated reactivity changes at hot operating

conditions for moisture levels up to 1000 kg in core. In the

calculations used for moisture ingress in both figures, and in the

PSID, the reactivity effect of water has been conservatively

overestimated by assuming that the water was homogeneously

distributed throughout the core rather than concentrated in the

coolant channels; that is, no self-shielding effects of the water

were considered.

The curve in Figure R 4-16-2 has not been extended past 1000 kg of

water in the core since the hypothetical maximum amount of

steam/water that the core can hold is estimated to be 724 kg for

pressurized normal operating conditions, 643 kg for pressurized

conduction cooldown, and 63 kg for depressurized conduction

cooldown. Larger steam/water concentrations are hypothetically

possible for cold depressurized conditions, and the curves show..n

in Fig. R 4-16-1 for cold conditions have been extended to 4000 kg

of water to reflect this.

The moisture -ingress reactivity values include the in-core

reactivity responses to moisture, but do not account for the

effect of core moisture on reflector control worths which are

calculated separately.

Because the addition of water to the MHTGR core results in a more

thermalized neutron spectrum, it has an effect on the temperature

coefficient because it changes the importance of the various

contributors to the overall coefficient. The effect is the least

at low, or cold temperatures since the spectral shift due to water

addition is relatively small and the coefficient is large and

negative. To the extent that the temperature defect is reduced,

R 4-16-2
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the core cold shutdown margins will be increased, although this

effect is more than offset by other reactivity changes due to

moisture ingress. Similarly, for temperatures well above normal

operation where the coefficient is dominated by Pu-240 or fixed

burnable poison absorptions, the effect of moisture on the

temperature coefficient is small.

Effects on Temperature Coefficient

The most important effect of moisture on the temperature

coefficient occurs at hot operating conditions. Calculations have

been completed to estimate the impact on the temperature

coefficient due to the presence of 500 kg of moisture in the

reactor for BOC-IC condition since that time point has the highest

calculated reactivity effect due to moisture. 500 kg of water is

representative, for calculational purposes, of the maximum

moisture concentrations in the core under operating conditions.

For 500 kg of moisture, the BOC-IC negative temperature

coefficient of reactivity at full-power conditions would be

reduced in magnitude by 15%, i.e., the coefficient would be less

negative by -lxl15/OC.

Even when this change is accounted for, the isothermal temperature

coefficient under operating conditions is still large and

negative. Moreover, the change is smaller than that assuming a

50% uncertainty in the coefficient as discussed in the response to

R 4-17, and thus has no safety consequences.

The presence of moisture in the active core causes a reduction in

the neutron leakage. The in-core spectral softening effects lead

to a reduction in the lumped burnable poisons and/or the reserve

shutdown control (RSC) worth (if inserted). The reduced neutron

leakage also results in a reduced inner and outer reflector

control rod worth. Preliminary results from the studies of the
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effect of moisture ingress on the worth of the in-core RSC

predicts a 23% reduction frcom the dry RSC worth due to 1000 kg of

moisture in the core. The total rod bank worth is estimated to be

reduced by 30% for a moisture level corresponding to 1000 kg of

steam or water in the active core.

The moisture ingress transients terminated by trip, as analyzed in

Chapter 15, result in a trip before '-70 kg of moisture is in the

active core. It is not necessary to model the few percent

reduction that would occur in the outer rod bank or RSC trip

reactivity worth due to this low concentration of moisture.

However, long term shutdown margin calculations, hot and cold,

with moisture ingress, do take this rod bank worth reduction into

account, and show that required shutdown margins can be met.

Additional work on uncertainties associated with water ingress is

planned as part of the preliminary design, and will be included in

a topical report to be formally submitted to the NRC.

Power Shape Effects

The details of the radial power distribution have been included in

all the 2-D calculations for BOC, MC, and EOC rod worths and

temperature defect reactivities, but the effect of the axial power

shape on the temperature coefficient and control rod and RSC

worths were not evaluated in the PSID. However, the temperature

coefficient values, temperature defect reactivities, and control

worths as determined by radial 1-D calculations based on

axially-averaged core compositions have been compared to R-Z

static calculations. The unrodded eigenvalue from the 1-D radial

model agrees to within 0.1% Ap to the R-Z 2-D value. In addition,

accident calculations involving temperature reactivity feedback

effects are performed using an R-Z fuel model. The av rage

temperature used to determine the reactivity feedback in this

R 4-16-4
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model is evaluated by weighting the calculated axial temperatures

by the axial power distribution.

Sensitivity study results of the effect of radial power zoning

show that the worth of the inner reflector control rods (as well

as the RSC) can be varied in relation to the worth of the outer

reflector control rods by changing the radial power zoning.

However, the total worth of all rods, as well as all rods plus the

RSC, is nearly the same for different radial zoning factors.

The effect of core temperature on inner, outer, and total bank

worth for the equilibrium cycle EOC condition (see Table 4.2-7 of

PSID) shows that the hot values exceed the cold values by 15% for

outer rods, 23% for inner rods and 19% for all 30 rods. The

various rod combinations shown in Table 4.2-7 also show a typical

increase of 16 to 18% in total control worth with burnup over

cycle while the worth of inner rods alone increases only 5 to 8%.

This change reflects a gradual increase in the radial power shape

toward the outside of the core as burnup occurs. These changes

were reflected in the shutdown margin calculations given in

Chapter 4 of the PSID. Additional information on uncertainties

assumed in the PSID core nuclear results are discussed in

responses R G-7.B and R G-7.C
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R 4-17

Comment: DOE will calculate the sensitivity of bounding LBEs to the above

uncertainties plus the reactivity component uncertainties given in

view-graph [PUFFENBUR] 175. These calculations will be documented

together with a discussion of the methods used for combining the

uncertainties and the confidence level that can be given to the

end results of the bounding LBEs selected.

Response: An assessment of the impact of even large uncertainties in

temperature coefficients during bounding Safety Related Design

Conditions has shown that these uncertainties have only a small

effect on the calculated off-site doses for all the events

presented in Chapter 15 and only minimal effect on peak fuel

temperatures. The impact of uncertainties has been assessed for

two SRDCs that are bounding conditions for reactivity effects.

In SRDC-4, which is the bounding condition involving a rod bank

withdrawal but results in no off-site dose, a 50% decrease in the

magnitude of the negative core temperature feedback coefficient:

results in a peak fuel temperature increase of only 6C (110 F)

above the 12940C (2361'F) reported in PSID Section 15.5.2.2. This

small difference in temperatures near the fuel limit for normal

operation [1250'C (22820 F)] has no safety impact.

For SRDC-6, which is the bounding condition involving moisture

leakage into the primary circuit, a similar 50% decrease in the

magnitude of the negative core temperature coefficient results in

an increase in peak fuel temperature of less than ll0C (20'F).

Figure R 4-17-1 illustrates the effect of temperature coefficient

uncertainty on maximum fuel temperature during the first 50

seconds of SRDC-6. Prior to control rod insertion, temperature

coefficient uncertainty results in an increase in peak fuel

temperature of about 13'C (23'F). An ll1C (20'F) temperature

increase is shown at 50 seconds, after control rod insertion.

R 4-17-1
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That difference continues to decrease at later times during the

conduction cooldown portion o~f the condition, as it did during

SRDC-4, so that the resultant: increase in peak fuel temperature

due to temperature coefficient uncertainties is much less than

ll0G (20'F) above the 1540'C (2800'F) reported in PSID Section

15. 13. 6. These small fuel temperature increases are well within

the satisfactory performance envelope for Standard MHTGR fuel.

R 4-17-2

Amendment 3
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R 4-18

Comment: Give a reference to or discuss the origin of the afterheat rate

data given in Table 4.2-15. What are the uncertainties associated

with these data?

Response: The afterheat data given in Table 4.2-15 were scaled from a 524

nuclide, point burnup model calculation which evaluated total decay

heat rates as a function of time based on the gamma, beta and alpha

decay energies for the fission product nuclides. However, this 524

nuclide library was structured to produce afterheat rates for fuel

shipping and storage and did not include a number of short-lived

isotopes important to decay heat generation in the first hours

following shutdown. To cover this time period the curve was

conservatively extrapolated to short decay times to yield an

afterheat level, expressed as a percent of full power (% P/P0 ),

of 10.8% at 1 second and 6.5% at 10 seconds. No uncertainties were

applied to this decay heat curve because it had been chosen to

overestimate the decay heat values at all times.

To provide a more accurate assessment of the Standard MHTGR core

decay heat, a more refined method was developed using a

point-depletion model with variably dimensioned computer storage

capability. The library in this model includes 1100 nuclides, and

includes 123 heavy metal isotopes, 112 structural or impurity

isotopes, and 862 fission product nuclides using cross section data

from the current ENDF/B-V files (Ref. 1). The model provides up to

four decay and four capture parents for each nuclide, plus two (n,

2n) parents, with fractional yields possible for all.

Results using this model yield an afterheat curve similar to the

LWR data given in ANSI/ANS-5.1-1979 (Ref. 2) which was based on

ENDF/B-IV fission product data. The results of the more refined

method compar d to the PSID d cay heat curve are provided in Figure

R 4-18-1 Amendment 3
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R 4-18-1. The revised MHTGR model, which includes burnout effects

for all fission products, is believed to be at least as detailed

and as accurate as the ORIGEN code that is widely used for LWR

afterheat estimates. Thus, although not specifically verified by

GA, GA would expect a standard deviation of approximately 4%

consistent with the ENDF/B-IV data uncertainties in

ANSI/ANS-5.1-1979. This overall uncertainty estimate reflects the

MHTGR power history with a fission rate split of -64% due to

U-235, 26% due to fissile plutonium, and 10% due to U-233.

The degree of conservatism in the original PSID afterheat data

compared to the more recent and better quantified data is now

being evaluated. The PSID results exceed the new results by 10%

at 10 hrs and 44% at 100 hrs. Even with a 2 O uncertainty of 8%

applied to the new results, the PSID values used are conservative.

For additional information, see response to NRC Comment 4-42.

References:

I. Los Alamos National Laboratory. Summary of ENDF/B-V Data for Fission

Products and Actinides. EPRI-3787, Los Alamos, New Mexico. December

1984.

2. American Nuclear Society (ANS). Decay Heat Power in Light Water Reactors

and American National Standard. ANSI/ANS-5.1-1979. August 1979.
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R 4-19

Comment: DOE will describe the role that industry standards and the SRP

will have on a reactor physics methodology at the current

conceptual design stage and at later stages of the MHI-TGR's

development. If DOE does. not plan to follow the SRP in total, it

should justify exceptions.

Response: As presented to the NRC, the reactor physics methodology utilized

in the Standard MTGR core design follows industry standards to

the extent that industry standards are applicable to the Standard

MHTGR at the conceptual design level. Their use in conjunction

with the Standard HTGR's goal oriented, top-down design approach,

ensures development of a verified core design responsive to the

multiple requirements placed upon it. Industry standards will be

utilized, as appropriate, in conceptual and all subsequent design

stages.

The Standard Review Plan (SRP) was written to meet the specific

requirements and characteristics of the LWR and not the MTGR.

Furthermore, the SRP identifies more detail than is appropriate

for the PSID review. As stated in response to Comment R G.3-4,

the DOE recommends development of an MHTGR Standard Review Plan as

a part of the Application Phase of the MHTGR Licensing Plan.

R 4-19-1
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R 4-20

Comment: DOE will evaluate the need for inclusion of reactor physics in the

Technology Development Plan.

Response: The available experimental data pertaining to H-TGR reactor physics

calculations for LEU-fueled cores were carefully reviewed prior to

the conceptual design evaluation for the M4HTGR PSID. It was

concluded that the data base was adequate for this conceptual

design work. Work to quantify the effects of uncertainties in

reactor physics calculations and the resulting effects on

predicted releases during LBEs is ongoing. To date, results (see

R G.7-D) confirm that predicted releases are insensitive to

reactor physics uncertainties. The results of this work and the

data base will be reevaluated in terms of its applicability to

support preliminary and final design calculations, as appropriate,

to determine the need for the inclusion of further reactor physics

experiments in the Technology Development Plan.

R 4-20-1
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R 4-21

Comment: DOE will confirm that the insertion inhibit signal for the inner

control rods can be overridden by the operator.

Response: The manual reactor trip initiation signal is located in the

circuitry downstream of the bypass and as such it overrides the

bypass. Therefore, the operator can override the insertion

inhibit signal using the Remote Shutdown Area operator interface.

This is shown on PSID Fig. 7.2-1 and Fig. 7.2-7. The text of PSID

Section 7.2.3.4.1(1) is amended to clarify this point.

R 4-21-1

Amendment 3



HTGR-86-0247

R 4-22

Comment: DOE will justify the non- "safety related" status of the cooling

shutdown system for the control rod drives, rod position

instrumentation, and the indicators for the condition of the

reserve shutdown system. At present it is not clear that these

items do not perform a safety function and that their availability

and performance capability is necessary for the safe operation of

the reactor. What does DOE propose to assure that this equipment

will have adequate ISI/IST?

Response: For all of the Design Basis Events, Section 15.13 of the PSID

shows that the "safety-related" equipment alone is sufficient to

limit offsite doses within the limits of 10CFR100. The analyses

do not rely on operation of the Reactor Plant Cooling Water

Subsystem which normally cools these components. As a result,

this cooling system has not been classified as "safety-related."

Operation or failure of the rod position instrumentation and

indicators for reserve shutdown equipment cannot in themselves

affect safety. These instruments can neither actuate automatic

protective actions and mitigate transient severity nor can they

initiate an accident. They function to monitor conditions within

the reactor. Since they do not affect safety, neither they nor

their cooling are classified as "safety-related."

Successful operation of the control rod drives can affect safety

and these units have been classified as "safety-related." Cooling

to these units, however, is not classified as "safety-related"

because it is not needed during the DBEs to assure operation of

the control rod drives.. First, the operation of these control rod

drives would only be at risk after an extended period without rod

drive cooling, during which control room indication is made to

operators. During this time and before the control rod drives

R 4-22-1
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would have overheated, failure of the Reactor Plant Cooling Water

System would lead to loss of HTS circulator motor cooling and

subsequent HTS motor overheating and failure. This would cause a

main loop shutdown and, in turn, a reactor trip. However, even

should the rod drives be damaged by overheating and not respond to

this or some other demand for reactor trip, the diverse

"isafety-related" Reserve Shutdown Control Equipment (RSCE) is

available. Consequently, the cooling for the rod drives is not.

classified as "safety-related."

Preventive maintenance of the neutron control assemblies,

including SI, is accomplished at the reactor equipment service

facility described in PSID Section 9.1.2.1. This facilitv

provides the capability to visually inspect the radioactive

portions of the assembly and to operate the control rod drive

and/or the reserve shutdown control equipment. Integral shielding

built into the neutron control assemblies permits direct contact

maintenance for the equipment at the top end of the assemblies.

In-service testing of the rod position circuitry is provided by

automatic comparison of the redundant rod position indication.

Also, the RSCE, as discussed in PSID Section 4.3.4.4.3, includes

continuous monitoring of the actuation circuits.

R 4-22-2
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SR~ 4-23
Comment: Document the material presented in view-graphs pertaining to the

steady state and transient environmental protection of the control

rod drives and the reserve shutdown system. Confirm in this

documentation that neutron and gamma shielding is for occupational

exposure protection only and that gamma heating and direct

radiation damage to electrical equipment is not of concern.

Response: The detailed design features needed to assure environmental

protection (i.e. , shielding and cooling) for the control rod

drives and other neutron control equipment is still evolving as

the design and supporting analyses for interfacing equipment and

structures are refined.

These features include a combination of thermal insulation,

neutron shielding, gamma shielding and active cooling of the

neutron control assembly housings with two major objectives.

First, the design must assure a benign operating environment for

the control rod drives during reactor operation. The second

objective is to provide an acceptable environment for man-access

to the upper portions of the neutron control assemblies during

reactor maintenance and refueling.

The second objective has controlled the final selection of gamma

shielding for control rod drives on earlier HTGR designs. This is

also the case for the Standard MHTGR. The dominant radiation

sources for man-access are the activated control rods which are

retracted into the neutron control assemblies for handling and

spent fuel elements in transit from the core to the heavily

shielded fuel handling equipment. The integral gamma shielding

needed to protect operating personnel from these sources and the

neutron shielding required to protect the pressure vessel from

excessive neutron flux combine to provide operating gamma flux

R 4-23-1
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levels which are sufficientlr low to permit the use of many

organic materials including elastomer seals, grease lubricants and

most electromechanical equipment.

Cooling of the neutron control assembly housings is provided to

assure that the ambient temperature surrounding the control rod

drive is less than 200'F. This ambient temperature is well below

the level where safety performance is impaired.

Preliminary thermal analyses of the heat to be removed by the

cooling equipment indicate that the remaining design details are

related to optimization rather than changes needed for

environmental requirements.

R 4-23-2
Amendment 3
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R 4-24

Comment: Document the information presented in view-graphs comparing

neutron control technology for the MTGR and Fort St. Vrain.

Provide a short discussion of the "lessons-learned" from the Fort

St. Vrain neutron control system.

Response: A comparison of major features of the neutron control technology

for the Standard MHTGR vs. Fort St. Vramn is given in Table

R 4-24-1.

The lessons learned from the Fort St. Vramn experience are

generally positive and contribute to a high confidence in the

M4HTGR equipment. A few of the lessons indicate a need for change

and the MHTGR design and development activities have been

structured to prevent any recurrence of unsatisfactory

performance.

The positive lessons include successful demonstration of cable

suspended control rods with a gravity scram controlled by

regenerative braking; successful demonstration of alternate

reactor shutdown by release of B4C pellets from a storage

hopper; successful demonstration of articulating control rods and

guide tubes to compensate for positional variations of the reactor

core; and the application of lubricants and other materials for

use in hot helium environments.

Two lessons learned at Fort St. Vramn which require change are as

follows:

1. The neutron control equipment should be designed and tested to

work in conditions of high humidity even though the nominal

operating environment is dry helium. The frequency and

severity of water ingress events at FSV were not anticipated

R 4-24-1

Amendment 3



HTGR- 86-14)

and, as a result, a substantial effort has been required to

cleanup an/or rework the equipment to remove excessive corrosion

products from areas of the mechanisms.

2. The inherent reliability of a gravity scram system decreases

as the number of components in the drive train is increased.

The Fort St. Vrain drives use a high-speed induction motor and

a large gear reduction ratio to obtain the desired shim

speed. The large gear ratio creates the potential for

impaired scram performance with only modest increases in

friction at the high-speed portion of the drive train. All

subsequent HTGRs including the MHTGR have avoided this

potential limitation on drive reliability through the use of

low speed, high-torque D-C motors and much smaller gear

ratios. This option was not available at the time that the

Fort St. Vrain drives were being developed.

R 4-24-2
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TABLE R 4-24-1

COMPARISON OF MHTGR NEUTRON CONTROL TECHNOLOGY TO FORT ST. VRAIN

COMPONENT MH1-TGR FSV REASON FOR CHANCE

Neutron Control Eipment

Neutron Control No Yes Inherent feature of

Assy. as Part MHTCR

of Primary

Boundary

Rods per Drive Single Rod Two Rods Control Feature o f

Annular Core

Control Rod 206 lb/ 120 lb/ Taller Core

Weight/Stroke 366 in 191 in

Cable Dia/ 0.343 in/ 0.250 in! Heavier Rod

Nominal Stress 3,500 psi 4,130 psi

Drive Motor/ DC Torqu e AC Induction Simpler, Fewer Gears,

Nominal Speed Motor/150 rpm Motor/1650 rpm No Motor Brake Req'd

RSC Actuation Redundant Single Simpler, Higher

System Electric Pneumatic Reliability

Orifice Valves No Yes Inherent Feature

and Drives of MH-TGR

Neutron Control Corrosion Multiple Corrosion Problems

Assembly Resistant Materials Experienced Due to

Materials Water Ingress

R 4-24-3
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TABLE R 4-24-1 (Cant)

COMPONENT MI-TTR FSV REASON FOR CHANCE

Nuclear Instrumentation

Startup Channels 3 2 Core Arrangement

Wide Range 3 3

Logarithmic

Channels

Linear Power 12 6 Core Size; 2 of 4

Channels Safety Protection

Sub sys tern

Flux Control Channel

- Linear 1 1

- Logarithmic 1 0 Automatic Plant Startup

Detector

Installation

- Startup* 3 In-Vessel 2 Horizontal Steel Vessel and Neutron

Wells PCRV Wells Fields

- Log/Linear 6 Ex-Vessel 6 Vertical Steel Vessel

Wells PCRV Wells

Total Neutron 21 14 Size & Configuration

In-Vessel Flux 5 0 Axial Power Mapping

Units Monitoring

*Startup detectors utilize regenerative U-234/U-235 fission counters.

R 4-24-4
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R 4-25

Comment: Justify that the in-vessel neutron detectors for both startup and

flux mapping are not "safety related". What are the consequences

if these detectors do not perform their functions? For example,

consider potential safety consequences if knowledge of the axial

power distribution is erroneous. What does DOE propose to assure

that this equipment will have adequate ISI/IST?

Response: Neither the startup nor flux mapping detectors are

"safety-related' since they are not relied upon to maintain

releases under accident conditions within 1FR100 limits.

If the startup detectors did not perform their function, and an

unrestrained rod withdrawal occurred, reactivity feedback would

limit both the fuel temperature and power increase. To

demonstrate this feedback effect, a calculation was performed in

which a control rod group, worth 2.5% in reactivity (maximum

calculated group worth of 2.1% k plus 20% uncertainty allowance),

was assumed to be fully withdrawn in 260 seconds from zero power;

the expected HPIS initiated trip was not included in the transient

modeling. The accident was terminated by the negative reactivity

feedback from a core temperature rise of about 260'C (from 1250C

to 385 0C).

Thus, the core temperature increase needed to compensate for this

reactivity excursion results in a peak temperature that is far

less than that at full power operating conditions and no fuel

failure will occur. Moreover, the reactivity insertion rate is

slow, since the rod group withdrawal rate is limited to 1.2 in/s.

The purpose of the flux mapping detectors is to provide

information to the operators on the behavior of the axial power

shap with burnup, including the effects of partial control rod

R 4-25-1 Amendment 3
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shape with burnup, including the effects of partial control rod

insertion, off-normal operation or use of out-of-sequence rod

patterns. If the axial flux mapping detectors should fail, plant

operation could still continue. These detectors are not

"safety-related" since the circulating activity detectors will be

used to ensure that activity levels will be below specified

limits.

There is no SI planned for these flux mapping detectors. It is

anticipated that they will be replaced at intervals no longer than

10 years.

In-service testing of the startup detectors will be achieved prior

to startup by monitoring source neutrons and by circuit testing of

the instrumentation. During the rise to power, the detectors may

be checked by comparing readouts with those from other detectors.

In-service testing of the in-core flux monitoring units will be

accomplished by using the built-in calibration circuit and

comparison of the readings from different detectors.

For additional information, see response to NRC Comment R 4-43.

R 4-25-2 Amendment 8
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R 4-26

Comment: With respect to the location of the startup monitors at the bottom

of the core: (1) ould water ingress make these indicators

"blind" to criticality; (2) Could an alternate location avoid the

type of l/M curve encountered in Fort St. Vrain in which

multiplication growth appears excessively rapid as criticality is

approached.

Response: Preliminary calculations on the conceptual design regarding

source-detector geometry effects and response curves have led to

the determination of the source-detector locations. The choice to

locate at the bottom of the core was made for three reasons:

a) locating at the top of the core would interfere with refueling

operations and require removal of the electrical connections to

some detectors during refueling; b) the source metallic

containers, the, detectors, and their electrical supply would be

exposed to potentially damaging temperatures in a pressurized

conduction cooldown event if placed on the top of the core; and

c) the detector response would be more influenced by fully or

partially inserted control rods if located in the top half of the

core.

The location of the source(s) and detectors) in the reflectors on

either side of the fuel annulus was chosen to maximize the

multiplied-to-direct count rate so that multiplication growth

would not appear excessively rapid as criticality is approached.

Two-dimensional diffusion theory source calculations have been

made to estimate the response curve. These analyses assumed the

beginning of cycle fuel composition of the bottom fuel block layer

and the subcritical keff was varied by assuming differing

amounts of boron homogenized over the bottom layer fuel annulus.

R 4-26-1 Amendm nt 3
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Plots of the inverse of the detector count rate versus ke ff were

obtained for hot dry conditions;, cold dry conditions, and two cold

wet conditions with 1000 kg of water and 3000 kg of water in the

core. These latter two "large" moisture cases analyzed were

chosen to cover the largest reactivity effects of water ingress in

the cold subcritical core. The inverse count rate for these four

cases is plotted versus the calculated keff in Figure R 4-26-1.

These comparisons show that the effect of moisture does not

"blind" the detector response to criticality and still yields a

reasonable l/M approach to critical curve. Since the

source-detector geometry selected produces a very favorable l/M

curve in all cases, it is clear that the detector response in all

cases is almost entirely due to multiplied neutrons. This

characteristic tends to ensure that the indicators would correctly

monitor an approach to criticality even under very wet conditions.

For additional information, see response to NRC Comment R 4-43.

R 4-26-2 Amendment 8
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R 4-27

Conmment: Document in the PSID the viewgraphs listing (for the core and

reactor internals) primary mechanical/structural requirements,

other mechanical/structural requirements, and the bounding LBEs.

Assure consistency between similar material in the PSID and the

viewgraphs.

Response: The cited viewgraphs are provided. Table R 4-27-1 presents the

main mechanical and structural requirements for normal operation,

Table R 4-27-2 presents requirements related to safety functions,

and Table R 4-27-3 gives generic requirements. Table R 4-27-4

gives a list of bounding Licensing Basis Events (LBEs).

R 4-27-1
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TABLE R 4--27-1

CORE AND REACTOR INTERNALS PRIMARY MECHANICAL/STRUCTURAL
REQUIREMENTS FOR NORMAL OPERATION

Functional Area Requirements

Maintain geometry for Maintain known thermal/hydraulic configuration
heat transfer and
coolant flow control

Withstand temperatures:
- graphite core support, 740C (1300'F)
- metallic core support, 357 0C (6750F)
- permanent side reflector, 5380 C (10000F)
- core barrel, 26O'C (5000F)
- upper plenum shroud, 260 0C (5000F)
- hot duct, 704'C (1300 0F)

Limit bypass flow (11% total)

Limit temperature of primary coolant pressure

boundary to 2880 C (5000F)

Limit fluence of primary coolant pressure boundary
to 2 x 1018 n/cm2

Maintain geometry for Withstand structural loads:
positioning movable - mechanical loads + thermal/irradiation strains
poison + OBE loads

-. meet structural criteria
*graphite core support (ASME Sec III, Div. 2,

CE)
*metallics (ASME Sec III, Div. 1, NG)

Withstand temperatures
- graphite fuel element, 106O'C (19350 F)
- control rod, 7040C (13000F)

Withstand radiation environment
- 4 x 1 2 1n/cm2 (graphite)
- 1.4 x 101 9n/cm2 (metallic)

Withstand primary coolant chemical impurities.

Limit core motions
- 38 mm (1.5 in.) for control rod guide tube

connection during shutdown for refueling

R 4-27-2
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TABLE R 4-27-2

CORE AND REACTOR INTERNALS PRIMARY MECHANICAL/STRUCTURAL
REQUIREMENTS FOR 1CFR100 RELATED FUNCTIONS

Functional Area Requirements

Maintain geometry for Maintain known thermal/hydraulic configuration
conduction and configuration during accident conditions.
radiation

Withstand temperatures during accident conditions:
- graphite core support, 7990C (1470'F)
- metallic core support, 391 0C (7360 F)
- permanent side reflector, 871'C (1600'F)
- core barrel, 613 0C (1135 0F)
- upper plenum shroud, 7170C (13220F)

Limit temperature of primary coolant pressure
boundary to 4270C (800'F)

Limit fluence of primary coolant pressure boundary
to 2 x 101 8n/cm2

Maintain geometry for Withstand structural loads:
insertion of movable - - mechanical loads + thermal/irradiation strains
poison + SSE loads + conduction cooldown strains

- meet structural criteria
* graphite core support (ASME Sec III, Div. 2,

CE)
* metallics (ASME Sec III, Div 1, NG)

Withstand temperatures
- graphite fuel element, 1610 0C (2930'F)
- control rod, 13380C (20800F)

Withstand radiation environment
- 4 x 102 1n/cm2 (graphite)
- 1.4 x 1019n/cm2 (metallic)

Withstand primary coolant chemical impurities.

R 4-27-3
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TABLE R 4-27-3

GENERIC REQUI REMENTS

FOR REACTOR INTERNALS COMPONENTS

40-year design life without maintenance or replacement

All components shall be removeable if required

Access shall be provided for surveillance and ISI as required

R 4-27-4
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TABLE R 4-27-4

BOUNDING LICENS:NG BASIS EVENTS
FOR ORE AND REACTOR INTERNALS COMPONENTS

Event Number Event Title

AOO-1 Main loop transient with forced core cooling.

SRDC-4 Control rod withdrawal followed by power to flow trip and
RCCS cooling.

SRDC-5 Pressurized conduction cooldown with earthquake.

SRDC-6 Depressurized conduction cooldown with moderate moisture
ingress.

SRDC-10 Depressurized conduction cooldown with moderate primary
coolant leak.

R 4-27-5
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R 4-28

Commnent: Through the use of sensitivity studies DOE will evaluate flow

distribution uncertainties due to mechanical/structural tolerances

and fluid mechanical effects and estimate the consequences of these

uncertainties on anticipated operations and on the analysis of the

controlling LBEs. Will the model test planned for core fluctuation

testing yield data relevant to flow distribution uncertainties?

Could flow distribution uncertainties increase the hot streak

temperature on the hot duct above what is now estimated? What

in-vessel temperature measurements will be available? Discuss

whether or not a program to measure flow distribution effects and

reduce their uncertainties should be included in the Technology

Development Plan.

Response: A task is planned for the preliminary design stage to evaluate the

effects on flow distribution of machining/assembly tolerances,

graphite thermal expansion, graphite irradiation-induced

contractions, and gravity or fluid forces which could cause gap

changes. As part of this evaluation, a sensitivity analysis will

be performed. The core flow distribution results from these

analyses will be used in core performance evaluations, in

particular core exit hot streaks, fission product release, and

graphite block stresses..

The model test planned for core fluctuations could, if highly

instrumented, yield data relevant to the core flow distribution.

However, because the gap flow distribution in the MTGR evolves

with time due to changing irradiation/thermal block strains and

fluid forces, the results of such a test must be combined with the

analysis discussed above. (Tests will be planned for a selected

number of gap configurations). In practice, the test results will

provide confirmation of the analysis methods and models. The

necessity of this type of confirmation will be assessed after the
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performance analyses are completed and the effect of flow

uncertainties on core performance is better quantified. Core flow

distribution uncertainties could cause the coolant hot streak

temperatures on the hot duct to be above those now calculated. The

sources of uncertainty at the present time are in the core gap

distribution, the hot streak attenuation in the lower plenum, and

the coolant channel and control rod channel loss coefficients. A

task is planned to calculate the core gap distribution, and tests

are planned to measure temperature attenuation in the core lower

plenum. If the coolant hot streaks at the hot duct are calculated

to be excessive, several options are available: 1) reduce core

exit gap flow with flow restrictors between the core support

blocks, 2) show by analysis/testing that these gap flows mix with

the coolant channel exit flows much better than now assumed, or 3)

increase the allowable peak temperature for the hot duct above its

current very conservative limit of 1400'F.

Primary coolant temperature measurements will be made at the

entrance and exit to the steam generator and at the circulator

discharge. The need for a temperature measurement in the core

lower plenum will be evaluated during the preliminary design stage.

A program to measure flow distribution effects and uncertainties is

not proposed for the Technology Development Plan because the

consequences of the SRDCs are not affected significantly by

uncertainties in the flow model. No credit is taken for flow

during depressurized cooldown events, and the only significant flow

during the pressurized conduction cooldown event is the natural

circulation loop discussed in the response to Comment 4-29. The

path for this flow is in the coolant channels in the core, and the

uncertainty in the geom~etry for this flow path is small. Further,

a comprehensive series of tests is planned to measure the pressure

loss characteristics in the coolant channels, through the metallic

top reflector blocks, and through the lower reflector/core support

blocks.

R 4-28-2
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R 4-29

Comment: DOE will describe the potential for and the effects of laminar

helium flows under conditions of anticipated operations and the

controlling LEs. DOE should consider how these laminar flows

could alter flow distributions, cause increases in local

temperatures in fuel channels and in other temperature significant

locations in the primary system, and codld lead to laminar hot

streaks.

Response: The primary concern with lamninar flow in the MHTGR during normal

operation is that it can lead to flow stagnation or reverse flows

in coolant channels, which can then result in large fuel

temperature increases. For full power operation, coolant channel

flows are highly turbulent and this concern is not present.

However for low power operation, coolant channel flows can be in

the laminar/transition range. To ensure that flow reversal does

not occur, a minimum core flow rate will be specified as a

function of core power level (as was done for Fort St. Vrain).

The value selected will account for uncertainties in both the

analysis and core operating parameters.

For certain LBE's, in particular the pressurized conduction

cooldown event, reverse flows are expected and are considered in

the analysis. During pressurized cooldown events, a natural

circulation flow loop develops in the core, where coolant flows up

the inner coolant channels and down the outer coolant channels.

The major consequence of heating by this natural convection flow

is in the upper plenum thermal protection structure, and is

discussed in the response to comment G-8.A.
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. R 4-30

Comment: The probabilistic methodology to determine the stress-to-strength

ratio limits for replaceable graphite core components will be

documented at its present state of development. The view-graph

information [PUFFENBUR] 148 will be used to upgrade PSID

information (Table 4.2-22). In addition DOE should discuss the

safety significance of the reported ratios and the consequences of

uncertainties of the maximum fast neutron fluence on the ratios

calculated.

Response: The stresses in the graphite core components are calculated by

conventional two-dimensional finite element methods. A related

probabilistic methodology is under development to combine the

uncertainties in local stresses with the inherently random

variations in graphite strength and thermal properties. This

methodology is about 30% complete and is planned for completion

during the preliminary design phase.

In summary, an analytical survey of all the fuel and control

elements is conducted using a simplified thermal and stress

analysis method to determine the relative levels of stresses caused

by the radiation and thermal environment. A visco-elastic material

model is used. From this analysis, specific elements are chosen

for detailed stress analyses.

A time-dependent thermal analysis is conducted on the selected

elements using a finite element code. The time dependent

thermal/irradiation induced stress field is then calculated by a

finite element code (TWOD). The effects of fluence and temperature

are accounted for in the graphite thermal and mechanical

properties.

9 ~~~The spatial and time (fluence) variation in mean strength within a

fuel element is considered when comparing stress to strength at a

R 4-30-1
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particular point. Stress-to-strength ratios are calculated to

account for the spatial variation in strength. The maximum ratio

of stress to strength is a more realistic measure of the potential

for failure at a point in the fuel element than the maximum stress

alone. The calculated stress-to-strength values are compared

against criteria for exceeding fixed ratios which correlate with

probabilistic risks for operating the plant.

The allocations for acceptable probabilities of failure of core

graphite components are derived from the total plant availability

allotment necessary to meet utility/user requirements for normal

operation. The safety significance of the stress-to-strength

ratios is reflected in the values calculated for DBEs and SRDCs,

where calculated levels are within the limits defined. The DBE

and SRDC limits are established in a process similar to the one

used for normal operation except that the acceptable failure

probability for the graphite components is derived from the plant

safety requirements. The magnitude of uncertainties from maximum

fast neutron fluence have not been quantified at the conceptual

design stage.

Table 4.2-22 of the PSID and the corresponding text in Section 4.2

have been amended to include updated information presented in

view-graph [PUFFENBUR]148. In addition, Table R 4-30-1 is added

to this response to document the calculated stress-to-strength

ratios for "safety-related" design conditions, SRDC-5, 6 and 10.

R 4-30-2
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TABLE R 4-30-1

REPLACEABLE RAPHITE CORE COMPONENTS STRESS-TO-STRENGTH RATIOS FOR SRDCs

SAFE DEPRESSURIZED

SHUTDOWN CONDUCTION DEPRESSURIZED

EARTHQUAKE COOLDOWN CONDUCTION

ACCEPTABLE (SRDC-5) W/MOISTURE COOLDOWN

ELEMENT TYPE LIMIT OPERATING SHUTDOWN (SRDC-6) (SRDC-10)

Standard Fuel Element 0.80 0.49 0.80 0.49 0.44

Reserve Shutdown Fuel 0.68 0.46 0.57 0.46 0.41

Element

Standard Reflector 0.57 0.30 0.25 0.21 0.19

Element

Control Reflector 0.57 0.36 0.33 0.30 0.27

Element
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R 4-31

Comment: The significance to the MHTGR of Fort St. Vrain fuel element

cracking should be documented.

Response: The probabilistically based stress-to-strength limits under

development for the HTGR graphite core components (see R 4-30)

are established to provide the required assurance against damage

which might impede the functions of the components. The limited

cracking experienced in the two Fort St. Vrain fuel elements had

no functional consequences.

An analysis of the effects of this type was performed for the

MHTGR. The results show that the safety and operational

performance would not be impaired. The structural adequacy of the

element is assured. Further, there are no effects of cracks on

fission product transport or heat removal capabilities.
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R 4-32

Comment: At this stage of the review NRC does not intend to review the

adequacy of the ASME Code, Section III, Division 2 for the design

of core support structures. However we suggest that as part of

preliminary design a working group of nationally and

internationally known graphite and structural experts be

established that could make an independent review on these matters

and other graphite issues it may ascertain as significant.

Response: Subsection CE for graphite core support structures was prepared

between 1972 and 1984 by a Subgroup of the Joint ACI/ASME

Committee for Division 2 of Section III. The subgroup has had

broad participation, including representatives from universities,

design organizations, graphite manufacturers, research institutes,

and the NRC. Moreover, ACI, as one of the two sponsoring

societies, had a review performed by outside design and materials

engineering specialists before approving the draft of Subsection

CE. On this basis, DOE believes that the ASME Code has been

adequately reviewed.
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R 4-33

Comment: The view-graph showing the graphite posts in the block structure

at the hot duct entrance should be incorporated into Figure 4.4-4.

Response: The elevation view in Figure 4.4-4 of the PSID has been modified

appropriately to include the support posts at the entrance of the

hot duct.
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R 4-34

Comment: DOE should document the view-graph information on the fast neutron

fluence to permanent graphite components and discuss the safety

significance of these fluences and uncertainties in fluence

estimates.

Response: The permanent graphite components are designed to the rules of the

ASME code Subsection CE, Graphite Core Support (Ref. 1) which

imposes a limit on the integrated fast neutron fluence (E>0.18Mev)

over their 40 year life to less than or equal to 4x102 1

2
n/cm. The code limit is based on concerns for material

damage.. Additional lower limits are used for the MHTGR design to

keep the irradiation induced stresses at insignificant levels.

The fluence limit for the graphite core support is set at

1.5xl02 n/cm2 This limit also prevents the core support

from experiencing significant changes in mechanical properties

during its 40 year design life.

The highest fast neutron (E>0.18Mev) fluences are located on

surfaces closest to the active core and occur at the end of design

life. The expected fluence levels are the following:

End of Life

Nominal Fluence Fluence Limit

Component (n/cm2) (n/cm2)

Permanent side reflector 3 x 10 19 4 x 10 21

Core support block 4 x 10 19 1.5 x 10 20

Core support post 6 x 10 15 1.5 x 1020

The nominal fluences in the core support block and post include a

conservative factor of 20 to allow for streaming effects through

coolant passages in the bottom reflectors and core support
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structure. A factor of three is applied to the nominal figure to

accommodate the uncertainties; in the calculation. With this

factor, the maximum fast fluence is 9l1 n/cm2 in the
permanent side reflector and is below the ASME limit of 4x102 1

2
n/cm. In the core support the corresponding maximum fluence is
1.2 x 100 n/cm2 , which is less than the design limit of

1.5xl02 n/cm2

There are no safety consequences from fast neutron fluences in the

permanent graphite components.

References:

1. American Society of Mechanical Engineers (ASME). Design Requirements for

Graphite Core Supports. ASME Code, Section III, Division 2, Proposed

Subsection CE. April 1984.
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R 4-35

Comment: DOE will describe the potential for buildup of Wigner energy in

graphite components of the reactor system.

Resp~onse: The buildup of Wigner energy in graphite increases with integrated

fast dose and decreases with higher irradiation temperature (Refs.

1 through 3). For each fluence level there is a threshold

temperature such that no self-sustaining energy release can occur

from irradiation above this temperature. Considering the fast

fluence received by the graphite components in the Standard MTCR

during their in-core-life, and using the methods described in Ref.

3, this threshold temperature is less than 260'C, which is the

core coolant inlet temperature under normal operating conditions.

Since all graphite components in the reactor will operate at or

above the coolant inlet temperature, there can be no buildup of

Wigner energy in any of these components under normal operation

which could lead o a self-sustaining release.

Wigner energy release due to operation at refueling conditions at

startup temperatures below 260'C is incredible because the

accumulation of Wigner energy leading to self-sustained release in

an MTGR graphite component at temperatures below 260'C would

require multi-year irradiations at low temperatures (Ref. 4).

Such operating conditions are not considered feasible. Moreover,

a Wigner release would then occur as soon as the core temperature

was raised during a rise to power and would merely result in

additional heating of the coolant.

R 4-35-1
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References:

1. Bridge, M., and D. Mottershead. A Relation Between Irradiation

Temperature Flux Intensity and Start-Temperature for Stored Energy

Release in Irradiated Graphite. J. Nucl. Mat'ls, 20 (1966), p. 281.

2. Nettley et al. Irradiation behaviour of Graphite. J. of BNES 2 (1963),

p. 276.

3. Bell, J.C. , et al. Stored Energy in the Graphite of Power Producing

Reactors. Phil. Trans. Roy. Soc; 254.A.1042 (1962) p. 361.

4. Ashbaugh, .E. , N.G. Ostrander and H. Pearlman. Graphite Stored Energy

in the UCLA Research Reactor. Trans. ANS 52, 372 (1968).
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R 4-36

Comment: It should be noted that the design of the graphite core support

structure of the MHTGR appears to be a significant improvement

over the Fort St. Vrain core support design and the more recent

large HTGR concepts; we do not plan a detailed review of this

structure at this time. DOE should consider whether or not past

seismic analysis methods of the graphite core and support

structure for earlier HTGR concepts will be sufficient to support

detailed review in the future for the MTGR.

Response: We agree that the present design of the graphite core support

structure represents a significant improvement over earlier large

HTGR designs. In particular, the following improvements have been

made:

1. Lower vertical mechanical load per post.

2. Lower thermal stress in core support block.

3. Backup support for fuel column.

4. Improved removability.

5. Use of high-strength and high oxidation-resistant graphite.

The methodology and validation of the past seismic analysis of the

graphite core and support structure for earlier HTGR concepts are

still applicable to the MHTGR and can be used as the basis for a

review. However, due to differences in configuration the specific

results of the earlier seismic analyses are not directly

applicable.
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R 4-37

Comment: The view-graph information on [SI and surveillance of core

internals should be incorporated with appropriate discussion in

the PSID. When will DOE complete its review of ASME Code, Section

XI, Division 2 for MHTGR applicability?

Resiponse: All applicable "safety-related" components will be inspected and

surveyed in accordance with the intent of ASME Code, Section XI,

Division 2.

Specifically, the permanent side reflector (PSR), the graphite

core support structure (CSS), the metallic core support structure

(MCSS), the core lateral restraint (CLR), and the upper plenum

thermal protection structure (UPTPS) will be visually inspected

over 25% of their accessible areas four times during plant life.

The PSR, GCSS and MCSS will be subjected to a material

surveillance program in which material coupons will be removed

four times during plant life. The coupons will be tested to

determine tensile strength, fatigue strength, and impact

properties. In addition, metallurgical examination will be

conducted.

The review of the ASME Code for applicability to the MTCR is

on-going and will be completed early in preliminary design.
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R 4-38

Comment: DOE will provide a table listing the design requirements (seismic,

lE power, redundancy, etc.) for equipment listed in Sections 4.3

and 4.4.

Response: Table 4.3-1 lists the components discussed in Section 4.3 of the

PSID and indicates which are "safety-related". Those that are

"safety-related' are qualified to perform their required functions

during SRDC-5 (.3g earthquake).

The term Class E is not used in Table 4.3-1. However, the
"safety-related' electrical equipment in the table that is part of

the Safety Protection Subsystem of the Plant Protection and

Instrumentation System will satisfy IEEE 603 and its redundancy,

testability, etc. requirements including the use of

"safety-related" power sources. Redundancy requirements of the

other equipment in Table 4.3-1 are determined by the required

equipment reliability in response to normal and off-normal plant

operations, as defined by probabilistic analysis.

PSID Section 4.4'2.3 identifies the safety classification of the

Reactor Internals Components. All of the components listed except

the hot duct are "safety-related". The seismic adequacy of the

not "safety-related" hot duct is provided by its meeting or

exceeding the structural allowables in the ASME Code. There are

no redundancy requirements imposed on any reactor internals

component.
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R 4-39

Comment: Incorporate in the PSID material from viewgraphs assessing the

extent to which the intent of regulations and LWR regulatory

guides are met by the MHTGR design. In addition, the material

from the viewgraphs identifying codes and standards applicable to

the MHTGR reactor system should be incorporated.

Response: The extent to which the intent of regulations (10CFR) and LWR

regulatory guides are met by the Standard MHTGR design is given in

response to R G.3-4.

The industry codes and standards which are applicable to the

Reactor System design are tabulated for different component types.

For each component, the industrial standard selected, the reason

selected, and the status of acceptance of the standard are sum-

marized. The standards applicable to graphite components are

shown in Table R 4-39-1, for core and internals metallic compo-

nents in Table R 4-39-2, for neutron control metallic components

in Table R 4-39-3, and for core nuclear design in Table R 4-39-4.

R 4-39-1

Amendment 3



HTGR-86-.024

TABLE R 4-39-1

STANDARDS FOR REACTOR SYSTEM
GRAPHITE COMPONENTS

Industrial
Standards Reason

Component Selected Selected Status

Graphite support ASME Sec III, Developed for graphite Draft approved
and permanent Div 2, Subs CE core supports in HTGRs for trial use
side reflector based on considerable February 1984.

R&D. Require less Now in publi-
validation testing. cation.

Reactor core Design standard Fuel and reflector 30% complete.
graphite fuel being developed blocks unique to MHTGR Undergoing
and reflector for prismatic and FSV. Material peer review.
blocks blocks. Mate- standard available Will complete

rial standard FSV and generally for review by
adopted from accepted. Consider- end of FY 88.
FSV. able R&D backup.
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TABLE R 4-39-2

STANDARDS FOR CORE AND INTERNALS METALLIC COMPONENTS

Industrial
Standards Reason

Component Selected Selected Status

Metallic ASME Sec III Fully covers design Fully acceptable
core support, Div 1, Subs NG, conditions. Mini- and available
core lateral Code Case N-201-1 mizes materials and
restraint component tests.
structure

Upper plenum ASME Sec III Fully covers design Fully acceptable
thermal protec- Div 1, internal conditions. Mini- and available
structure structure mizes materials and

Code Case N-47 component tests.

Control rods FSV standards Minimizes material Fully acceptable
and reserve and component and available.
shutdown control qualification Tests identified
material testing to validate PyC

coating.

Hot duct ASME Sec III, Minimizes material ASME Code fully
Div 1, internal and component acceptable and
structures qualification available.
Code Case N-47. testing Tests identified
Standards devel- for component
oped for thermal validation.
insulation and
weld studs.
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TABLE R 4-39-3

STANDARDS FOR NEUTRON CONTROL METALLIC COMPONENTS

Industrial
Standards Reason

Component Selected Selected Status

Guide tubes and FSV data base Fully covers design ASME Code
neutron control developed by GA. conditions. Mini- materials fully
assembly Material per mizes material acceptable and
structure ASME Sec III tests. available. Tests

Div 1, Subs identified for
NF2100, 2200, component qual-
2400, 2500. ification.

Control rod FSV data base Fully covers design ASME Code
support cable developed by GA. conditions. Mini- materials fully

Material per mizes material acceptable and
ASME Sec III, tests, available. Tests
Div 1, Subs identified for
NF2100, 2200, component qual-
2400, 2500. ification.
Code Case N-47.

Control rod FSV data base Fully covers design ASME Code
drive mechanism developed mate- conditions. Mini- materials fully
and reserve rial per ASME mizes material acceptable and
shutdown control Sec III, Div 1, tests. available. Tests
equipment Subs NF2100, identified for

2200, 2400, 2500. component qual-
ification.
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TABLE R 4-39-4

STANDARDS FOR CORE NUCLEAR DESIGN(l)

Industrial
Standards Reason
Selected Title Selected Status

ANS-19.1 Nuclear data sets for Meet the intent Standard approved
reactor design of utilizing in 1975
calculations evaluated and

processed input
data

ANS-19.3 Determination of neutron Guide the Standard approved
reaction rate distribu- sequence of calc- in 1975
tions and reactivity of ulations for pre-
nuclear reactors dicting reactivity

reactivity

ANS-19.3.4 Determination of thermal Adopt the alloca- Standard approved
energy deposition rates tion and treat- in 1976
in nuclear reactors ment of particle
nuclear reactors and photos energy

transfer

(1 ANS..19.4, A Guide for Acquisition and Documentation of Reference Power

Reactor Physics Measurements for Nuclear Analysis Verification, and ANS-19.5,
Requirements for Reference Reactor Physics Measurements, have been identified
for probable applicability as the design develops.
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R 4-40

Comment: DOE stated it would have available by mid-August 1987 a full

understanding of reactivity coefficient uncertainties,

particularly in connection with the buildup of plutonium isotopes

in the later stages of the fuel cycle. This material should be

documented with the scheduled August 28, 1987, response.

Response: DOE-HTGR-87-085, "HTGR Core Nuclear Uncertainty Analyses, is

issued in fulfillment of this commitment.
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R 4-41

Comment: We have reviewed the responses to our comments on reactor physics

concerns presented in PSID Vol. 5 (as categorized under

"ineutronics" on page R 4-iii) and in DOE-HTGR-87-085, "HMHTGR Core

Nuclear Uncertainties." We find the information presented

conditionally acceptable in support of the MTGR reactor

conceptual design for use in the transient and accident analyses

at the conceptual design stage and for illustrating the

feasibility, of the MHTCR passive shutdown characteristics.

However, it is our position that this acceptability can not be

extended to more advanced stages of design without substantial

improvement of the data base. Data base improvements are needed

in recognition of modern standards of accuracy in experimental

techniques, the uniqueness of the inner reflector geometry,

scarcity of experimental work with LEU fuel, and the growth of the

plutonium fraction with burnup. In DOE's Response 4-15, DOE

"committed to validate MHTGR nuclear physics codes consistent with

NRC regulations and industrial standards relevant to the MHTGR as

the design development proceeds. This long-term commitment will

take considerable time to complete and will be developed during

preliminary design."

In view of our finding that the reactor physics data base will

need improvement, DOE agreed to the inclusion of reactor physics

in the Regulatory Technology Development Plan (RTDP). DOE will

describe what reactor physics data could become available from

cooperative programs with West Germany and Japan and whether or

not DOE believes that such programs will be sufficient in

themselves to provide the necessary improvements in the reactor

physics data base. The reactor physics plan should be described

with respect to background, objectives, approaches and acceptance

criteria as currently available and should be expanded later as

new information becomes available.
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Response: We concur with NRC's comment that the reactor physics work

performed in support of the PSID for use in transient and accident

analysis is acceptable for conceptual design purposes, and for the

licensability statement. Recognizing the unique features of the

M4HTGR physics design, additional work is now being planned to

provide improvements to the physics data base. This is a long term

ccmmittment to validate the physics codes consistent with NRC

regulations and industrial standards relevant to the MTGR for the

preliminary and final design work. The plan for this program will

be included in the Regulatory Technology Development Plan.

As part of this development plan, cooperative programs to utilize

data from the AVR experimental pebble-bed reactor facility in the

Federal Republic of Germany, and the VHTR-C graphite critical

assembly operated by the Japanese Atomic Energy Research Institute

(JAERI) are being actively pursued at this time.

The AVR is a 46-MWt high temperature gas-cooled reactor using

pebble type fuel which has been in successful operation for nearly

20 years. It is fueled with both high enriched uranium (HEU) and

low enriched (LEU) fuel of up to 20% U-235 enrichment. Proposed

experimental data to be obtained from the AVR for the MHTGR physics

validation program includes control rod worth measurements,

temperature coefficient measurements, reactor transient response,

and plutonium buildup in the fuel during irradiation.

The VHTR-C is a critical experiment assembly intended to provide

basic physics data for the Japanese Very High Temperature Reactor

program. It utilizes LEU fuel of an average enrichment of 3.3%

U-235 located in hexagonal blocks similar to those in the Fort St.

Vrain core. Proposed experimental data to be obtained for the

MH-TGR physics validation program includes criticality measurements,

temperature coefficient measurements, neutron flux distributions,

and fixed burnable poison worth measurements.
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The physics validation plan will permit us to assess the

applicability, usefulness, necessity, sufficiency, etc. of data

that could be obtained from cooperative programs with the Federal

Republic of Germany and Japan. The need, if any, for additional

experiments can then be determined. A reactor physics chapter will

then be included in the Regulatory Technology Development Plan.
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R 4-42

Comment: In studies of' conduction cooldown with and without RCCS

availability, performance results in terms of peak fuel and vessel

temperatures were seen to be highly sensitive to long term values

of decay heat. In Response 4-18 it was stated that more recent

and better qualified data were being evaluated in comparison to

the "original" PSID data. DOE will describe progress being made

in this area and indicate the degree and effects of uncertainties

in more recent data. In this description, DOE should indicate the

approaches being considered, including collection and analysis of

existing data and the plans for experimental validation for the

decay heat values.

Response: In R 4-18 it was stated: "The degree of conservatism in the

original PSID afterheat data compared to the more recent and

better quantified data is now being evaluated." The intent of

this statement in R 4-18 was that evaluations were then underway

that would determine the probable conservatisms in the peak fuel

temperatures, reactor internals temperatures and vessel

temperatures due to the use of the original PSID afterheat data

compared to more recent and better quantified data from the

updated GA afterheat data base and method.

The indicated statement in R 4-18 referred to the conduction

cooldown sensitivity studies that were subsequently completed.

The results from those studies, which quantified the conservatism

in the original PSID afterheat, were later incorporated in R 5-2.

Our statement in R 4-18 was not meant to imply that we were then

carrying out additional evaluations to further update and/or

validate the new afterheat data or were then making comparisons to

other existing data, experimental results, etc.

As noted in comment 4-42, the studies of conduction cooldown do

show that performance r sults in terms of p ak fu and vessel
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temperatures were seen to be sensitive to long-term values of

decay heat. GA believes that the newer, and lower afterheat data

are more accurate, as is discussed in response 4-18.

Due to the importance of the afterheat, a detailed review and

validation of our better quantified current afterheat data and

methods will be an important part of the overall MHTGR physics

methods validation effort to be completed during the preliminary

design. We feel confident that this review and validation of our

current method will show that method to be more accurate than the

earlier afterheat data used in the PSID which was chosen to be

conservative.- We are currently planning future improvements in

the analysis of afterheat by improved handling of the higher

actinides in the MHTGR, but this improvement is oly expected to

make minor changes to the current decay heat rates. We also plan

to collect and review any available experimental data that may be

pertinent, for example, experimental results from the AVR test

program. Therefore, at this time it appears unnecessary to plan

additional experimental validation tests.
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R 4-43

Comment: in Response 4-25 it was stated that if flux mapping detectors

should fail, plant operation could continue and that no SI was

planned for these detectors. It is our understanding that these

detectors monitor the core for long term burnup effects and assure

that undesirable fuel temperatures do not occur in the lower core

regions. Therefore, it would appear that these detectors should

be considered "important to safety" (with the intent that they be

built to quality standards, receive periodic testing and

calibration and have appropriate Technical Specification

requirements to monitor flux distributions and to assure their

availability and performance) unless DOE can show that this

function is not required or is performed by other means. The

details of the safety standards that need to be met could be

developed during preliminary design. In a like manner it would

appear the same treatment should be given the startup monitors,

discussed in Response 4-26, since they perform an operational

safety function during refueling.

Response: Flux mapping detectors are used under normal operating conditions

for fuel management purposes. They are used to monitor the

relative axial power shape and its change with burnup, refueling,

and the effect of different control rod patterns to meet economic

requirements. The detectors will also yield limited information

related to the radial power profile.

The flux mapping detector results under conditions of different

rod patterns and different burnup will be used to confirm the

nuclear predictions of the expected power shape changes or

possibly rod worth "IS" curve changes with burnup.

The MHTGR flux mapping detectors are included for economic reasons

even though they are considered experimental because of the high

core t mp ratur s involved. if th flux mapping d t ctors should
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fail, fuel management will continue to be performed using

calculation techniques as proven adequate for Peach Bottom and

Fort St. Vramn. (Ref. 1)

Flux mapping detectors are not used to assure fuel temperatures

are maintained within acceptable limits. Limitation of core

temperatures is assured by the negative temperature coefficient of

the fuel, limited core power density, annular core geometry, the

passive Reactor Cavity Cooling System, and inherent

characteristics of the core such as high conductivity and high

heat capacity which aid natural circulation, radiation, and

conduction.

Startup detectors are used to provide subcritical and low level

critical neutron flux measurement during shutdown, startup

sequences and during refueling. The measured neutron flux level

is used to derive the degree of subcriticality through the use of

l/M formulations to assure that the core is subcritical when

expected to be and to assure a monitored approach to criticality

during startups.

The startup detectors are not used to limit reactivity insertions

or to insert the Reserve Shutdown Control Material (RSCM) during

off-normal events. The startup detectors do have radionuclide

control functions for 1CFR20 personnel protection to monitor

reactivity during startup and refueling. The startup detectors

will be designed, tested, and maintained to the required level of

quality to meet their radionuclide control reliability

requirements under these conditions.

Reference:

1. Malakhof, V. FSV Fuel Element Accountability Procedure," Specification

18-R-46, Issue A, July 1979.
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R 4-44

Comment: DOE will discuss the data base referred to in General Atomic's

"Graphite Handbook" supporting the values used for thermal

conductivities in the core and reflector graphites. This

discussion should include the thermal annealing effects on the

conductivities of irradiated graphite. The data base should be

presented in sufficient detail that NRC can make a preliminary

assessment of the quality of the data base, including whether or

not additional measurements may be necessary.

Response: Two grades of graphite are used in the design of the MTGR. Grade

H-451 graphite is a near-isotropic, petroleum-coke-based,

artificial graphite used for MHTGR fuel elements and replaceable

reflector blocks. Grade 2020 graphite is a fine-grain,

isostatically molded artificial graphite used for the permanent

side reflector and the graphite core support structure. The

thermal conductivity data base for both types of graphite is

discussed below, including the effects of thermal annealing on the

conductivities of irradiated graphites.

The data base for H-451 graphite cover unirradiated and irradiated

thermal conductivities from two different lots of H-451 graphite

with irradiation temperatures from 602 to 13520C and fast neutron
fluence from 1.8 to 9.0 x 1025 n/2 E>01 Me) Th

graphite specimens were irradiated in the Oak Ridge Reactor under

the ERDA-sponsored HTGR Fuels and Core Development Program. The

measurements were made by the heat-pulse method and the thermal

diffusivity value was converted to thermal conductivity by

multiplying by the density and heat capacity. Measurements were

taken parallel and perpendicular to the grain orientation at 1000 C

intervals from room temperature to 800'C, except for the specimens

irradiated below 8000C, when the upper measurement temperature was

limited to 500'C to avoid the possibility of annealing. For

measurements at higher temperatures, the data base consists of
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measurements on two molded near-isotropic Gilsocarbon-based

graphites (H-328 and H-315-A). The thermal conductivity of

H-3l5-A graphite was measured up to 2200'C. For H-328 graphite,

thermal conductivity was measured up to 16000C. Room temperature

thermal conductivities of near-isotropic graphites irradiated by

the UKAEA and of near-isotropic pitch-coke graphites reported by

OECD DRAGON Project are also included in the data base and cover

an irradiation temperature range of 370 to 6500C. A comparison

has been made with thermal conductivity data on PGA graphite

irradiated between 250 and 650'C, and is in good agreement with

data for near-isotropic graphite. The data base supports a

theoretical moddl used in the PSID for the thermal conductivity of

irradiated graphite as a function of fast neutron fluence,

irradiation temperature and measurement temperature.

The data base for 2020 graphite includes measurements of

unirradiated thermal conductivities from eight specimens in the

axial and radial grain orientation. The measurements co r a

temperature range from room temperature to 8000 C. The effects of

irradiation temperature and low level fast neutron fluence are

accounted for by. the fractional change in thermal conductivity at

room temperature obtained for similar isotropic graphites, which

include PGA, Gilsonite-coke, and pitch-coke graphites.

The effect of thermal annealing on the thermal conductivity of

irradiated graphite has included stepwise annealing studies on

anisotropic needle coke graphite and near-isotropic H-328 and

H-315-A graphite samples which had been irradiated at 1230'C to a

fast neutron fluence of 3.3 x 1025 n/mi2 (E > 0.18 MeV). The

graphite specimens were irradiated in the General Electric Test

Reactor and the Engineering Test Reactor. Measurements were made

from room temperature up to 2600'C. Both graphites showed a sharp

recovery in thermal conductivity back to unirradiated graphite

values which suggested that annealing for H-451 and 2020 graphites

begins at 1000'C and is complete at 1300*C. This investigation
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agreed with similar work performed at UKAEA on PGA graphite which

defined an annealing temperature range of 1200-1800'C.

A development plan has been prepared to augment the existing data

base on thermal conductivity of both core and core support

graphites to cover the full range of irradiation temperature, fast

neutron fluence, and local temperature encountered during normal

operation and off-normal conditions of the MHTGR. This plan will

be revised, to include obtaining additional data on thermal

annealing effects on irradiated graphite.
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R 4-45

Comment: We have included in our review of fuel design and performance a

document referenced in the PSID, "US/FRG Accident Condition Fuel

Performance Models," HTGR-85-107, December 1985. As a result of

this review, we have the following comments and requests for

additional information pertaining to this report.

The report does deal with fuel that is significantly more advanced

and that is considered an improvement over older fuel; but notes

that "The (fuel failure) model needs further evaluation with fuels

of current design, particularly in the temperature range from

1200'C to 1800'C where the amount of relevant testing data is

limited." As to be described in more detail below and in later

comments, it is the Staff's general concern that this need for

additional testing is not adequately reflected in the RTDP.

Therefore, it is the purpose of the following questions to

identify those areas that may need additional R&D. It is not

expected that technical solutions to each of these items be

available at the conceptual design stage but rather it is expected

that a plan or commitment to obtain a technical solution can be

agreed upon.

R 4-45.A

Comment: While the range of 1l200 0 C to 1800'C is the most important

temperature range for the acceptance of the MTGR, as this covers

the temperature range which the fuel would experience during

anticipated events and accident scenarios, adequate data up to the

thermal decomposition range of about 2000'C is also needed to gain

knowledge of failure mechanisms and margins, including wet and

air-oxidizing conditions.

~, Response: The NRC comment is questioning the adequacy of the experimental

ranges for planned fuel tests. What NRC has reviewed to date is
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the initial version of the Regulatory Technology Development Plan

(RTDP). The fuels development: work scope has been revised to

include additional tests since issuance of the initial RTDP. The

present RTDP will be revised to reflect the changes in the fuels

program that have taken place.

To provide perspective prior to the issuance of the revised RTDP,

a brief summary is provided of the present fuels technology

development program pertinent to the issues raised. Technology

Development Needs (TDNs) which address the issues raised in NRC

Comment 4-45.A are TDNs 12, 15, 16, and 17. The program presently

encompasses 11 irradiation capsules to provide test data for

responding to these TDNs.

Each fuel capsule contains about 40,000 fissile particles and

100,000 fertile particles so as to provide sufficient and

meaningful statistical information on fuel having the high quality

specified for the MHTGR. The irradiation capsules utilize

separate regions so as to provide information on the affect of a

number of parameters. The temperature, the sweep gas composition,

and the sweep gas fission product content are monitored

continuously during operation. The test conditions are such that

the influence of various parameters are evaluated; parameters

include the environment (water vapor, air, helium) the level of

irradiation, the fuel production process, temperatures covering

the normal operating range, and temperatures under accident

conditions.

The overall objectives of the fuel TDNs given in Table R 4-45.A-1

are:

1. To validate the fuel performance models over the required

range of conditions, which includes both normal and design

basis conditions, and
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2. To demonstrate the required fuel performance of production fuel

for normal conditions.

The proof test exposes the production fuel to the highest normal

temperature condition, so it is an extreme test of fuel performance

for normal operation. The other tests given in Table R 4-45.A-1

will expose reference fuel produced in laboratory-scale equipment

over larger parameter ranges and will validate the required fuel

performance as a function of parameter value, e.g. , performance at

temperatures occurring during depressurization accidents. This

test schedule recognizes that "production-type" fuel will be

available later than "laboratory-type" fuel.

To give some understanding relative to the parameters and

information to be obtained in the various TDNs, specific discussion

is provided below.

TDN 12 refers to the fuel irradiation proof test. The purpose of

the test is to demonstrate that fuel fabricated using

commercial-type processes and equipment meet the performance

requirements. This fuel will be exposed to the maximum expected

fluence/burnup at the peak temperature expected during normal

operation (1250'C) . During the irradiation, sweep-gas monitoring

will provide information on fission gas release and temperature of

operation. The performance of the fuel will be based on the

fission gas released during the irradiation itself, as well as

postirradiation examinations which will determine the defective

fuel coating fraction. The overall results will be analyzed and

documented in order to provide validation/confirmation/

demonstration that previous test results from laboratory-produced

fuel applies to commercial-type fuel.

TDN 15 addresses the development of performance models for

defective particles. There is a need to update the defective

particle performance analytical models to obtain the required
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confidence levels for those models. The physical defects which

are being studied in this experiment include missing buffers,

missing or defective silicon carbide coatings, and excessive heavy

metal dispersion in the buffer layer outside the fuel kernel.

Irradiations will cover the ranges of expected burnup and fast

fluence and the temperatures of interest. For normal conditions,

test temperatures of 700 to 1250'C are utilized; for accident

conditions, temperatures range from 1200 to 1800'C. The capsules

will be monitored during irradiation for fission gas release, and

extensive postirradiation examinations will be performed. Results

are being obtained from 10 irradiation capsules with separate

regions in each capsule, permitting evaluation of all the

pertinent parameters. Two capsules at a given temperature, and

five temperatures are considered in the test matrix. The overall

results will be analyzed and documented.

TDN 16 addresses the validation of fuel performance models under

normal operating conditions. The objective is to validate fuel

performance models under normal conditions, as well as to

demonstrate the required performance for reference fuel under

normal conditions. Five test capsules are being operated at

temperatures of 700, 780, 975, 1180, and 1250'C, respectively, to

cover the normal range of temperatures in a reactor.

The operating conditions also provide upper values for fuel

burnup, fast neutron fluence, and expose fuel to various coolant

impurity levels. The test program will provide detailed

in-reactor fission gas release measurements, as well as results

from postirradiation examination including irradiated microsphere

gamma analyzer (IMGA) measurements so as to provide statistically

meaningful information for high-quality fuel. It is anticipated

the results obtained will provide validation, confirmation, and

demonstration of the required fuel performance under normal

reactor conditions.

R 4-45.A-4 Amendment 9



HTGR-86-024

TDN 17 addresses the validation of fuel performance models under

core conduction cooldown conditions. The objective of this test is

to validate the models of fuel performance under accident

conditions, which considers fuel temperatures to rise to the 1600

to 1700'C range. The tests expose fuel under normal conditions to

temperatures of 700, 780, 975, 1180, and 1250'C in five irradiation

capsules. The irradiated fuel is tested at temperatures of 1200 to

18OO'C under accident conditions. The program will determine the

total coating failures under accident conditions with different

environments; it will also determine the silicon carbide failure

fractions under accident conditions. The irradiation conditions

cover the expected range of temperatures, burnup, fast fluence, and

coolant impurity levels; detailed irradiation and postirradiation

measurements will be obtained so as to provide statistically

meaningful information for high quality fuel. It is anticipated

that the results will provide validation/confirmation/demonstration

of reference fuel performance under accident conditions.

NRC comment 4-45.A suggests that SiC decomposition tests should be

conducted to 2000-C. The present DOE MTGR Program includes tests

at 1800'C. Concern was expressed by NRC consultants that an

understanding of failure mechanisms well beyond the maximum fuel

temperature is needed to insure that fuel performance does not

"fall off a cliff" just beyond the calculated maximum temperature.

DOE is confident that the 200'C margin between the maximum

calculated temperature during an accident (1600'C) and the upper

range of planned testing (1800'C) is adequate. The Program has
already established that there is no "cliff" at 1800'C Heatup

testing up to 2500'C has been accomplished in the U.S. and the FRG

HTGR fuel development programs, on older fuel, but with SiC

coatings deposited under the same conditions as will be used for

MH-TGR fuel. Mechanisms are well understood, and there is no need

to repeat this work with fuel of MHTGR design.
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Table R 4-45.A-1

Irradiation Capsules Addressing TDNs

For Validating Fuel. Performance

Applicable Technology

Irrad. Develop~ment Need (TDN)

Irradiation Capsule Temp (C) 12 15 16 17

HRB -19 1250 X X X

HRB-20 1180 X X X

HRB-21 975 X X X

HRB-23 780 X X X

HRB-24 700 X X X

HRB-25 1250 X

HRB-26 1180 X

HRB-27 975 X

HRB-28 700 X

HRB-29 1250 X

HRB-30 700 X
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R 4-45.B

Comment: There are two basic assumptions underlying the data of Benz and

others in the report: (1) C release is a direct indicator of

SiC failure; and (2) the delay in the release of Kr after SiC

failure is due to a diffusive transport mechanism in the remaining

intact PyC layer. Both assumptions should be explained and their

significance made clear.

Response: The fundamental assumptions for fuel failure and fission product

retention utilized in the Ref. 1 report are:

(1) The SC layer provides the primary barrier for both metallic

and gaseous fission product retention, and (2) the outer

pyrocarbon layer (OPyC) provides a supplementary barrier for

gaseous fission product retention. These assumptions and models

are agreed between the US and FRG.

The OPyC allows a very slow release of gases but releases metallic

fission products, such as cesium, relatively rapidly at

temperatures of -1600'C or greater. Thus, when the SC coating

layer fails during heating due to SiC thermal decomposition at

-2200'C, the cesium release occurs very quickly but the gases are

delayed by the transport time through the remaining intact OPyG.

The transport times through these two barriers are consistent with

observations of cesium release preceding the krypton release in

heating tests. From this description the first of the two basic

assumptions follows: cesium release is a direct indicator of SiC

failure. There is considerable evidence in support of this

assumption. First, testing of particles without the OPyC present

shows simultaneous release of cesium and krypton as the SC

fails. If significant cesium were being released via diffusion

through an intact SC layer, the data should still show cesium

release followed by krypton release. Secondly, inventory

R 4-45.B-1 Amendment 9



HTGR-86-024

determinations of individual heated particles show that cesium

loss is not uniform in the particle population, as would be

expected by a diffusive release mechanism. Rather, the tests show

the complete release from those particles with failed SiC layers,

and complete retention in the remaining particles. Any potential

error in making this assumption would be caused by some of the

cesium diffusing through the intact SiC prior to structural

failure. This would mean that the definition of SiC failure errs

on the conservative side in the retention of gaseous fission

products. The validation program described in the RTDP will

actively confirm this assumption.

The second assumption questioned, that the delay in the release of

krypton after SiC failure is due to a diffusive transport

mechanism in the remaining intact PyC layer, is answered by the

time delay observed for the krypton release during tests. The

evaluation of this effect must address the mathematical treatment

of the data. A diffusive transport treatment is empirically found

to represent well the gaseous fission product releases observed

during testing, suggesting that the diffusive treatment is

appropriate for use. For the design model, the gaseous release

predictions are normalized to the observed experimental releases.

These above relations provide the basis for relating the direct

measurements of SiC degradation to the direct measurements of

fission product release.

It should also be noted that the two assumptions in NRC comment

4-45.B do not relate to the data of Benz who measured the SiC

weight loss by decomposition, or the data of Montgomery which

define penetration depths by SC corrosion under strong thermal

gradients, both utilized in the Ref. 1 report. These data sets

are independent, stand-alone measurements of the physical response

of the materials.
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References:

1. "US/FRG Accident Condition Fuel Performance Models," HTGR-85-107,
December 1985.
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R 4-45.C

Comment: All experiments cited for high-temperature failure appear to be

out-of-core simulated heating tests. It should be explained and

justified why these experiments have validity for the in-pile

situation. For example, external heating has the reverse

temperature gradient from in-pile heating, and any synergistic

effects due to radiation and overtemperature would not be present.

Also, short-lived gaseous products have long since decayed, and the

internal pressure may be significantly different from the pressure

during operation. The latter effect may be of particular

significance for the diffusion of gases.

Response: The out-of-reactor performance during simulated conduction

cooldowns will be effectively identical to that which the MTGR

fuel will exhibit during reactor conduction cooldown events. This

is so for the following reasons:

(1) With regard to intraparticle thermal gradients, -40% of the

decay heat during conduction cooldown is transferred as gammia

energy to the graphite, thereby reducing the centralization of

the heat source. At the very low power level in the reactor

core during the conduction cooldown event, there is a

negligibly small temperature gradient across the fuel

compact. The normal operation delta T from the kernel center

to the OPyC surface is about 1000 for the MTGR conditions.

During the conduction cooldown, the power level is

approximately 1% after 4hr, and only 0.5% after 100 hr (when

core temperatures peak). Thus, the thermal gradients during a

conduction cooldown are less than 0.1oG, a negligible value.

Likewise, during external heating of the particles for

simulating off-normal events, there is no thermal gradient.

Most of the tests simulating MTGR conditions are conducted at

isothermal temperatures. Since there is no heat sink inside
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the particle, other than -:he heat capacity of the material,

the fuel particle has no thermal gradient.

(2) With regard to irradiation effects during elevated temperature

conditions (e.g. , conduction cooldowns) , the reactor is shut

down and conditions are simulated well by out-of-reactor

testing. No synergistic effect due to irradiation or

radiation effects and overtemperature has been observed, even

though some fuel tested in irradiation capsules has operated

with a neutron flux at temperatures as high as 15750 C for up

to 273 days.

(3) After only a few minutes at power, the stable fission products

dominate the total gaseous fission product inventory, and

comprise >99% of the total gases present during normal

operation. Thus, the pressure during later, out-of-reactor

testing is essentially identical to that during normal

operation.
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R 4-45.D

Comment: The criteria used for experimental data acceptance, correction or

rejection should be described with respect to their ability to

detect both systematic failures and obscure failure mechanisms of

safety significance. This observation is important since fuel

integrity is claimed to levels of 10- 6 with admitted need for

further validation. It is exactly the rare occurrences that are

being sought. Furthermore, "careful consideration" is

insufficient justification for omitting the apparently

well-established pressure vessel failure model from the overall

failure algorithm. Please discuss.

Response: In the analysis supporting the Reference 1 model a special point

was made to integrate the data base and not to reject test results

simply because they did not fit into a precise model description.

Instead, the data scatter was accepted as part of the uncertainty

of the fuel failure predictions. Indeed, of the test results from

the fuel meeting modular reactor specifications, only data from

one fuel sphere was rejected. That fuel sphere was rejected

because it was subjected to an unusual procedure involving

extensive handling, whereby it was placed in a lathe and a

succession of groves were cut from the sphere outer surface. The

sphere was heated in steps at 14000, 15000, and several steps at

1600'C. After every heating step, an additional groove was cut

into the sphere in an effort to determine the amount of cesium

retained in the sphere graphite. The sphere showed fission

product release results inconsistent with the other data and was

not considered in the model derivation. The lathing operation was

suspected of damaging coated fuel particles.

Reference 1 notes that, "after careful consideration, the pressure

induced failure mechanism is omitted from the present work as

being of negligible impact." Indeed, pressure induced failure is
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rare because the particle is designed with sufficient void volume

to accomodate solid and gaseous fission products and thereby to

achieve very low failure. Pressure induced failure is never

neglected in core calculations. It is important to note that in

making core predictions presented in the PSID, none of the

identified failure mechanisms are omitted or neglected in any

calculation. For example, pressure induced failure of standard

particles and "kernel migration" are negligible contributors;

however they are always added into the sum total of calculate.

failure. Thus, while these contributions are negligible, they are

not neglected. This procedure assures that if core conditions

change, and a previously negligible mechanism increases in

significance, failure predictions include this effect.

References:

1. "US/FRG Accident Condition Fuel Performance Models," HTGR-85-107,

December 1985.
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R 4-45.E

Comment: Significant kernel migration, or a lack thereof, must be

quantified and backed by evidence.

Response: With regard to the specific question concerning quantification of

"kernel migration," the effect of this failure mechanism is always

calculated for core performance predictions and was included in

the PSID. "Kernel migration" or fuel kernel/coating interaction

is the result of a preferential mass transport of carbon from the

buffer and IPyC down a temperature gradient. To provide

conservatism, failure of the SiC is assum~ed to occur when the fuel

kernel/coating interaction proceeds to the point that the kernel

comes into contact with the SiC. For MHTGR fuel particles this

migration distance is 150 microns. However, for the MTGR core,

the maximum calculated kernel migration distance is -0.2 microns,

resulting in no failure. Experimental data on kernel migration

rates are given in Ref. 10 of Table R 4-46-1.
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R 4-45.F

Comment: Choosing a Weibull statistical distribution for "reasons of

simplicity" is not acceptable; it must be shown that it is

applicable and valid. Discuss possible means for confirming this

distribution experimentally.

Response: The utilization of an empirical equation for failure correlations

is an acceptable approach if (1) the observed data are consistent

with the assumed equation and (2) the predictions are not

extrapolated beyond the range of supporting data.

The Weibull function is used here only to eliminate the need to

numerically evaluate the integral of the compound distribution

each time a failure prediction is made.

The Weibull function has been compared to the profile of the

observed fission product release data from heatup tests. The good

agreement of the Weibull equation and the release data justify its

use. The application of the compound distribution and the Weibull

equation for failure will be further validated with data from the

tests planned in the RTDP.

The Weibull equation for the time dependence of failure results

from the utilization of a normal distribution of SiC thickness (as

measured in manufacturing QC) in conjunction with a lognormal

distribution of SiC degradation rate. The lognormal distribution

is chosen because SC degradation has been observed to have

uncertainties that are skewed to the high side of a distribution

curve. The source of these observations are the corrosion data of

Montgomery and the decomposition data of Benz. The compound

distribution of failure values derived from the combination of the

normal distribution of thickness and the lognormal distribution of

degradation were found to be approximated well with the given

modified Weibull function.
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R 4-45.G

Comment: The footnote on page 17 notes the exclusion of initial defects.

Have the initial defects been lost in the shuffle? What is the

definition of a defective particle? Is a "weak" particle a

defective particle?

Response: Initial defects have not been "lost in the shuffle." The footnote

on page 17 of Ref. 1 states that releases from initial defects are

not considered only in the case of corrosion/decomposition model

derivation. In the high quality fuel used as a basis for the model,

initial defects were not apparent in the fission product release

profiles. If they were present, they were treated as corrosion or

decomposition. In the case of early US fuel which was manufactured

to a specification for the large HTGR allowing a higher fraction of

defects, it was found that initial defects were apparent in the ramp

test profiles and were subtracted from the release results to

provide data on SiC decomposition alone. The presence of

manufacturing defects at about a one percent level was expected in

these early fuels. As noted in Section 4.2.5.2.2 of the PSID,

manufacturing defects are explicitly accounted for in the

performance predictions.

Defects of several categories are identified and specifically

controlled in the fuel manufacturing process. The allowable level

of missing buffer layers, missing SiC layers, missing OPyC layers

and missing IPyC layers are all given by the fuel product

specifications. The explicit definition of a defective particle is

the occurrence of the observed or measured missing layer as listed

above. In heating tests, defective particles are "weak" particles

that manifest their presence in several ways. For example,

bufferless particles fail earlier than a standard particle due to

excessive internal pressure, releasing both gaseous and metallic

fission products. Defective particles with missing SC layers
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exhibit an enhanced release of metallic fission products. In

heating tests, the presence of defects is observed by these early

release characteristics. Since the presence or absence of defects

in a given test sample is a statistical event, some test results

show early release corresponding to the expected level of defective

particles. Other test samples, in which the statistical event of no

defects occurred, show no failure when heated at times and

temperatures far in excess of MHTGR conditions, e.g., up to 500 hr

at 1600'C or up to 2300'C in ramp tests at heatup rates of -50'C/h

of FRG fuel.

References:

1. "US/ERG Accident Condition Fuel Performance Models," HTGR-85-107, December

1985.

R 4-45.0-2 Amnendm~ent 9



HTGR- 86-024

R 4-45.H

Comment: To the list on page 18, it should be added that Cs has been assumed

to be a representative fission product. Along with this should be

an explanation and justification as to why this is so.

Response: The reason for choosing cesium was its high mobility which enhances

the detection of failed SC. At temperatures of interest during off

normal events, its retention in the kernel and in the PyC is

relatively low but cesium retention by SiC is high unless the SiC is

failed. For these reasons, cesium is utilized to determine the

state of the SC in MTGR fuel performance tests.
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R 4-45.I

Comment: Figure 3 (a) "..l0% weight loss" is nonconservative. Do the

points confirm the curves? Are they 30 h points? Does "no

change" mean baseline? With respect to what? Extrapolating to a

delta log k of 3 and a ramp of 8000 h (one year at normal core

operation with a very slight temperature drift) will readily take

us to full failure at temperatures as low as 1000 C to 1200'C.

Please explain.

Response: In order to correlate silicon weight loss with the onset of cesium

release, the procedure in Fig. 3 of Ref. 1 was used. It was only

an intermediate step in the model derivation and does not

represent a final failure description. This intermediate step

provided the link between the laboratory measurements of weight

loss from SiC and the measurements of cesium release. The

procedure utilizes data from heating tests where irradiated

particles with missing OPyC layers were heated with a continuously

increasing temperature ramp. The absence of the OPyC coating

allows comparison to the laboratory measurements of weight loss

from bare SiC.

First in the procedure, Fig. 3 (a) is constructed making the

(nonconservative) assumption that 100% weight loss is required for

cesium release. Since no distributionslof SiC thickness or weight

loss are assumed here, all the particles would fail at the

calculated median failure time. The esulting frequency factor

for failure is given by Eq. 5 of the report. Secondly, Fig. 3(b)

is prepared as a "correction curve" from parametric calculations

to show the effect of changing the pre-exponential constant of Eq.

5 (k ) on the temperature necessary for failure to occur during

the specified ramp. Figure 3(b) is constructed for the sole

purpose of illustrating the determination of the effective 

(of Eq. 5) that is necessary to result in the temperature for
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failure that was determined n the four tests with particles
having missing OPyC. Specifically, a vertical line was drawn from
the appropriate temperature to each of the four solid circles
shown on Fig. 3(b) to represent the temperature to reach median
failure in each of the four tests. Likewise, a horizontal line
drawn to the y-axis from Each of the points in Fig. 3(b)
represents the change in the logarithm of the k 0 of Eq. 5
necessary to result in the observed failure. The average value of
delta log (k0) needed to explain the missing OPyC test results
is 1.14, corresponding to an effective k of 2. 75 x loll1 (as
given in Eq. 6). Comparing these two values yields the result
that 7% weight loss of the SC, on the average, was necessary to

result in cesium release.

The assumption of 100% weight loss necessary for failure is
utilized only in the above intermediate step and nowhere else.
The solid circles of Fig. 3(b) are not data points, but represent
the change in k 0 needed to optimize the agreement between
predicted and observed failure after 30 hours of exposure at the
indicated temperatures. The line labeled "No Change" simply
corresponds to the same temperatures for median failure as given
in Fig. 3(a) and the same pre-exponential constant as given in Eq.
5. Extrapolating to a delta log (ko ) of 3 would define an
average weight loss of 0.1% as resulting in SiC failure and gives
a nonmeaningful result.

References:

1. "US/FRG Accident Condition Fuel Performance Models," HTGR-85-107,

December 1985.
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R 4-45.J

Comment: Figure 5 - It is unclear what the experimental points confirm.

Please explain.

Response: Figure 5 is an illustration of a complex process with many variables

in one f igure. The data of Table 1 of Ref. 1 have been subdivided

into three ranges of irradiation temperature, as indicated on Fig.

5. Figure 5(a) illustrates the case of irradiation temperatures

between 6500 and 750'C. The range of the fitted expression for 

(between 6500 and 750'C) is given by the shaded band in Fig. 5(a) as

a function of fluence (the other two unshaded temperature bands

indicated by the arrow points remain only for comparison purposes).

The data points shown on Fig. 5(a) are those with irradiation

temperatures between 6500 and 750'C from Table 1 of Ref. 1. Figure

5(b) repeats the illustration but now the shaded band represents the

800' to 915'C temperature range and the data points are those with

corresponding irradiation temperatures.

References:

1. "US/FRG Accident Condition Fuel Performance Models," HTGR-85-107, December

1985.

R 4-45.J-1 Amendment 9



HTGR-86-024

R 4-45.K

Comment: The process described in 3.2.4 may "average ut" as a systematic

failure. What assures that this does not happen?

Response: Response is included in response to comment 4-45.L as a result of

clarification of the comment (Ref. 1).

References:

1. Telecon, D. Goodin (GA) to U. at (ORNL), February 25, 1988.
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R 4-45.1,

Comment: Table 2. Choosing average values appears contradictory to safety

interest. A single poor batch may dominate safety. Safety (and

licensing) may require choosing the highest value of m. Please

discuss.

Response: Because the range of interest is that of very low failure

fractions, the lowest value of m results in highest predicted

failure, and is the most conservative. The value of m in the

failure equation defines the "slope" of the failure curve. The

curves effectively "rotate" around the median failure point as m

is changed. In the failure equation utilized, a high value of m

results in a steep slope to the failure curve. In other words, a

higher value of m results in less failure when considering low

failure fractions (less than the median).

In the fitting procedure, the average value of m is found that

best represents all of the tests simultaneously. As given in the

footnotes of Table 2 of Ref. 1, this average value of m is to be

used only for predicting the best estimate of the performance of

individual heating tests. A significantly lower value of m (more

conservative) is given for predicting core performance. This

lower value of m accounts for the fact that a single very poor

batch may dominate the release. The lower value of m is derived

from summing all of the uncertainties of the underlying data of

Benz plus all of the uncertainties in the fitting procedures. In

other words, the inability to fit the data precisely at each step

of the model derivation is conservatively attributed to inherent

variations in the batch-to-batch behavior of the fuels. Since

poor batches dominate release, failure predictions for the core

are specified with a lower m value than specified to provide the

best estimate of failure for a single test. It is important to

note that this is not a treatment of defective particles; this is
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a treatment of the variability of the performance of standard

particles. The effect of deflective particles is in addition to

the variability discussed in this question.

References:

1. "Us/ERG Accident Condition Fuel Performance Models," HTGR-85-107,

December 1985.
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R 4-45.M4

Comment: Figure 12 shows insufficient range of the MHTGR. Fuel integrity

to 10- 6 is claimed. The second 12b figure (page 54) and Figure

13 show that the fuel fails to comply with the model in the range

of interest and importance to the MHTGR and is not adequate for

the MHTGR. Please explain.

Response: Figure 12 of Ref. 1 compares the observed releases in GA ramp

heating tests to the model predictions. The GA ramp tests were

scoping tests with sample sizes of approximately 200 particles

each. Since the sample sizes are relatively small, the

illustrated range is reduced. The range of the y-axis is shown

down to 0- in order to illustrate the release from defective

particles.

As noted in the comment, the fuel sample heating results shown on

page 54 of Ref. 1 do not demonstrate compliance with MTGR

requirements. The occurrence of manufacturing defects in these

early fuels up to about one percent was not unexpected, whereas

M4HTGR defect levels are controlled at a level orders of magnitude

lower. As given in the caption of the f igure shown on page 54,

the release at temperatures of less than -2100'C is due to

manufacturing defects. The release data from the specific sample

of 200 particles shown on page 54 indicates the presence of one

defective particle. This sample may be compared to the results

shown on page 53 in which no defects were present and releases

were not measured until a temperature of approximately 2200'C was

reached. As indicated in the footnote of page 17 of Ref. 1, the

purpose of the modeling effort was not to predict the occurrence

of defects but to model the performance of standard fuel. The

release from standard fuel and the release from defects are

treated separately to permit adjustment of allowed defect levels

in fuel manufacturing as necessary to achieve safety
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requirements. For a further discussion of defects, also see R

4-45.0.

References:

1. "US/FRG Accident Condition Fuel Performance Models," HTGR-85-107,

December 1985.
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R 4-46

Comment: While DOE acknowledges that more fuel performance data needs to

be obtained in the 120O'C to 1800'C range, DOE has also stated

that a very large data base supports the expectation that the SiC

layer reference fuel can perform the primary containment function

for the MHTGR. Please provide a surmary of selected existing data

in sufficient detail that the staff can assess the degree of sup-

port this data base provides. The sumnary should include:

(1) composition of the particle (kernel, coatings, matrix condi-

tions), (2) significant particle dimensions, (3) exposure condi-

tions (burnup, fast fluence, irradiation and temperature history,

(4) chemical attack conditions, (5) irradiation method (in-pile,

in-reactor), (6) method and conditions for testing exposed

individual particles and particles in compacts (out-of-pile ramp

heatup, in-pile heatup, other), (7) means for detecting failure or

survival, (8) other factors contributing to knowledge of the

failure mechanism, and (9) the source and a reference (GA, ORNL,

FRG, other).

Response: Table R 4-46-1 provides a suimmary of selected, existing heating

data of irradiated TRISO coated fuel particles in which the per-

formance of the coatings is determined by measurements of fission

product release. The fuel enrichment and composition of the ker-

nel is listed for each sample. The matrix conditions are given as

either "Particles" (unbonded particles), "Sphere" (FRG pebble-bed

fuel element), or "Compacts" (U.S. fuel compact contained in H-451

graphite body) . The particle kernel and coating dimensions are

given in terms of ranges listed in footnote h of the table. The

burnup, fast fluence, and irradiation temperature are listed. All

of the tests were conducted in dry He (i.e., nonoxidizing condi-

tions). The determination of coating performance in all of the

listed tests was by measurement of fission product release. Gas

release data are for the Kr-85 nuclide, and metal release data are

R 4-46-1
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for Cs-137. For the tests designat d "Isothermal" the heating

time listed is the time-at-temperature. For tests designated as

"Ramp"1, the heating time listed is the time to reach the specified

heating temperature from a starting point of approximately 1100'C.

All tests were conducted out-cof-reactor.

As illustrated by Table R 4-46-1, the many parameters that have a

potential for influence on fuel performance have been investigated

in heating tests. While several of the fuel types listed are no

longer under consideration for Modular reactors in the U.S. or in

the FRG, the large number of variants examined provide confidence

in the basic understanding of the coating failure mechanisms and

the materials performance properties. All of the data in Table R

4-46-1 were considered in derivation of the Ref. 1 failure model

with the exception of (a) WAR UCO, (b) ThC2 and (Th,U)C2 , and

(c) Los Alamos and JAERI data. While the WAR (weak acid resin)

UCO kernels exhibited equivalent high-temperature performance to

fuels having high-density kernels, the tests were not considered a

part of the relevant data base due to its significantly different

kernel density. The ThC2 and (Th,U)C2 fuels had consistently

thinner SiC layers than specified for MHTGR fuel. While the Los

Alamos data are certainly consistent with tests done at GA, the

limited testing with very small sample sizes are not included in

the Ref. 1 report. The JAERI data appear to be consistent with

US/FRG observations, but limited information on fuel manufacture

and testing parameters led to its exclusion from Ref. 1.

Reference: 1. "USIFRG Accident Condition Fuel Performance Module," HTGR-85-

107, December 1985.
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TABLE R 4-46-1

SUMMARY OF TRISO COATED FUEL PARTICLE PERFORMANCE DATA DERIVED FROM FISSION PRODUCT RELEASE MEASUREMENTS

Part. Irrad. Htg. Htg.

Geom. Kernel Burnup Fast Temp. Htg. Test Time Temp. No. Meas.(g)

Ref. Enrich. Code(h) Comp. Z FIMA Fluence(a) (0C) Config. Type (hr) (0C) Part. Tech.

1 HEU 1 UC2 60 6.0 1420 Particles Isothermal 1,000 1600 20 G+M.
900 1800 20 G+M
165 2000 20 G+M

1 HEU 1 UC2 61 6.1 1350 Particles Isothermal 900 1600 20 G+M
900 1800 20 G+M.
165 2000 20 G+M

1 HEU 1 UC2 23 1.2 1000 Particles Isothermal 2,800 1800 20 G+M
400 2000 20 G+M

1 HEU 2 WAR UCO 23 1.2 975 Particles Isothermal 2,800 1800 20 G+M.
400 2000 20 G+M

2 LEU 3 UC2 21.8 3.6 915 Particles Isothermal 11,650 1200 10 M
1350 10 M
1500 10 M

2 LEU 3 U02 21.5 3.5 915 Particles Isothermal 11,650 1200 10 M
1350 10 M
1500 10 M

2 LEU 3 UCO 21.7 4.5 860 Particles Isothermal 11,650 1200 10 M
1350 10 M
1500 10 M

2 LEU 3 U02(b) 25.4 5.5 915 Particles Isothermal 11,650 1200 10 M
1350 10 M
1500 10 M

2 LEU 3 U02 (c) 21.2 3.4 915 Particles Isothermal 11,650 1200 10 M
1350 10 M
1500 10 M

3 HEU 1 UC2 23 1.3 1095 Particles Ramp 8 2580 200 G+M

71 2580 200 G+M

3 HEU 1 UC2 59 5.5 1050 Particles Ramp 8 2570 42 G+M
29 2510 100 G+M
72 2550 100 G+M
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TABLE R 4-46-1 (Continued)

Part. Irrad. Htg. Htg.
Geom. Kernel Burnup Fast Temp. Htg. Test Time Temp. No. Meas.(g)

Ref. Enrich. Code(h) Comp. Z FIMA Fluence(a) (0C) Config. Type (hr) (OC) Part. Tech.

3 HEU 1 UC2 63 5.0 700 Particles Ramp 28 2470 100 G-.M

3 HEU 1 UC2 70 6.3 990 Particles Ramp 27 2600 25 G+M

3 Depleted 4 UC2 6 3.6 1135 Particles Ramp 32 2620 99 G-iM
3 -- 5 ThO2 7.1 5.0 700 Particles Ramp 8 2665 75' G+M

71 2470 75 G+M
11 2385 55 G+M
67 2430 61 G+M

3 -- 5 ThO2 8.0 5.0 700 Particles Ramp 28 2640 50 G+M
3 -- ThO2 4.1 11.5 860 Particles Ramp 28 2550 100 G+M
3 -- 5 ThO2 3.5 4.6 815 Particles Ramp 30 2535 30 G+M
3 -- 5 ThQ2 6.0 6.4 870 Particles Ramp 29 2480 30 G+M
3 LEU 3 UC2 23.6 5.3 860 Particles Ramp 29 2500 30 G+M
3 LEU 3 UCO 23.2 4.3 915 Particles Ramp 29 2530 30 G+M
3 LEU 3 U02 (c) 23.0 4.2 915 Particles Ramp 29 2480 30 G+M
3 LEU 3 U02 21.5 3.5 915 Particles Ramp 29 2550 30 G+M
3 LEU 3 UC2 23.2 5.1 860 Particles Isothermal 130 2050 30 G+M
3 LEU 3 UCO 22.3 4.7 860 Particles Isothermal 162 2050 30 G+M
3 LEU 3 U02(c) 22.8 4.0 915 Particles Isothermal 142 2050 30 G+M
3 LEU 3 U02 23.0 5.1 860 Particles Isothermal 163 2050 30 G+M
3 LEU 3 UCO 24.7 5.7 1250 Particles Ramp 31 2560 18 G+M

Isothermal 133 2200 18 G+M

3 LEU 3 UCO 25.5 6.0 1250 Particles Ramp 31 2560 18 G+M
Isothermal 68 2200 18 G+M

3 LEU 3 UCO 20.3 4.0 860 Particles Isothermal 9 2400 30 G+M

3 LEU 3 UCO 22.3 4.7 860 Particles Isothermal 9 2400 24 G+M
3 -- 6 ThC2 4.7 9.1 1160 Particles Ramp 29 2555 101 G+M
3 -- 6 ThC2 4.7 9.1 1140 Particles Ramp 25 2400 99 G+M
3 HEU 7 (ThU)C2 18.2 9.1 1245 Particles Ramp 10 2410 88 G+M

4 LEU 8 U02 8.0 0.1 1200 Sphere Isothermal 160 1600 16,400 G+M

4 EU8 U02 7.7 3.9 1200 Sphere Isothermal SQO 1600 16,400 G+M
4 LEU 8 U02 3.5 0.5 700 Sphere Isothermal 500 1600 16,400 G+M
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TABLE R 4-46-1 (Continued)

Part. Irrad. Htg. Htg. Ma.g

Geom. Kernel Burnup Fast Temp. Htg. Test Time Temp. No. Ma.g

Ref. Enrich. Code~h) Comp. Z FIMA Fluence~a) (0C) Config. Type (hr) (OC) Part. Tech.

4 LEU 8 U02 6.2 0.9 700 Sphere Isothermal 185 1700 16,400 G+M

4 LEU 8 U02 7.6 0.1 1100 Sphere Isothermal 138 1600 16,400 G+M

4 LEU 8 U02 10.2 6.0 1000 Sphere Isothermal 25 1800 16,400 G-sM

4 LEU 8 U02 5.5 0.8 700 Sphere Isothermal 90 1800 16,400 G-sM

4 LEU 8 U02 1.6 0.2 700 Sphere Isothermal 175 1800 16,400 G+M

4 LEU 8 U02 3.1 0.4 700 Sphere Isothermal 100 1900 16,400 G+M

4 LEU 8 U02 1.8 0.2 700 Sphere Isothermal 100 2000 16,400 G+M

4 LEU 8 U02 5.6 0.8 700 Sphere Isothermal 30 2100 16,400 G-iM

4 LEU 8 U02 2.2 0.3 700 Sphere Ramp 27 2400 16,400 G+M

4 LEU 8 U02 2.9 0.4 700 Sphere Ramp 27 2500 16,400 G,-M

4 HIEU 9 (Th,U)02 7.3 1.0 700 Sphere Isothermal 200 1500 10,000 G+M

4 HEU 9 (Th,U)02 7.1 1.0 700 Sphere Isothermal 140 1500 10,000 G+M

4 HEU 9 (Th,U)02 8.2 1.2 700 Sphere Isothermal 312 1600 10,000 G+M

4 HIEU 9 (Th,U)02 10.3 8.3 1100 Sphere Isothermal 1000 1600 20,000 G+M

4 HEU 9 (Th,U)02 8.6 1.2 700 Sphere Isothermal 42 1800 10,000 G+M

4 HIEU 9 (Th,U)02 11.2 1.7 700 Sphere Isothermal 30 2100 10,000 G+M

4 HIEU 9 (Th,U)02 6.8 1.0 700 Sphere Isothermal 6 2150 10,000 G+M

4 HEU 9 (Th,U)02 7.1 1.0 700 Sphere Ramp 28 2400 10,000 G+M

4 HEU 9 (Th,U)02 10.3 1.5 700 Sphere Ramp 27 2500 10,000 G+M

5 HIEU 2 WAR UCO 59.0 4.0 700 Particles Ramp 30 2500 1 G

5 HEU 1 UC2 23.0 1.2 1000 Particles Ramp 30 2500 2 G

5 lIEU 7 (Th,U)C2 18.2 9.1 1250 Particles Ramp 30 2500 31 G

6 (e) 10 u02 ~~~(d) -- -- Particles Isothermal 7 1940 (e) M

6 (e) 10 U02 ()--- Prils Iohma7200(e) M

6 (e) 10 U02 (d) --- Particles Isothermal 3 2050 (e) M

6 (e) 10 U02 (d) --- Particles Isothermal 2 2200 e) M

7 LEU 3 UCO 22.5 10.0 1190 Comnpacts(f) Ramp 30 2500 4330 G+M

7 LEU 3 UCO 22.1 9.5 985 Comipacts(f) Ramp 30 2500 4330 G+M
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TABLE R 4-46-1 (Continued)

(a)Units of 1025 m-2 , E > 29 fJ for US fuels. Units of 1025 m 2 , E > 0.1 MeV for FRG fuels.

(b )U02 particle with ZrC dispersed throughout the buffer layer.

(C)UO2 particle with a solid ZrC layer over the kernel.

(d)Cold irradiated to a fluence of approximately 1021 rn-2.

(e)Not specified.

(f)Two compacts in H-451 graphite body heated in each test.

(g)Measurement technique: G = fission gas release data, M = fission metal release data, G+M gas plus metal data.

(h)Particle geometry codes (kernel diameter and coating thicknesses in m):

1. HEU UC2: Kernel 176-233, Buffer 87-108, IPyC 28-36, SiC 29-37, OPyC 38-48.
2. WAR UCO: Kernel 340-380, Buffer 50-80, IPyC 25-45, SiC 30-40, OPyC 30-50.
3. LEU Fuels: Kernel 300-372, Buffer 66-136, IPyC 30-47, SiC 35-44, OPyC 40-50.
4. Depleted UC2: Kernel 209, Buffer Plus IPyC 75, SiC 16, OPyC 48.
5. ThO2: Kernel 397-512, Buffer 54-90, IPyC 27-36, SiC 28-38, OPyC 36-48.
6. ThC2: Kernel 374-437, Buffer 49-50, IPyC 29-35, SiC 26-27, OPyC 41-48.
7. (Th,U)C2: Kernel 180, Buffer 54, IPyC 23, SiC 28, OPyC 39.
8. FRG LEU U02: Kernel 497-500, Buffer 93-94, IPyC 38-41, OPyC 40.
9. FRG HEU (Th,U)02 : Kernel 496-500, Buffer 89-90, IPyC 37-43, OPyC 39-41.

10. JAERI U02: Kernel 600, Buffer 60, IPyC 30, SiC 25, OPyC 45.

Note: Ancillary data not encompassing fission product release measurements can be found in Ref. 8 (measurements of SiC
corrosion depths), Ref. 9 (measurements of SiC weight loss by thermal decomposition), Ref. 10 (measurements of
kernel migration distances) and Ref. 11 (measurements of SiC strength).

References:

1. Smith, C. L., SiC-Fission Product Reactions In TRISO UC2 And WAR UCxO y Fissile Fuel,' GA-A14603, November 1977.

2. Bullock, R. E., Fission-Product Release During Postirradiation Annealing f Several Types Of Coated Fuel
Particles,' GA-A17046, May 1983.

3. Goodin, D. T., 'Accident Condition Performance Of High-Temperature Gas-Cooled Reactor Fuels," GA-A16508, October
1983.
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TABLE R 4-46 (Continued)

4. Schenk, W., Pitzer, D., and H. Nabielek, "Spaltproduktfreisetzungsverlauf von Kugeibrennelementen bei

Stoerfalltemperaturen", KFA Document Juel-2091, October 1986.

5. Lunsford, J. L., R. J. Imprescia, A. L. Bowman, and C. E. Radosevich, Experimental And Statistical Investigation

Of Thermally Induced Failure In Reactor Fuel Particles," Los Alamos Document NUREG/CR-1787, LA-8547-MS, Undated.

6 . Kurata, Y., K. Ikawa, and K. Iwamoto, "Fission Product Release From TRISO-Coated U 2 Particles At 19400 To 23200C,

J. Nucl. Mat., 98, 107 (1981).

7. Goodin, D. T., H. Nabielek, and W. Schenk, "Accident Condition Testing Of US/FRG High-Temperature Gas-Cooled

Reactor Fuels," GA-A17820 and Jel-Spez-286, January 1985.

8. Stansfield, 0. ., F. . Homan, W. A. Simon, and R. F. Turner, "Interaction of Fission Products And SiC In TRISO

Fuel Particles: A Limiting HTGR Design Parameter," GA-A17183, September 1983.

9. Benz, R., "Kinetics Of Decomposition Of CVD SiC In Modified TRISO-Coated Fuel Particles At Temperatures Of 16000

To 22000C, KFA Document IRW-TN-124/82, October 1982.

10. Stansfield, 0. M., C. B. Scott, and J. Chin, "Kernel Migration In Coated Carbide Fuel Particles," Nucl. Tech., 25,

517 (1975).

11. Bongartz, K., E. Gyarmati, H. Schuster, and K. Tauber, "The Brittle Ring Test: A Method For Measuring Strength

And Young's Modulus On Coatings Of HTR Fuel Particles," . Nucl. Mat., 62, 123 (1976).
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R 4-47

Comment: Provide a discussion that explicitly relates to the data base

presented in Comment 46 to the expectation that the planned fuel

particle design and corresponding research program will

successfully result in the reference fuel meeting its design goals

which the staff judges will be more rigorous than for older fuel.

Include in this discussion consideration that the only data

apparent to the staff supporting the failure of the SiC barrier by

a mechanism of fission product corrosion (the principle failure

mode thought to be appropriate for MHTGR fuel) appears to have

been obtained with UC 2 fuel in thermal gradients of the type not

likely to be encountered in the MTGR.

Response: When considering the data summarized in Table R 4-46-1, it is

important to note that the rate constants of the Ref. 1 model are

primarily dependent upon tests that were conducted under

conditions more severe than expected in the HTGR during Licensing

Basis Events. For example, the RG tests of spheres containing

particles consistant with MTGR requirements were subjected to

irradiation exposures up to the MHTGR design conditions. These

particles were heated out of pile at 600'C for time periods up to

100h and no failures were observed. These tests included five

spheres each containing approximately 16,400 fissile particles.

The statistical statement (using binomial statistics) associated

with this observation is: the predicted particle failure has a

50% probability of being less than 8 x 106 and a 95%

probability of being less than 4 x 0-5. Regardless of model

predictions and studies of failure mechanisms, this empirical

statistical statement is a powerful indicator of the performance

potential of the TRISO coated particle. The excellent fission gas

retention under ramp heating conditions is shown in Figure R

4-47-1. The temperature conditions were characteristic of the

MHTGR during LBEs having the highest temperatures as shown in

Figure R 4-47-2. With approximately 16,400 particles per sphere,
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the release from only one particle would be 6 x 10-5. These data

demonstrate the performance capability of standard TRISO particles

when initial defect levels are adequately controlled.

In summary, the understanding of coated fuel performance

characteristics gathered within the wide range of irradiated fuel

testing, as listed in Table R 4-46-1, plus the direct empirical

demonstration of adequate performance in the FSV and the FRG

program provide high confidence that the MHTGR fuel design will

meet the predicted performance requirements. Furthermore, the U.S.

technology development program as described in the RTDP (and

updated in the response to question 4-45.A) includes an irradiation

and accident simulation program, conducted with MHTGR-quality fuel,

that will provide confirmatory data which is in excess of the

present-day data base and will assure that the fuel performance

requirements are met.

With regard to the specific question concerning the database for

SiC corrosion, the direct data on SiC penetration by fission

product corrosion has been obtained under elevated temperature

conditions and in the presence of severe thermal gradients which

exceed those found in the MTGR during off-normal events and all

LBEs. The purpose of this type of testing was to concentrate the

fission products and accelerate the corrosion so that the mechanism

and the kinetics (temperature dependence) could be studied. While

the temperature dependence provided by these thermal gradient tests

is used in the Ref. 1 model, the absolute value of the corrosion

rate is determined by normalization to the observed fission product

release. Thus, the final criteria in predicting fuel performance

is the observation of fission product release.

Reference:

1. "US/ERG Accident Condition Fuel Performance Models," HTGR-85-107, December

1985.
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R 4-48

Comment: Provide a summary type identification of the main issues in the

fuel particle failure and performance model to be resolved by

future testing and describe the relative importance of these

issues to the MHTGR design requirements. Identify the specific

TDNs in the RDTP that will address these issues. For each TDN

identified, discuss how questions of statistical adequacy, labora-

tory quality assurance, changes of fuel composition with burnup,

external chemical attack, and manufacturing consistency will be

approached. We anticipate that the RDTP will be revised before a

later review stage to provide this information in detail. This

response should be coordinated with Comments 4-49, 4-50, 4-51,

4-52, and 4-53.

Response: The main issues in fuel performance models have been discussed in

the general overview of the pertinent fuels technology development

program given in the response to Comment 4-45.A. In brief, th

main issues are:

1. Development/confirmation of performance models for defective

particles (TDN 15).

2. Validation of fuel performance models under normal conditions

(TDN 16).

3. Validation of fuel performance models under accident condi-

tions (TDN 17).

4. Fuel irradiation proof test (TDN 12) to validate the per-

formance of reference fuel made in commercial-type processes

an equipment.

R 4-48-1
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In the RTDP the importance of new data to satisfy these four TDNs

was rated high for TDNs 12, 16, and 17 and medium for TDN 15.

With regard to statistical adequacy, quality assurance, fuel com-

position with burnup, external chemical attack, and manufacturing

consistency, the response applies generally to all of the above

TDNs; that response is given below.

Statistical Adequacy of the Fuel Testing Program

Coupling of the statistics of fuel manufacturing with the statis-

tics of fuel performance is accomplished as outlined below:

1. The fuel manufacturing QA program is designed to measure fuel

quality to insure that fuel released for testing is well

characterized. The fuel product specification is defined in

terms of 50% and 95% confidence levels for important physical

parameters, such as kernel diameter, kernel density, coating

density, coating dimensions, etc. Normally, only fuel

meeting the product specification is tested. Defective fuel

will also be tested to measure the performance of such

particles.

2. Performance of fuel tested in irradiation capsules is mea-

sured, both during irradiation (fission gas RB) and during
postirradiation examination (measurement of metallic fission

product inventories with IMGA). Sufficiently large numbers

of particles are examined (40,000 fissile particles and

100,000 fertile particles per capsule) to provide excellent

statistics on performance. Confidence levels are determined

for performance of standard and "weak" particles during the

irradiation tests.
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3. Performance data from irradiation experiments are used to

update (and in some cases, extend) the fuel performance

models, which predict how standard" and weak" fuel parti-

cles will perform in service. Statistical statements of 50%

and 95% confidence levels can be derived from the irradiation

test data to define the level of risk associated with irradi-

ation of standard fuel under MHTGR operating conditions.

Quality Assurance of the Fuel Testing Progra

The ORNL QA Program is based on the ANSI/ASME NA-1 requirements.

DOE has accepted the ORNL QA program as being responsive to NQA-1

requirements, and also to DOE order 5700.6. NRC accepts ANSI/ASME

NQA-1 requirements as meeting the intent of 10CFR50 Appendix B.

The ORNL MHTGR program is carrying out the required QA in accor-

dance with the above through divisional QA programs. Further,

program audits are carried out periodically to assure of meeting

program QA requirements. The above is considered adequate to meet

the intent of 1CFR50 Appendix B.

Quality Assurance of Fuel Production

Previous work performed by DOE contractors on the HTGR fuel devel-

opment program have followed the procedures outlined by 1CFR50

Appendix B. This includes documentation of experimental plans,

calibration of measurement equipment, documentation of experimen-

tal results, and independent review of results. Similarly, all

of the future fuel development and production work will be con-

ducted in accordance with Quality Assurance requirements of

10CFR50 Appendix B.

R 4-48-3
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Manufacturing Consistency

It is important that the quality of MHTGR fuel remain within

product specification limits and be of consistent quality in order

to meet requirements for radionuclide retention. In completion of

MHTGR process development, the consistency of fuel quality will be

measured by making 10 or more sequential product batches of ker-

nels, coating, and fuel compacts under unvarying production condi-

tions using the reference MHTGR process. The results of that work

will be analyzed to determine the statistical parameters expected

for MHTGR fuel quality and consistency. As part of the process

development, the procedures will be established and documented for

assuring a consistent product during long-term production of MHTGR

quality fuel.

Test Conditions

The test conditions for characterizing fuel performance and vali-

dation of models simulates normal (TDN 6-15 and 6-16) and accident

service conditions (TDN 6-17). Conditions more severe than antic-

ipated are used when compromise is required in design of experi-

ments. The proof test (TDN 6-12) is to be conducted under the

most severe anticipated normal conditions. The conditions to be

simulated in the test program are summarized in Table R 4-48-1.'

Kernel Composition

The composition of the fertile kernel does not change signifi-

cantly during exposure because the burnup is limited to a rela-

tively low value of 4% FIMA. At that burnup the relative amounts

of kernel constituents is as follows:

ThO2 93%

U02 (bred from Th during irradiation) 3Z

Fission Product Elements and Oxides 4%

R 4-48-4
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In the fissile particle the composition is subject to more change

than in the fertile particle as the burnup proceeds. At the maxi-

mum burnup of 26%, the U 2 in the original UCO kernel is depleted

and the relative amounts of remaining fissile kernel constituents

are as follows:

* U02 70%

PuO2 (bred from U-238 during irradiation) 2%

Fission Product Elements, Carbides, and Oxides 28%

For both the fertile and fissile particles, irradiated samples

with heavy-metal burnup exceeding the maximum MHTGR burnup have

been tested under normal and accident conditions and the perform-

ance characterized. The results from these tests demonstrate that

for both fertile and fissile particles, the fission product palla-

dium is the primary reactant in the SiC-fission product reaction

mechanism for coating failure and the rate of reaction is not

strongly burnup or kernel composition dependent. This latter

observation results from the fact that palladium does not form

stable oxides such as formed by other fission products which are

rendered immobile by oxide formation. The element, Pd, is rela-

tively mobile at operating temperatures and transport to the SiC

is rapid. In addition, the attack of the SC is highly localized.

Consequently, relatively small amounts of fission product at low

burnup can result in attack of SiC if temperature and time condi-

tions are severe enough. The models for predicting SiC failur

as a function of time and temperature are based on the empirical

evidence from a broad range of samples. These models will be

validated under both normal (TDN 6-16) and accident (TDN 6-17)

conditions.
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External Chemical Attack

In the event of air or moisture ingress into the MHTGR, the oxi-

dants will selectively react with the moderator graphite or fuel

compact matrix so that attack of the particle is precluded and

therefore not predicted. The technology development program will

provide validation of the predicted performance under oxidizing

conditions as part of the effort in fulfillment of TDN 6-17. This

work is discussed further in R 4-45.A.

The RTDP is a living document and will be revised as design

progresses and results of the technology program warrant. The

revised RTDP will be available to NRC for use in future reviews.
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TABLE R 4-48-1
RELEVANT SERVICE CONDITIONS FOR CORE RELEASE TESTS

Normal Operation

Environment Helium

Fuel operating temperature range 7000 to 12500C

Maximum particle burnup

Fissile 26% FIMA

Fertile 4% FIMA

Graphite operating temperature 3000 to 11000C

Maximum fast fluence (E > 29 fJ) 5 x 1025 n/in2

Ambient pressure 1 atm

Primary coolant temperature range 3000 to 7000C

"Design"' coolant impurity levels 126 /satm H20
(normal operation) 315 ,uatm CO

126 /Aatm C 2

Total oxidants 630 /Satm
630 /atm H2

Wet Shutdown Conditions

(fission gas release only)

Environment He/H20

Fuel temperature range 1000 to 3000C

Ambient pressure 1 atm

Range of coolant impurity levels (0.01 to 1.0] atm H20

(0.01]*atm CO
[0.97] atm H2

Core Conduction Cooldown Conditions

Environment He; He/CO/H2; He/CO/N2

Fuel temperature range

Pressurized 9000 to 12000C

Depressurized 12000 to 18000C

Graphite temperature range [TBD]0 to 18000C

Ambient pressure 1 atm

Range of coolant impurity levels [0.01 to 1.0] atm H20

(pressurized cooldown) (0 to 1.0] atm CO
(0 to 1.0] atm H2

Range of coolant impurity levels [0, 0.35) atm CO

(depressurized cooldown) [0, 0.65] atm N2

*[]indicate preliminary values.
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R 4-49

Comment: With respect to fuel statistical performance on the basis of

laboratory testing, the achievement of the statistically low

failure probabilities at a satisfactory confidence level and the

multitude of affecting parameters require a rigorous research and

development program that complies with a systematic statistical

approach commensurate with the number of parameters and the

required accuracy. This is necessary for the staff to accept the

fuel quality level proposed. This concern was noted previously in

NUJREG-0111. More specifically, please discuss the following two

areas in which statistical information on the production fuel

performance, to be supported by laboratory testing, will be

needed.

R 4-49.1

Comment: The statistical validity of experimental evidence is a well

established branch of statistics. The RTDP does not currently

explain how quality assurance in accordance with 10 CFR 50

Appendix B is to be achieved. The quality assurance plan should

be made a part of a revised RTDP plan.

Response: We agree there is a need for a systematic statistical approach

commensurate with the number of parameters and the required

accuracy. The present technology program is carrying out the

required statistical analyses and experiments as discussed under

the response to NRC comment 4-45.A and 4-48. The number of

experiments were developed based on factorial design with the test

matrix reflecting present information.

The MTGR program will provide a separate document detailing the

QA plans that have been implemented for the RTDP efforts including

those for fuel fabrication and fuel performance testing.
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R 4-49.2

Comment: The means for achieving 95 percent and 50 percent confidence

levels needs to be confirmed. The associated probability

distribution should be established and verified. An analysis

needs to be presented that will show that the 5 percent and 50

percent levels of "non-confidence" do not result in exceeding the

stated performance requirements. This needs to be done in such a

manner that it will satisfy the intent of the SRP, 4.2.1(c).

Response: Well established statistical procedures will be used to achieve

95% and 50% confidence in the fuel quality and fuel performance.

The MTGR fuel is ideally suited for such an approach because of

the vast numbers of particles which are produced and tested.

The fuel partical is either intact, defective, or failed and these

are not continuously variable properties. Because these

properties are non-variable, the binomial distribution can be used

to statistically describe the population. Since there are

extremely low populations of failed or defective particles, as

shown in Figure R 4-49.2-1, the binomial distribution can be

approximated by a Poisson distribution with sufficient accuracy.

Since the actual failed or defective fraction is determined at two

different probability levels, the probability of finding any other

failed or defect fraction can be determined analytically. The 50%

and 95% confidence statements on fuel failure or defect fraction

serve as indices to establish the complete probability

distribution for the attribute of interest. The entire

distribution of probabilities is used in probabilistic core

performance analysis and not just the 50% and 95% confidence index

values. In this manner, the probability that failures or defects

will be present at levels higher or lower than at the 50% and 95%

confidence level is accounted for and predicted in the design.
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The reference to a need to satisfy the intent of Standard Review
Plan 4.2., Section (c) is aclcnowledged. Although the review plan
is directed at LR technology the intent of the plan will be met
by the MHTGR program.
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R 4-50

Comment: With respect to the effects of fuel composition on performance,

the significant failure mode of the silicon carbide layer at

around 1600'C is stated to be caused by internal chemical

corrosion. Consequently, the fuel failure model and experimental

data should include fuel composition as an explicit parameter and

consider the effect of these changes over the irradiation

lifetime. Most of the data available relate to highly enriched

fuel while the MHTGR utilizes a fuel of 19.9 percent enrichment,

which results in the fuel eventually containing significant

quantities of plutonium. The RTDP states that the various fuel

parameters are to be covered, but implies that "representative

sample" testing will suffice for the overall proof. We do not

believe such an approach can be justified as there is a need to

cover, in a statistically valid way, the entire range of

parameters and their combination. We would expect that a matrix

of these validations would be planned and executed. Please

discuss.

Response: Tests have shown that thermal decomposition of SC is the dominant

failure mechanism under Licensing Basis Event conditions and the

chemical composition of the kernel is unimportant. The chemical

composition of the kernel material, and its potential affect on

the thermal performance of the TRISO coated particle, has been

actively investigated as an integral part of the testing programs

both in the US and in the RG. As illustrated by the data base

given in Table R 4-46-1, a wide variety of kernel variants have

been examined.

With regard to the pressure induced failure, the effect of the

kernel composition on pressure buildup is explicitly accounted

for. There are separate correlations for the rate of "kernel

migration" as a function of kernel composition.
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In the studies of SC corrosion kinetics under thermal gradient

conditions, the effect of kernel composition was explicitly sought

but was not observed. A discussion on "kernel migration" can be

found in R 4-45.E. The final failure model is normalized to

observed fission product release and the frequency factor for

carbide fuel was found to be approximately the same as for oxide

fuel (Ref. 1).

The effect of an LEU versus HEU kernel results in a different

spectrum of fission products which could result in different fuel

performance characteristics. The difference in fission product

spectrum between LEU and HEU fuel stems from the fraction of

fissions in Pu bred from U-238 in LEU fuel. Irradiation of PuO 2
kernels in the Peach Bottom HTGR showed that plutonium stays in

the kernel and does not migrate to the coatings. Previous

irradiations of LEU have shown that fission of plutonium generates

more palladium and silver than fission of U-235. This is

accounted for in the particle design, the performance models, and

in the reactor design. We do not expect the use of LEU fuels will

lead to excessive chemical attack of coatings based on previous

experimental evidence and present fuel performance models.

Testing of both HEU and LEU, US/FRG fuel under a variety of

irradiation and postirradiation heating conditions has revealed no

performance differences. Indeed, the majority of the FRG data

under conditions representative of the M4HTGR is from testing of

LEU fuel and these fuels demonstrate performance capability

exceeding requirements. The US fuel performance validation effort

as described in the RTDP will rely entirely on LEU fuel.

The program for model validation described in the RTDP, and in the

response to question 4-45.A, does not include a matrix with

variety of kernel compositions or enrichments. The wide variety

of these parameters already tested (Table R 4-46-1) give high and

sufficient confidence that no unexpected performance deterioration

would occur.
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The program will focus on testing of fuels with the kernel

composition, enrichment, burnup, fluence and manufacturing defect

levels representative of that to be utilized in the MHTGR.

Testing of such representative samples, in conjunction with the

understanding of fuel performance acquired from prior testing of

fuels with a wide variety of characteristics, will confirm the

expected performance of the fuel for the MHTGR.

Reference:

1. "US/ERG Accident Condition Fuel Performance Models," HTGR-85-107,

December 1985.
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R 4-51

Comment: The lists of "service conditions" in the RTDP with respect to the

effects, or lack thereof, of chemicals to which the fuel may be

externally exposed need to be fully identified and consistent with

safety and analysis parameters. The chemicals to be considered

must include, at least, water vapor, oxygen, and nitrogen, and the

potential for synergistic effects from trace chemicals and

radiation. In consideration of long term normal exposure, the

ranges of impurities which are either necessary or which must be

avoided should be defined. The planned experiments should

consider the full range of exposures to chemical attack as can be

derived from long term normal operation, including As, followed

by the appropriate bounding events described in our letter of

November 10, 1987.

Response: The ranges of service conditions with respect to coolant

impurities are given in Table R 4-48-1. These service condition

parameters are consistent with the analysis presented in the PSID

of normal operating and Licensing Basis Event conditions for the

MH-TGR.

The testing program will encompass full fuel exposure and

irradiation levels, the complete fuel temperature range, the

pertinent environments (including inert gas, steam, and air

environments), and higher-than-normal temperature gradients. As a

result, the actual reactor conditions, but with accelerated

irradiation, are simulated including the effects of environment on

fuel performance and the effects of accident conditions. Previous

tests have shown that an accelerated irradiation environment is a

more extreme test of fuel performance than if the fuel were

exposed to M4HTGR conditions. Also, irradiation of capsules

HRB-17/18 have been completed providing information relative to

hydrolysis effects and the basis for an updated fuel-hydrolysis
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model. Irradiation of capsulE. HFR-Bl is presently underway and is
giving additional information on chemical effects of steam on

coated particle fuels.
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R 4-52

Comment: With respect to achieving extremely low defects (6 x 10-5) in

production fuel, statistical quality control and quality assurance

plans for fuel manufacturing, including acceptance criteria, need

to be developed to ensure that manufactured fuel is of the speci-

fied quality and will perform as predicted. In particular, the

quality control program must contain a fuel particle and fuel

compact sampling scheme and inspection technique that reflects the

allowable defect rate, which is about 20 times less than for Fort

St. Vramn (FSV). The verification of such a plan is expected to

require empirical confirmation. We believe the development of an

acceptable plan is of such significance to MHTGR safety that the

development and demonstration of the plan should be included in

the RTDP. Please discuss.

Response: The quality control and quality assurance plans for fuel manufac-

turing, including measurement techniques, accuracy determination,

calibration, and acceptance criteria will be further develop d

from the corresponding techniques for FSV to ensure that the

MHTGR fuel meets all product specifications and will perform as

predicted.

The sampling scheme, including sample size determination will be

fully established. When the process development effort is com-

pleted, the average quality and variability will be accurately

known. Until the process development is completed, the variabili-

ty experienced with FSV fuel production and the target quality

goals will be used to establish an interim sampling plan and sam-

ple size determination. Because the defect level for the MHTGR is

20 times less than typical FSV quality, and the variability in FSV

quality is higher than expected for MHTGR fuel, the interim sample

R 4-52-1
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size determination will be correspondingly conservatively larger

than finally required.

Confidence in MHTGR fuel quality assurance is high because of the

following factors:

Two decades of HTGR fuel quality assurance experience are

available from the manufacture of the FSV fuel. In-pile

performance of FSV fuel has been consistent with properties

measured by quality control procedures during manufacture.

Advanced quality control techniques with improved precision

are being developed for MHTGR fuel as part of the US/DOE

MHTGR Technology Program.

The large number of MHTGR fuel particles for each reactor

make it possible to carry out a statistically powerful sampl-

ing and testing program to ensure that fuel accepted for

service meets specifications.

Some perspective on the vast numbers of fuel particles tested

routinely during production and expected fuel performance are

provided in the following paragraphs.

QUALITY ASSURANCE DEMONSTRATION IN FSV

Most of the quality assurance techniques used to characterize the

FSV TRISO fuel will be used in MHTGR fuel manufacture. Although

the allowable contamination level and particle defect level is

higher in FSV than in the MHTGR, the observed performance of the

fuel provides a demonstration of how well the FSV fuel quality

assurance worked and provides confidence that the MHTGR fuel qual-

ity assurance will similarly assure high quality fuel.
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The fission gas release rate since start up of FSV has been con-

sistent with prediction that the release is primarily from th

initial heavy metal contamination. The circulating activity is

continuously monitored and the level of failure is well below

early predictions.

MHTGR QUALITY ASSURANCE

Coated Particle

In the MHTGR core there will be 9 x 09 UCO TRISO and 2.5 x 09

ThO2 particles. These will be produced in coating batches of

about 20 million particles of either UCO or ThO2 kernels. The

fluidized bed coating process causes the particles to circulate

through the bed hundreds of times during the coating process so

that the properties within the particle and from particle to par-

ticle are very uniform.

After coating, the individual batches of UCO or Th02 particles

will be blended to make up homogenous composites of over 400 mil-

lion particles. Based on FSV experience, a statistically valid

sampling program is used whereby random samples are taken from the

blend to characterize the particles to ensure that they conform

with specified limits on properties and defect levels. For exam-

ple, if 5 x 0-5 fraction of particles are found to have a missing

buffer layer the batch will be rejected because the defect level

exceeds the specification. In practice the rejection level may

be set even lower than the specified level of 5 x 0-5 fraction

defects to avoid the investment of further effort in fuel which

has a high probability of rejection at some later stage.

Because of the small size and spherical geometry of the coated

particle it is possible to obtain very uniform blends using qual-

ity assurance testing techniques developed over the last three

R 4-52-3

Amendment 10



HTGR-86-024

decades. Therefore, the sample obtained is a statistically valid

representation of the coating batches used to make fuel compacts.

Fuel Compacts

Fuel compacts are made by injecting a molten pitch and graphite

flour mixture over the particles held in a mold. The number of

particles in each compact are adjusted to meet the needs for power

shaping in the nuclear design. An average compact will contain

about 4500 UCO and 1200 ThO2 particles.

As they are produced, the fuel compacts will accumulate into lots

each containing about 230 million particles (40,000 compacts).

Each lot will be subjected to a statistically valid quality assur-

ance plan whereby samples are randomly sampled and tested to

determine if the compacts meet specified requirements. Because of

the high quality standards of the MHTGR fuel, the allowable defect

fraction is very low and large samples of compacts are taken to

ensure that if defects are present they will be detected. For

example, to ensure that only fuel meeting specifications will be

accepted, quality control methods in place and under development

will have the ability to detect as little as one defective parti-

cle in 200,000 (5 x 10-6 fraction).

Fuel Element

There will be 660 fuel elements in the core and each one will con-

tain about 14 million UCO and 4 million ThO2 particles. There-

fore, about 12 fuel elements can be loaded with the compacts from

a single lot. Since the loading operation does not change the

fuel, the properties determined for each compact lot can then be

assigned to the fuel element containing the compacts from that

lot.
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FUEL PERFORMANCE

Sudden failure of all particles at one time is not possibl

Rather, the weakest of the defective particles will fail in a

predictable manner when exposed to severe conditions and th

fraction of failure would increase slowly.

By continuously monitoring the circulating activity in the MHTGR,

it will be possible to detect the onset of particle failure and

the rate of increase in failure. Plant technical specification

limits would be set well below significant fuel failure levels.

Exceeding the technical specification levels would result in shut-

down of the reactor. This feature of MHTGR fuel coupled with the

extensive quality assurance used to characterize fresh fuel

assures predictable and safe performance.

The quality assurance/quality control plan will be a separate

document from the RTDP. Any technology development requirements

necessary to implement and assure compliance with the quality

assurance plan will be incorporated into the RTDP. In addition,

the quality assurance section of the RTDP will be expanded to

describe in more detail how OCFR50 Appendix B requirements will

be met.
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R 4-53

Comment: We consider "weak" fuel particles as those particles that do not

fail like particles with cracked SC layers under normal operation

(which gives evidence of the amount of defective fuel), but would

fail unexpectedly during postulated transient conditions. For

this reason, the particle failure model and the manufacturing

specifications need to be developed to account for particle

weaknesses and that the accompanying quality assurance program

should be capable of their detection with the same reliability as

for fully defective particles. Please discuss.

Response: The question is directed to the small, controlled fraction of the

standard particles that may be called "weak" since they are on the

"tails" of the statistical distributions of coating thickness,

strength, etc. The fuel performance models account for these

statistical distribution "tails" in a quantitative manner. The

coated fuel particle has been designed to account for both the

median value and distribution of SiC strength, buffer thickness,

kernel diameter, and SiC thickness. Since each parameter has been

specified within a given confidence band, there is a combined

statistical probability of standard particles falling outside the

band in the "tails" of the distribution.

The quantitative accounting of the tails of the distributions also

extends to the corrosion and decomposition model described in Ref.

1. Specifically, the derived expression for failure accounts for

those particles that are more susceptible than others to failure

by corrosion and/or decomposition by fitting of the Weibull

parameter of the failure equation. The failure description

extends to the possibility that a particle that has a higher than

median corrosion rate will be one whose SiC thickness also happens

to be unusually thin.
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Reference:

1. "US/FRG Accident Condition Fuel Performance Models," HTGR-85-107,

December 1985.
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R 4-54

Comment: Much of the present data is separate effects and in vitro. The

correlation to in situ fuel must be firmly established, again

considering the low probabilities and high accuracies required.

The RTDP recognizes the need for integrated proof testing to

indicate any weakening of fuel integrity by long-term exposures at

normal operating conditions but would not perform this with full

scale fuel elements. Discuss how the planned testing program will

provide an equivalent level of overall confidence that would be

derived from full scale testing.

Response: Proof testing in well controlled capsules is required so that

temperature, power, and fission gas release can be monitored

continuously to compare with model predictions. Also, it is

necessary to reach full exposure in a timely manner. The

accelerated irradiation testing for the final proof test of HTGR

fuel was utilized for the FSV HTGR and the same approach will be

used for the MHTGR. The F-30 capsule irradiated in GETR provided

an early indication that FSV fuel would perform well. The FSV

core performance experience has been consistent with the proof

test capsule results.

The irradiation proof test of MTGR fuel will be carefully planned

and carried out in compliance with 1FR50, Appendix B

requirements for design review, calibration, supervision, final

analysis, and documentation.

Under these conditions, a parallel test program with MHTGR fuel in

the FSV HTGR is not needed and is not planned.
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R 4-55

Comment: Cracks in Fort St. Vrain fuel blocks due to unanticipated thermal

stress were judged by the staff to be acceptable for that reactor

because the cracks were seen as not affecting the safety

performance. Although calculations of stress-to-strength limits

have been made for the MTGR fuel, which would indicate a margin

against cracking, the PSID states the fuel design is not intended

to preclude limited cracking. The staff has deferred judgement on

the acceptability of fuel block cracking in the M4HTGR pending

further experience with Fort St. Vrain. Please discuss your views

on this matter.

Response: Two adjacent H-327 fuel elements in a column from core segment 2

in the FSV reactor were found to have hairline cracks. The crack

extended vertically the full height of both elements and
horizontally from the mid-side of a face at the region periphery

to the first coolant hole.

It was concluded after extensive analysis that despite the

observed cracking, the structural integrity of the fuel elements

will be maintained throughout the design life, maintaining the

coolable geometry of the core and allowing control material

insertion. Thus, there is no operating, refueling, or safety

problem resulting from the observed cracks.

The design of fuel elements in the MHTGR considers the probability

and consequences of cracks such as those found in FSV. Limited

cracking is acceptable if it is of a type which does not lead to
loss of functional performance, as illustrated in Figure R

4-55-1. Unacceptable cracking is illustrated in Figure R 4-55-2.

Cracking is not expected because stress limits are below the

nominal strength of the graphite.
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The stress criteria for MTGR fuel elements limits the predicted

stress at a point to values considerably less than the mean

strength of the graphite. For instance, the current limit for

operational stresses is 35 percent of the mean strength. At this

level of predicted stress, there is a very low probability that

the actual stress exceeds the actual strength at a point, and that

cracking would occur. Thus, a hypothetical cracked block (at low

probability) would not be damaged to the extent that the function

of the fuel element is compromised, nor be a threat to the

investment in the power plant. The allowable stress is chosen so

that the probability of functional damage, when considered in the

PRA, will not exceed the risk allotment to the core for investment

and safety risk.

The stress limits are established using probabilistic methods to

account for the statistical variation of graphite properties,

uncertainties in analytical methods for predicting loads and

temperatures, uncertainties in the damage models, and the

consequence of damage to investment and safety risk. The

consequence is considered by restricting limited cracking to

configurations which do not result in loss of required fuel

element functions.

The probabilistic approach used in the MIHTGR identifies those

aspects or features of the design which contribute most heavily to

fuel element stress uncertainty allowing the designer to

concentrate his efforts on aspects of the design which will reduce

uncertainty.

The allowable stress limits are used by the fuel element designer

in a deterministic way to limit the predicted stresses to a

fraction of the strength. Thus, although cracking is not expected

to occur in the fuel elements of the MTGR during service, the

consequence of cracking, should it occur, is accounted for in the
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derivation of the stress limits used in "-the design of the core

graphite components.

The PSID statement that, "the fuel design is not intended to

preclude limited cracking" would be easier to understand if stated

as follows:

The fuel design criteria is intended to permit the probability

of limited cracking even though expected stresses are limited

to values less than the mean strength of the fuel element

graphite. The probability of cracking is held to a low enough

value such that the probability of functional damage to the

fuel elements is within the risk allotment of the reactor

core.
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R 4-56

Comment: The PRA assumes a release fraction of 0.02 percent of the halogens

for categories D-1 and 2 without supporting information in any

documentation yet available to us, including HTGR-85-107.

Describe the basis for this assumption in terms of fuel failure

data now available and data expected to be obtained by the RTDP.

Response: The halogens released during events in categories D-1 and 2 are

calculated using the same fuel performance models as were used for

other event category assessments. However, as discussed in the

response to Comment R 6-6, the thermal analysis for categories

DG-1 and 2 were overly conservative. The analyses in App. G

(Section G.2) of the PRA used more realistic heat transfer models

and decay heat compared with the D-1 and 2 assessments. As a

result, the core temperatures and the halogen releases are lower,

as shown in Section G.2 of the PRA. The PRA descriptions of

categories D-1 and 2 will be amended to indicate their

conservatisms relative to the more realistic calculations given in

Appendix G, Section G.2.

The events in categories DC-1 and 2 are not included in the

licensing basis because of their low frequencies. Since the RTDP

covers only that technology required for Licensing Basis Events,

it does not explicitly include plans to obtain data to confirm

fuel performance under D-1 or 2 conditions.
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R 4-57

Comment: In NUREG-01 II. "Evaluation of High Temperature Gas-Cooled Reactor Fuel Particle
Coating Failure Models and Data," dated November 1976, the staff discussed the
following issues concerning TRISO fuel particle failure mechanisms: (1) pressure vessel
failure (Section IC.), (2) higher failure rates of fuel particles with irradiation at a
given fuel temperature (Section II.1B, Figure 1), and (3) the NRC model of failed fuel in
an accident (Section V). The implications of the discussions in NUREG-Ol 11I is that
"fweak" fuel particles will exist in the core during normal operations, will not be indicated
by monitoring the radioactivity released to the reactor coolant, and will fail in reactor
excursions which raise the fel temperature. This additional failed fuel will increase the
failed fuel fraction for the accident. The concept of "weak" fuel is discussed in
Section 4.2 in the draft Preapplication Safety Evaluation Report (PSER) for the MIHTGR
which was issued by the staff in March 1989. We request that the three issues listed
above be discussed in terms of the current knowledge of MHTGR fuel performance.

Response: Issue 1 Pressure Vessel Failure

Section II.C.4 of NUREG-0l 1 1 summarizes "HTGR Fuel Particle Failure Mechanisms
and Models;" namely:

a. Amoeba effect (kernel migration)

b. Pressure vessel failure

C. Fission pduct attack of the SiC layer

d. Defective (imperfect as-fabricated) fuel

Each of these categories relates to independent HTGR fuel failure mechanisms. The
NUREG-0l 11I models were applied to TRISO coated HEU/UC2 and BISO coated Th0 2

fuel. In contrast the fuel selected for the MHTGR is TRISO coated LEU/UCO and
TRISO coated Th0 2 and is described in section 4.2.4 of the PSID.

The MHTGR coated fuel particles have been defined in more detail than in Table 4.2-1
of the PSID and are described in Table R 4-57-1 (References and 2). As a point of
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reference, Table R 4-57-1 lists the nominal coating layer dimensions for the "5-layer"
TRISO design originally referenced in Table 4.2-1 of the PSID.

Current MOHTGR TRISO fuel perfotmince models a based on more than twice the
irradiation capsule (refer to PSID, Figure R 4-1-1) and supporting out-of-pile test data
than existed at the time NUREG-01 11 was issued. Consequently, the larger MHTGR
generic technology data base improves the accuracy of TRISO fuel performance models.
Also, the NUREG-0l111 models described fuel performance under LHTGR accident
conditions, i.e. above 2000'C where up to 100%1 fuel failure is expected. The passive
cooling design for the MHTGR limits accident exposure conditions to less than 200 hr.
at 1600'C (reference PSID, Figure 15.2.2).

Pressure Vessel Failure

TRISO particle pressure vessel performance models have evolved over two decades to
the most recent flexible and efficient finite element stress models described in
Reference 3. These new models have been evaluated against earlier pressure vessel
performance models documented in Reference 4 and are in good agreement with
calculated SiC tensile stresses, which are within 10% to 15% of earlier TRISO model
stress calculations. The pressure vessel performance models provide the vehicle for
normalizing nominal TRISO particle properties and property variability against actual
irradiation experience. This allows a mechanistic description of TRISO particle behavior
to be combined with empirical results to provide a foundation for predicting and
evaluating pressure vessel failure and extrapolating to alternate TRISO particle design
concepts. The TRISO particle pressure vessel performance model links different particle
properties such as kernel diameter, buffer thickness and density, SiC thickness and OPyC
thickness to assure that SiC tensile stresses are less than the fracture strength of the
material. The TRISO particle can be viewed as a miniature spherical pressure vessel,

namely:

The kernel produces fission gas, the buffer layer provides void volume to moderate the
fission gas pressure build up, the SiC layer is the primary load carrying component, and
the OPyC layer provides an added compressive stress component to the SiC layer.
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When the model is applied to predicting MHTGR TRISO particle pressure vessel
performance in the core, expected core segment T'RISO particle property distributions are
used. These distributions are based on a demonstrated process capability (variability)
consistent with the fuel product specifications. Predicted pressure vessel failure fractions
for MHTGR TRISO particle designs exposed to peak conditions of 1250'C temperature,
4.5 x l~ N/M2 neutron fluence, 26% FIMA burnup for fissile fuel and 5% FIMA for
fertile fuel, is less than l06. The accuracy of the current "Abaqus/Fuel" model
(Reference 3) is consistent with an earlier model uncertainty analysis (Reference 4) which
indicated predicted failure fractions were within an order of magnitude of observed failure
fractions. Both References 3 and 4 represent comparable models in predicting pressure
vessel performance under normal and accident conditions, with Reference 3 being the
next generation evolution in pressure vessel performance modeling. The fracture strength
distribution of the SiC coating layers is well characterized by a Weibull distribution with
a median fracture strength of 350 M[Pa (51 Ksi) and Weibull modulus of 7.0 (Refer-
ences 4 and 5). Furthermore, these SC fracture strength parameters are conservative
when compared to recent measurements which show a median SiC fracture strength of
686 M[Pa and a Weibull modulus of 5.4.

As a comparative reference, current M4HTGR TRISO particle designs are expected to have
pressure vessel failure fractions for standard fuel, i.e., no manufacturing defects, which
are approximately three orders of magnitude less tha TRISO particle failure fractions
originally specified in NUREG-Ol I1I; specifically, failure fractions for current MHTfGR
TRISO fuel between iO' and iO5 compared to failure fractions between 5 x O-' and
1.5 x 10.2 (refer to Figures 17, 18 and 19) of NUREG-0lil. The improvement in
expected performance of specified fuel is a result of the evolution in MHTGR fuel
technology, processing improvements in fuel quality, and consistency of critical fuel
properties such as kernel diameters and TRISO coating layer thicknesses. Quantitative
validation of the models for predicting the failure fractions from pressure vessel failure
is planned within the MHiTGR technology development program (in RTDP Section 6.2).

Issue 2. Failure rates with irradiation at temerature

The other fuel failure mechanisms as they apply to the MHTGR TRISO fuel system are
summarized below (Issue I addressed pressure vessel failure).
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Amoeba effect (kernel mijuation)

As discussed in NUREG-01 II, amoeba migration is the unidirectional migration of the
fuel kernel through coatings up the fuel particle temperature gradient in both carbide and
oxide fuel systems. The "amoeba effect" is a thermally activated process which is
dependent on carbon transport, i.e. either solid state or gaseous diffusion, down the
thermal gradient in the fuel particle. If the fuel kernel were allowed to migrate through
the buffer and PyC coating layers, TRISO coated particle failure would occur as a result
of kernel/SiC coating chemical attack and degradation of the fission product containment
capability of the TRISO particle. Kernel migration is described by a kernel migration
coefficient (KMC) which depends on the fuel temperature and kernel type.

Although kernel migration had not been observed for UCO fuel, the conservative
assumption was made that UCO kernel migration is equivalent to U 2 kernel migration
(References 6 and 7). The U 2 kernel migration coefficient is given in References 8 and
9, and is equivalent to the KMC expression originally reviewed in NUREG-0l111
(Figure 13). The probability of fissile fuel failure due to excessive kernel migration is
< IC~, based on reference UCO fuel subjected to peak temperatures of 1 1000C, a
2000(C/cm thermal gradient and 1000 irradiation days. In contrast to UCO, the Th0 2
kernel migration is preceded by an incubation or induction period which is described as
a thermally activated process (Reference 10). The KMC value after the induction period
is greater than the original KMC values referenced in NTREG-01 11 (Figure 15) over
1000 C to 1300'C. However, the induction period effectively delays Th0 2 kernel
migrations and the probability of fertile fuel failure due to excessive kernel migration is
< I0C, based on reference Th0 2 fuel subjected to peak temperatures of 1 1000C, a
2000C/cmn thermal gradient and 1000 irradiation days. Thermal gradients during
conduction cooldown events are much lower than during normal operation because the
fission process is terminated. Consequently, core design evaluations for both fertile and
fissile fuel indicate that kernel migration is not a significant failure mechanism.

Fission product attack and thermal decomposition of the SC layer

During irradiation, the SC layer thickness in TRISO coated fissile and fertile fuels may
be reduced by either lanthanide or palladium fission product (FP) reactions or, at very
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high temperatures by SiC thermal decomposition (Reference II) as summarized in the
following reliability equation

where 'i' is the failure probability of SC, k is the SiC failure rate normalized to an
expected SiC thickness distribution, t is the time at temperature, and mn is a Weibull
parameter (1.7). The underlying mechanistic components of this model are summarized
as follows:

1. The SC thinning rate for metallic fission product attack varies from iO-5 to iO-'
(pm/hr) between 1000 C and 1250'C.

2. SiC thermal decomposition in this temperature range induces effective thinning
rates that are two to five orders in magnitude less than metallic fission product
attack rates.

3. Thermal decomposition of SC does not become the dominant SiC thinning
mechanism until temperatures exceed approximately 1800'C. Consequently, SiC
thinning under peak MTGR core exposure conditions is expected to be less than
5 m.

4. The fuel performance models assume that gaseous and metallic fission product
release will begin at a rate controlled by diffusion through an intact outer
pyrocarbon layer when the SiC layer thickness is reduced by 50% or more.

These considerations imply that under normal MHTGR operating conditions the expected
failure probabilities due to SiC thinning are less than 10-6.

Defective (imperfect as fabricated) fuel

This failure mechanism for fuel within the compacts includes the four fabrication defect
types listed in Table R 4-57-2. The allowable levels of these fabrication defects are
consistent with a demonstrated process capability. Equivalent TISO particle fuel failure
fractions for each defect type are listed in the last column of Table R 4-57-2 and
summarized as:

R 4-57-5 Amendment 11



HTGR-86-024

1. The excessive heavy metal dispersion (4.0 x Mr.) results in 50% failure fraction

of the fuel with defective SiC layers at a peak fluence exposure (4.5 x l025 n/rn2).

This fuel fraction 2.0 x 0-5, will exhibit diffusive metallic fission product release
through intact OPyC layers while retaining short half-life gaseous fission

products. This defect category can be viewed as a delayed SiC defect caused by
excessive heavy metal diffusion and accompanying reaction with the SiC layer

during irradiation. In contrast, the defective SiC layers identified in category 4

are present at the start of irradiation.

2. The fuel fraction with missing or insufficient buffer layer void volume is limited

to < 5.0 x 0-5 and results in fissile and fertile TRISO particle failure fractions

of 5.0 x 0-5 at approximately 40% of peak bumup (Reference 4). This failure

is a result of internal fission gas pressures within the TRISO particles building

up to high levels, exceeding the fracture strength of the SiC layers, and causing
failure of the TRISO particle releasing gaseous and metallic fission products.

3. The fraction of fuel with missing or defective SiC layers as determined by a bum

leach evaluation is limited to 5.0 x 0,5. This fuel fraction contributes to metallic

fission product release through SiC layer defects; however, gaseous fission

products are retained by an intact OPyC layer.
4. The fraction of fuel with missing or defective OPyC layers is not specified.

However, OPyC property specifications are set to limit irradiation induced OPyC
failure on intact SiC layers to a failure fraction of 3.0 x 10.2 under peak exposure

conditions. This OPyC failure results from irradiation induced differential

shrinkage in the OPyC layer causing high internal stresses which exceed the

fracture strength of the OPyC layer. Excessive OPyC stresses a a result of

structural anisotropy in this layer, and specifications on OPyC density,
microporosity, and optical anisotropy limit the failure fraction to 3.0 x 10.2 for

peak exposure. Fuel with failed OPyC layers has a failure probability under peak

exposure conditions of approximately Il04 (based on Reference 4 performance

model calculations), i.e., fuel at peak burnup and subjected to an accident

transient temperature of 1600'C. Consequently, the expected TRISO particle

failure fraction resulting in gaseous and metallic fission product release is

< 3.0 x 0' (3.0 x 10.2 x l).
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The exposed U and Th heavy metal, i.e., outside SiC layer of TRISO particle, is a
separate fraction of 1.0 x 10-5 releasing gaseous and metallic fission products.

The total TRISO particle failure fraction under peak exposure conditions for the four
categories summarized in Table R 4-57-2 is 1.33 x O'. This failure fraction is one order
of magnitude less than the defective fuel failure fraction of 2.0 x 0O' originally
referenced in NUREG-01 I11 (reference Figure 22). This improvement is directly
attributed to improved fuel quality and more restrictive product specifications associated
with a demonstrated process capability.

The TRISO particle fuel failure models discussed, i.e. amoeba effect, pressure vessel,
fission product attack, and defective (imperfect as fabricated), have been validated against
extensive irradiation capsule experience. Figures R 4-57-1 and R 4-57-2 summarize
predicted fuel behavior based on the performance models discussed ver-sus observed
irradiation fuel performance (Reference 12).

The comparative evaluation of fuel performance for cycles through 4 in Fort St. Vrain
(originally presented as Figure R 4-1-8, amendment 3 to the PSID), indicated a similar
conservative trend as shown in Figure R 4-57-2 (Reference 13). The TRISO particle fuel
performance models establish an upper or conservative envelope on actual fuel
performance observed during both normal reactor operating conditions and capsule test
conditions.

The performance models indicate a fuel failure fraction of less than 1.34 x I(1 for fuel
subjected to peak normal operating conditions. Expected failure fractions associated with
the different fuel failure mechanisms are summarized as follows: amoeba failure: 0,
pressure vessel failure: 0, SiC/FP attack and thermal decomposition: < 0, and
defective (imperfect as fabricated) fuel < 1.33 x 0'.

Issue 3 Failed Fuel in an Accident

NUREG-O0 11I (Figure 28) provided a conservative envelope for TRISO particle failure
under LHTGR accident conditions; namely:
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* The fuel failure at the beginning of an accident is between 0.55% and 1.30%
depending on a fuel age of I to 4 years, and

* Fuel failure increases markedly during an accident heatup at critical temperatures
between 15000 and 15320 (depending on fuel age) and reaches 100% failure at
20000C.

When compared to current fuel performance models discussed in Issues I and 2, the
original NUREG-01 II accident conditions models are indeed a conservative upper bound
on expected failure. Specifically, the currently expected maximum fuel failure at the
beginning of an accident heatup event is 1.34 x Or4. The expected additional
contribution to fuel failure between normal operating conditions and a peak accident
heatup temperature of 16001C for 200 hs. is summarized as follows:

1. Pressure vessel failure < 10r6
2. SiC thermal degradation failure fraction, i.e., metallic fission product attack and

thermal decomposition, of less than 2 x 106 .

No incremental failure of fuel during accident conditions is expected from fuel exhibiting
amoeba migration or from fuel with manufacturing defects. Consequently, maximum
expected incremental fuel failure under accident heatup, to 16001C is 3 x 106 (refer to
Table R 4-1(c)-i of the PSID).
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TABLE R 4-57-1

TRISO COATED PARTICLE SPECIFICATIONS
(References I & 2)

Particle Fissile Fertile
Composition UCO.301.7 Th02

Uranium Enrichment % 19.9 (max.)
Kernel Diameter pm 350 500
Coating Thickness Buffer ioo 65

Buffer seal 3 3
Inner Pyrolytic 50 50
Silicon Carbide 35 35
Outer Pyrolytic 40 40
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TABLE R 4-57-2

FABRICATION DEFECT'S CONTROLLED
IN THE MHTGR FUEL PRODUCT SPECIFICATIONS

(Reference 2)

Fabrication Allowable Equivalent TRISO
Defect Category Specification Limit Particle Fuel Failure

(Defect Fraction) Fraction
I - Excessive Heavy Metal •~4.0 x 10O1 2.0 x 0-5

Dispersion

2 - Missing Buffer Layers •95.0 x lI0' 5.0 x O-5
3 - Missing or Defective •55.0 x 0,5 5.0 x 15

SiC Layers

4 - Missing or Defective Not specified •3.0 x 10O6a)

OPyC Layers

(a) Indirectly controlled by specifications on OPyC density, microporosity, and anisotropy which
assures that the irradiation induced OPyC failure fraction on intact SiC layers is 3.0 x 10-2.
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FIGURE R 4-57-1
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FIGURE R 4-57-2
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R 4-58

Comment: For the TRISO multi-layered fuel and fertile particles to be in the MHTGR core, discuss
the nominal thickness and error in the manufacture of each layer, the technical basis for
the value of the nominal thickness, and the margin in the nominal thickness over the
minimum thickness needed for the design parameters of the fuel particle. Provide the
value of the parameters used for the design of the layers including, if used, fuel burnup,
particle temperature, pressure on the silicon carbide layer.

Response: Control of coating layer thicknesses in TRISO coated particles has been well character-
ized by extensive Fort St. Vrain (FSV) fuel manufacturing experience and generic
MHTGR fuel technology development. FSV production between 1973 and 1985
represents a large body of quality control information used to assess the variability of
different properties in TRISO multi-layered fuel. FSV segment 7 and 8 process
experience was evaluated to conservatively assess the manufacturing capability for TRISO

coated fuel, i.e., the normal expected variability for coating layer thicknesses and kernel
diameters. This is a conservative experience for establishing TRISO multi-layer coating
variability because later FSV production (segments 9 and 10) involved coater design
improvements, i.e., a dry coater with improved gas distribution, which resulted in reduced
TRISO coating layer variability.

The variability of MHTGR UCO and Th0 2 kernel diameters is based on prototype
production experience used in the UCO and Th0 2 kernel synthesis on fuel supplied for
irradiation capsule tests. The variability in kernel and TRISO coating layer parameters
was originally referenced as standard deviations in Table 4.2-16 of the PSID. This
variability is reflected in the fuel product specifications (Reference 1) which are
summarized in Tables R 4-58-1, 2, 3 and 4. An important point to be emphasized is that
the upper and lower specification property limits, i.e., referred to as critical limits, ae
defined to control the standard deviation or variability of the property about the
anticipated target or mean value. This is done indirectly by specifying the allowable
percent of a given property outside of specified critical limits. These critical limits do
not imply threshold limits of fuel failure. Consequently, fuel particles which have
properties in the tails of the distribution are not likely to fail under normal conditions.
Failure risks for fuel with adverse combinations of properties in the tails of the coating
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layer distributions were reviewed in response to Question R 4-57 and are summarized as
follows:

A pressure vessel failure fraction of < 10-' for fuel exposed to peak normal
operating conditions (1250'C temperature 4.5 x 0~ N/M2 fluence, 26% FIMA
bumnup for fissile fuel and 5% FIMA bumnup for fertile fuel).
An incremental contribution to fuel failure under accident conditions of < 3.0 x
10-' which is attributed to pressure vessel failure and SiC fission product attack
and thermal decomposition.

Consequently, a failure fraction of 4.0 x 10-' is attributed to fuel in the tails of the
property distributions. This represents less than 3% of total fuel failure with greater than
97% of fuel failure attributed to fuel with allowable fabrication defects (refer to
Table R 4-57-2). The marginal risk of fuel failure in the tails of distributions is best
visualized as low probability random occurrences of: (a) high SiC stresses due to thin
buffer layers and (b) excessively thin (< 15pm) SiC layer coating thicknesses. The target
or mean coating layer thicknesses are at the mid-specification limits and the justification
for these values has been previously referenced in Table 4.2-2 of the PSID and is
summarized as follows:

1. Mean UCO and Th0 2 kernel diameters assure MHTGR heavy metal loading
requirements consistent with acceptable pressure vessel fuel failure levels.

2. Mean buffer layer thicknesses combined with target densities of 1.0 Mg/n 3

provide adequate void volume in the buffer layer to attenuate internal fission gas
pressure and the accompanying stresses on the SiC layer.

3. Processing experience from Fort S. Vrain and MHTGR technology development
established that an IPyC mean coating layer thickness of 50pm is required to
assure an impermeable layer to chlorine compounds during SiC deposition.

4. The mean SiC coating layer thickness of 35 pm is based on assuring adequate
mechanical integrity during fuel particle compaction, a sufficient load bearing
layer to accommodate internal fission gases, and limiting of the core silicon
neutron penalty associated with a too thick SiC layer.
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5. The mean OPyC coating layer of 40 pm is based on assuring an adequate
compressive stress on the SiC layer and an impermeable coating layer to gaseous
fission products in the event of a defective SiC layer.

The TRISO fuel nominal dimensions and variabilities consistent with product specifica-
tions are used in performance models and assure failure levels consistent with MGR
core design requirements. Acceptable variability of TRISO fuel dimensions and critical
properties is assured by the fuel product specification (Reference 1) and the manufactur-
ing quality assurance requirements (Reference 2). This involves statistical process control
monitoring of consistency in the manufacturing operation combined with efficient
statistical quality control sampling inspection which assures reliable fuel performance.

References:

1. Scheffel, W. J. and Tang, . M., "Fuel Product Specification for MHTGR,"DOE-HTGR-86081,
Rev. F, June 1989.

2. Bresnick, S., "MHTGR Fuel Process and Quality Control Description," DOE-HTGR-90257,
September 1991.
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TABLE R 4-58-1

UCO KERNEL PARAMIETERS

Property Value(&)

Total Uranium > 87.0 wt%

Fissile U-235 enrichment 19.7 to 19.9 wt%

Impurities, each for Al, Ca, Cr, Fe, Mn, < 100 ppm each
Na, P and Si

Carbon/uranium (atomic ratio) < 0.4

Oxygen/uranium (atomic ratio) 1.6 to 1.8

Density > 10.5 Mg/Mn3

Diameter < 360 pm mean for lot
no more than 1% >400 pm

The above limits are consistent with the specification limits contained in Reference 
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TABLE R 4-58-2

Th0 2 KERNEL PARAMETERS

Property Value(a)
Total thorium >87 wt%

Impurities, each for Al, Ca, Cr, Fe, Na, < 100 ppm
Ni, Mn, P, and Si
Density > 9.50 Mg/rn 3

Diameter < 510 pm mean for lot

no more than 1% > 565 pm

() The above limits are consistent with the specification limits contained in Reference 1.
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TABLE R 4-58-3

TRISO COATED LEU FISSILE UCO PARTICLE PARAMETERS

Liniting Values()

Allowable Fraction
Outside Critical

_______________ Coating Composite Mean Critical Limit Limit

Thickness, pm Buffer 90 - 110 5 50 :5 0.01

Seal ()> 5 50.10

Inner isotropic 40 -60 5 25 5 0.01

Silicon carbide Ž 30 5 20 5 0.01

Outer isotropic 2! 30 5 21 5 0.01

Density, Mg/rn3 Buffer 0.80 - 1.10 bCb

Inner isotropic 1.85 - 1.95 5 1.80 5 0.02

Silicon carbide 2t 3.18 < 3.17 50.01

Outer isotropic 1.80 - 1.95 b()

Microporosity of Outer isotropic 0.9 - 23 (b) b

OPyC layer, m/n 2

Anisotropy, BAF(6) Inner isotropic a 1.100 (b) b
units S 1.160

FOuter isotropic (b 1.080 -5 0.01
(b) -2 .0<01Faceting aspect ratio Ttal coated particle I .0501

Defect Core Sezment
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ M ean

Defective particles Total coated particle Missing r incomplete buffer } 50x 0-'
fraction50

Missing or incomplete outer isotropic 1.0 x 10'
_______________ ~~~~~~~coaling

The above limits are consistent with the specification limits contained in Reference 1.
() Not specified.

Bacon anisotropy factor.
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TABLE R 4-58-4

TRISO COATED FERTILE Th02 PARTICLE PARAMETERS

Limiting Values~a)

Allowable Fraction
Outside Critical

_______________ Coating Composite Mean Critical Limit Limit

Thickness, pm Buffer 55-75 5 30 5 0.01

Seal b)>~ 5 o.10

Inner isotropic 40 - 60 5 25 < 0.01

Silicon carbide Ž 30 5 20 5 0.01

_________________ Outer isotropic Ž 30 !5 21 5 0.01

Density, Mg/rnl Buffer 0.80 - 1.10 b()

limer isotropic 1.85 - 1.95 < 1.80 5 0.02

Silicon carbide Ž 3.18 < 3.17 5 0.01

Outer isotropic 1.80 - 1.95 b()

Microporosity f Outer isotropic 0.9 - 23 b()
OPyC layer mrn

Anisotropy, BAF~) Inner isotropic Ž 1.100 b()
units 5 1.160

_________________ Outer isotropic (b Ž 1.080 5 0.01

Faceting aspect ratio Total coated particle (b 1.20 5 0.10

Defect Core Segment
_______ _______ ______Mean

Defective particles Total coated particle Missing or incomplete buffer 5 5.0 x 1-
fraction I____

Missing or incomplete outer isotropic < 1.0 10-4

T'he above limits are consistent with the specification limits contained in Reference 1.
() Not specified.

Bacon anisotropy factor.
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R 4-59

Comment: Verify that the correct version of the Weibull distribution has been used in the
phenomenological model for SC decomposition.

Response: The phenomenological model is described in document No. DOE-HTGR-85 107, "US/FRG
Accident Condition Fuel Performance Models". The Weibull distribution function is
verified to be used correctly in that document and to be applied with reasonable
experimental values.

The Weibull distribution function used in the model is F (x) = -e

where: x = an individual property value

x.= value of x at which the function approaches zero
x,= normalizing parameter

m = Weibull parameter

The original reference for this Weibull Distribution is from "A Statistical Distribution
Function of Wide Applicability", by W. Weibull, Journal of Applied Mechanics,
September, 1951. That reference does have a typographical error which has long been

rewgnzed. he opatialtamJ i LstDwn irKcNrr1ly t meft = as ____
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R 4-60

Comment: Provide model equations for calculating the number of failed particles during normal
operation and accidents. Include the cross-coupling effects of the failure of OPyC and
SiC coatings. Identify the computer codes where the equations a used.

Resrvonse: The potential failure paths for coated fuel particles during normal operation and
accidents a shown in Figure R 4-60-1, and this diagram provides a guideline for the
description which follows.

Radionuclide release quantities for standard particles or particles with manufacturing
defects are calculated on the basis of fuel performance models and fission product
transport models. Fission product transport models are discussed in R 15-1, R 15-12, and
R 15-15.

The fuel performance models a used to predict the fraction of fuel particles in certain
quality categories. The models described in this response are used in the SORS computer
code (Ref. 1). Standard fuel particles a defined as having a distribution of parameters
(diameters, thicknesses, etc.) but no manufacturing defects as defined in the following
discussion. Particles with manufacturing defects have one or more of the protective
layers missing or defective. Four manufacturing defect fractions are defined:

fB The fraction of as-manufactured particles with a missing or defective

buffer layer,

f, The fraction of as-manufactured particles with a missing or defective
IPyC layer,

fs The fraction of as-manufactured particles with a missing or defective SC
layer,

1'0 The fraction of as-manufactured particles with a missing or defective
OPyC layer.
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The sum of these fractions is fm, which is the fraction of as-manufactured particles with
any listed type of defect,

+ f' + S + '0

In order to determine the total fraction of failed particles, i.e., F (fraction of particles
with exposed kernels) and F (fraction of particles with missing SiC but intact OPyC)
from Fig. R 460-1, the following failure probabilities are defined:

I'mprobability of SiC and OPyC failure in particles with missing

buffer,

P = probability of SiC failure in particles with heavy metal disper-

sion,

=K probability of SiC failure from kernel migration effects,

PSR probability of SiC failure from effects of SiC-fission product
reactions,

PSD, probability of SC failure from the thermal decomposition of SiC,

P,0 = probability of failure of intact particle coatings by pressure vessel

effects,

PFO probability of' failure of particles with failed OPyC layers by
pressure vessel effects,

Po probability of OPyC failure in particles by irradiation-induced

effects,

= probability of SiC failure by combined effects, P, S'adP.

These probabilities, as well as the fractions of state, are functions of burnup, temperature,
etc. The fractions of state are defined as:
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F1 the fraction totally intact
FB = the fraction with exposed kernels
FD = the fraction with failed SiC layer but intact OPyC

The intermediate fractions of particles which may fail in steps leading to the fractions of
state are shown in Figure R 4-60-1.

Standard Particle Performance Models (F F)

Standard particles can fail by degradation of the SiC coating and by pressure vessel
failure. Expressions for the standard particle performance models are given by the
following:

and

F sE - (1 - fM)[POP(PF + P) + (1 - PX - PP 10]

where Fss represents the fraction of particles which have failed SC layers by degradation
but intact OPyC layers. The release of metallic fission products can occur by diffusion
through the intact OPyC layer. The buffer and PyC layers of these particles ae
conservatively assumed to represent no barrier to fission product transport The quantity
FsE represents the fraction of particles with exposed kernels (i.e. all coating layers failed).
The release of fission pducts from exposed kernels depends on diffusion through the
kernel material. These models a used in the SORS code.
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Standard Coated Particle Pressure Vessel Model (PmO)

The structural components and sources of pressure loads are shown schematically in the
following diagram:

where P = fission gas pressure plus CO pressure, M[Pa
P = pressure transmitted to SC from P.,
S2 = sess transmitted to SiC from shrinkage of PyC,
S3 = sess transmitted to SC fm shrinkage of OPyC,
P = pressure ansmitted from ambient coolant pressure, p.

P. Fission and CO Gas Pesure is calculated from:

3
Pu P, (Kr, Xe, CO)

The partial pressure is calculated by using the Redlich-Kwong equation of state,

P, RT al S

I -bi
¼ ~V1 (V1 + b) T 7

Pi= partial pressure for ith species (Wa),
V = molar volume for i species (cm3/mole),

T = temperature (K),
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R = gas constant, 8.3144 (MPa-cm'
moleK

where

a, Cm' x ax 1 Cm 3
Gas Species, i ai1ti1Te I M aK 1 b m mol e

Kr 5.23 x IW27.6

Xe 1.06 x 106 35.5
co 2.43 x 10' 26.5

V, molar volume for species is:

V1 - .Y (cm 3/mole)
N1

V = total void volume (cm3) =V - AV
N1 = moles of the species i.

V 7c(PK- K)I+ 3 r~
3 PIX r. Pm J~

rK = kernel radius (cm),
rB = buffer thickness + r (cm)

pyK P = kernel and buffer density (g/cm2),
p~x pB = theoretical kernel and buffer density (g/cm'),

AV= kernel swelling that reduces available void volume due to the production
of low density metallic fission product and entrapped gas within the
kernel, (CM3)

4 PK X FMA x F13V= 7 T MW

FIMA = fissions per initial heavy metal atom,
MW = mean molecular weight of metal atoms in kernel,

F = 16 (cm3/mole).
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N1, Moles of the Fission Gas Podluced

NKtjpxe = NK FIMA xFYK,

NKl.= moles of Kr or Xe produced

Nr = moles of atoms in kernel

FYx,fx, = fission yields of Kr or Xe

NcO = N. xFIMA x .
F

0= 1.64 x e 3 31
VT

0 T = amount of free oxygen liberated per fission

T = temperature (K)

4 3 fwtNK = P X T TK X 

px = kernel density (g/CM3)

r. = kernel radius (cmn)

fwt = weight fraction of metal in kernel

MW = mean molecular weight of metal atoms in kernel

Fractional Gas Release from Kernel

For the number of moles of Kr and Xe calculations, the fractional gas release from the
kernel is defined as

F - 6 I - exp(-nicIDIt)

t = irradiation time in seconds

D'= reduced diffusion coefficient (sec')

= D/a2

D = D, exp(-OJRT)
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D = 7.4 x 1012 (M 2/SeC)

Q = 20 k cal/mole (diffusion activation energy)
R = 1.987 x O3 (k cal/mole-K)

T = temperature (K)

a = 10O (), radius of the equivalent sphere
PI = transmitted fission gas pressure through the dense PyC coating layer

aP -3 ( -) X P

I + p +2 (l p

p = Poisson's ratio, 0.3

r2 = (kernel radius) + buffer thickness

r = IPyC thickness + r2

?,= stress induced radially

The maximum tensile stress =ymc

mYST ?i - a7, r) Cya, (rd

orpc= tensile stress due to the pressure P and P.

S2 = , (r3) = compressive stress component of PyC

S3 = a, r,) = compressive stress component of OPyC

2 r+ri 3 4 P,

2 x ( - r 2 x(r - r)

As indicated above, S2 and 3 a calculated from the equation:

-4 (W - 1)(t, + 2f) + 3G(S, - S)
a,(Q1 9C

where for S. r = r3 in W and G,
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Wu 9 G - n

where for S3 , r - r in W and G

Wu ~G - h

r2 = kernel radius + buffer thickness

r3 = IPyC thickness + r2

r4 = SiC thickness + 

r5 = OPyC thickness + r4

tt ,= the changes in PyC dimensions (radial, tangential) due to the fast fluence
C = creep coefficient [(strain)/(MPa10 21 nvt)]

nvt = fast neutron fluence where E > 29 £1, (n/cm2)
P. = ambient pressure from primary circuit

Note that P is assumed to be zero for reactor conditions when the primary coolant is
depressurized.

If es7c'> ar, then the particle fails, where

CY SiC fracture strength - 350 MPa

These euations have been applied in Monte Carlo statistical analysis and computer
codes.
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Silicon Carbide Degradation (Fss)

SiC degradation is assumed to occur in three ways: (1) kernel migration, (2) by SiC-
fission product reactions, and (3) by thermal decomposition of SiC. The models for these
mechanisms a used in the SORS code. The fraction of standard (intact) fuel particles,
Fss, failed due to failure of the SiC layer (with nuclide release by diffusion through the
intact OPyC layer) is given by:

Fss- (I - m)(I Pod Pc

where

Pp - 0.015 

for

m2

or

pop 0.03

for

> 2.0Ox 10 2 ..n(E >29 fJ)HTI

where y is the normalized fast neutron fluence, ym and

The calculation of the probability of failure resulting from the effects of kernel migration
is performed with the following model:

(a-u)
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where

P~m(X) = probability that the kernel penetrates the buffer and IPyC layers
and contacts the SiC layer whereupon SiC failure is assumed to
occur,

x = migration distance of kernel,

m = mean value of normally distributed thicknesses of the spherical

shell consisting of the buffer plus IPyC layers,

c = standard deviation of the normal distribution with mean m.

The kernel migration distance is generally small; to avoid possible numerical difficulties
in this case, the following approximation can be used:

r27 (I + bY

where

a, 0.43618,

a2 -0.12017,

a3 0.93730,

b = 0.33267.

The kernel migration distance is determined from the following expression:
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where

x = total migration distance (),

flCr) = temperature gradient (K/n) across a particle at time r,
T(r) = average particle temperature (K) at time r

KMT = kernel migration coefficient (Mn2 K/s), a function of temperature,
t = total time (s) particles have been in core.

The evaluation of the kernel migration coefficient, Kc depends on the composition of
the fuel kernel. Data are available for U 2 and Th02 fuel kernels. Limited capsule data
for UCO has shown no indication of kernel migration over a range of conditions typical
of normal operation. However, since the data is limited the conservative assumption is
made that UCO kermels a treated as U 2 kernels with respect to kernel migration. For
UC2 the kernel migration coefficient is given by:

-m 0.62

where

R = gas constant (8.314 Jnole-K).

For ThO., kernel migration is proceeded by an induction period, , given by:

0 (s) - 4.7 x 10'4eli-

during which K 0. At the end of the induction period, the kernel migration
coefficient is calculated according to the equation:

KMC 0.39 eK 
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The end of the induction period is deflned by whichever occurs first of the following two
criteria:

Criteria 

F 2

or Criteria 2

where

F = burnup (% FIMA),

tT = time increment at which kernel is at temperature T (K).

The values of m and ca necessary in evaluating the failure probability, Pm are given in
the following table:

Particle m (m) a (M)

Reference LEU, UCO fissile 150 20.4

Reference Th0 2 fertile 115 j 14.8

The second of the three methods for SC degradation is that of SiC-fission product
interactions. The calculation of the probability of this failure mechanism under normal
or accident conditions is performed with the following model:

~SR 12
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where

ASR = f K.I T(rc),t d,
0

= Weibull parameter,
KSR = frequency factor of SiC-fission product reactions (1/h),

T = temperature (K.

The frequency factor is given by the following:

'SR [T@,),t] - G[T(,r),t] e(T)

where

G [T@,),t - G [T(,t),tJ * G.. G. [T(,r),tI j g(fl)

gf)- [1 + (0.01 f)D]-I e-b

1 + exp (-a ( - ))

G, [T(tr),t] - A T () GCJt)

G,,= constant,

b = constant,

L= thermal gradient across the coated fuel particle (K/in),
a = constant (n/K),

0,= thermal gradient at [(G + G.)12], (K/rn),
n = constant,

ASR = constant [ -)a f~j

TmRR(r) = the irradiation temperature (K),
fc()= the fission density with respect to the volume inside of the SC layer,

a, = constants,
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Qs = the temperature coefficient (K),

TO= the temperature (K),

T= time variable,

t = the time interval for irradiation or heating.

During a sequence in which an accident is preceded by a period of normal operation, the
total probability is calculated as the sum of (1) PSR for the period of normal operation and
(2) SR for the period during which an accident has been in progress. For the period of
normal operation, T@,) = TmR and the appropriate value of £0 is used. For the accident
period, the appropriate value of T@,) is used and L = 0. Constants and arameter values

are given below:

Parameter PSD PSR

__ __ __ __ _ 1.5 1.6

Ai ~95.5 1.07E-33 Th0 2

7.24E-34 UC2
__________ ~7.24E-34 UCO

a 2.67 3.0

0.61 0

____________ 0 1.0

Q, (J/nole) 5.45E+5 2.52E+5

a NA 2.2E-4

b NA 10.0

Gwn NA 1.49E+4

n NA 1.3

NA 1LOE+4
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The third of the thre methods for SiC degradation is that of thermal decomposition of
the SiC layer. The calculation of the probability of this failure mechanism is performed
with the following model:

nSD

where

ASD =If Ks, T@,),t] ft,

MD= Weibull parameter,
KSD = frequency factor of SiC thermal decomposition (/h),

T = temperature (K).

The frequency factor is given by the following:

rT'~1-ASD TR(qi " SD)

where

ASD = constant [(K)- (0 2Th/m2)41J,

TmRa,) = the irradiation temperature (K),
Kt= fast neutron fluence [OP n/m2)1,
0=constant,

QSD = the temperature coefficient (K),
-R
T(r) = the temperature (K),

,= time variable,
t =the time interval for irradiation or heating.

Values for these parameters can be found in the previous table.
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Exposed Kernels (FsE)

Particle kernels may become exposed due to pressure vessel effects. This is due to an
overpressure of fission product gases inside the particle. T'he fraction of standard
particles which have exposed kernels is given by the following:

with the following probabilities given by:

PU I exp(-[(a+bT)Tfbns)

where

=i probability of particle pressure vessel failure of type ij (based on the
earlier section on Standard Coated Particle Pressure Vessel Model),

T= temperature (K),

fb F

F = burnup (% FIMA),
F, = maximumn bumup (% FIMA), 26% FIMA for fissile fuel, 7% FIMA for

fertile fuel,

a = constant,

b = constant,

n = constant

The following table gives the values of the constants a, b, and n for the probabilities P,
P10 and PFO:
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Particle Status PO a b r
Fissile, intact OPyC P1O 4.OE-5 0.0 1.5
Fertile, intact OPyC P10 1.2E-5 0.0 2.0
Fissile, failed OPyC _____ 3.2E-5 2.OE-8 1.5
Fertile, failed OPyC FO -1.OE-5 2.1E-8 2.0
Fissile, missing buffer P,,. -2.07E-3 4.22E-6 2.0
Fertile, missing buffer P,. -1.04E-3 2.1 IE-6 2.0

These models are used in the SORS code.

Fuel Performance Models for Particles with Defects (Fms, Fr)

ms= ( - PP)( + fPM

and

FME = P,(t + fPWA + %DPMM + f(P,, + P)

where Fs represents the fraction of particles which have failed SiC layers but intact
OPyC layers; the release of fission products occurs by diffusion thiuugh the intact OPyC
layer. The buffer and IPyC layers of these particles a conservatively assumed to
represent no barier to fission product transport. The quantity FB represents the fraction
of particles with exposed kernels where the release of fission products occurs directly by
release from the kernel. The values for P a found in the previous table for fissile and
fertile particles. P, the probability of failure of the SC in particles with heavy metal
dispersion, is given by the following:

Pm=05f 

See exposed kernel section for the definition of Fb.

Combined Performance Models

The combined performance models for standard fuel particles and for particles with as-
manufactured defects are given by:

FD = F + M

and
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FIR = Fs6 + FME
where FD represents the fraction of particles with intact OPyC layers, failed SiC layers
and, implicitly, failed IPyC and buffer layers. F represents the fraction of particles with
exposed kernels. By considering all particles in the reactor core, then

FD +F 5 + F1 I

where F represents particles with the OPyC and SC layers intact and either intact or
failed buffer and IPyC layers; if failed the effects of buffer and PyC layers are assumed
to be negligible with respect to fission product release from the particle.

These models are used in the SORS code.

Reference

1. Schwartz, M. H., D-B. Sedgley, and M. M. Mendonca, "SORS: Computer Program for Analyzing
Fission Product Release from HTGR Cores During Transient Temperature Excursions," GA
Report GA-AI2462, April 15, 1974.

R 4-60-19 Amendment 12



HTGR-86-024

R 4-61

Comment: Provide a description of the impact of faceting on fuel performance. Include a discussion
of the methods used to assure faceting is within acceptable limits.

Response: Coated fuel particle faceting can originate potentially from irregularly shaped kernels as
fed into the coater or from unstable flow conditions occurring during the coating
operation. The control of sphericity of coated fuel particles is important to assure the
structural strength of the load-bearing coating layers. The degree of faceting is defined
by the aspect ratio, which is the proportion of the maximum to the minimum diameters
at any two locations around the circumference of the coated particle.

The steps employed to minimize faceting in fuel manufacture are (1) to utilize the
gelation process for manufacturing highly spherical kernels, (2) to control faceting during
coating by precise control of the batch size and the levitation gas flow rates, and (3) to
process all kernel and coated particle batches through a tabling machine which removes
non-spherical particles. The gelation procss and the tabling machine have been
employed to assure that faceting will have a very low influence on the fuel performance.

The effect of faceting on fuel performance was characterized in capsule irradiation tests
performed in the period of 1974 to 1976 (References I and 2). The results indicated that
coated particle batches with mean faceting aspect ratios of up to 1.05 remained intact to
very high, fast neutron exposures of x P n/rn 2. These tests on highly enriched

uranium fissile and thorium fertile particles indicated that coated particle batches with
tails distributions of < 10% of the coated particles exceeding a faceting aspect ratio of
1.2 would be expected to show negligible failures under MEHTGR conditions. This is an
empirical value which is to be confirmed in qualification tests. Therefore, the methods
to assure that faceting is within acceptable limits are to separate non-round particles
through the tabling machine with 100% of the product and to sample for radiographic
quality control measurements.
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References:

1. Scott, C. B., D. Harmnan and . Holzgraf, "Postirradiation Examination of Capsule P-13R and P-
13S," GA-A 13827, October 1976.

2. Scott, C. B., and D. Harman. "Postirradiation Examination of Capsule F-30," GA-A 13208, April
1975.
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R 4-62

Comment: Provide information on the relative importance of radionuclide diffusion for , Cs and Sr
through intact and defective particle coatings during normal operation and accident
conditions.

Response: Transport of radionuclides through particle coatings is modeled as a diffusion process for
defective particles with intact OPyC and missing or failed SiC layers. The buffer and
IPyC layers a conservatively assumed to provide no resistance to transport. The relative
importance of diffusion through defective particles compared to release from particles
with exposed kernels for normal and accident conditions was estimated as follows:

RIj Fek * Fdefj * 40deff *Sj
Fek, ek * Sj

where:

Rli Relative importance, defined as the ratio of release for
defective particles with intact OPyC and missing or
failed SiC to that from particles with exposed kernels for

isotope i.
Fek1 Fractional release of isotope i from particles with

exposed kernels.
Fdefi Fractional release of isotope i from diffusion through

intact OPyC layer in particles with missing or failed SiC.
4Oek Fraction of particles with exposed kernels.

Odef Fraction of particles with missing or defective SiC.
Si Source (Ci) for isotope i.

On both a local-volume and core-average basis (Odef 0ek so that
RI1 Fdef,.
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The fractional release due to diffusion through the OPyC coating was calculated
according to the models in R 15-15.

For normal operating temperatures (700)0C average up to about 13000C for a very small
portion of the core, see PSID Figures 4.2-14 and 42-15), the relative importance was
assessed at three representative temperatures for a fuel residence time of 1200 days, i.e.,
one fuel cycle. For accident conditions, the relative importance was evaluated at
temperatures of 10000C, 13000C and 1600C for a duration of 10 days. The temperature
profile for the SRDC-10 depressurized conduction cooldown (see P11) Figure 15.13-8),
shows that the average fuel temperature ranges from 10000C to 12500C in the first 10
days of the transient. Only a small portion of the core experiences temperature of
1600 0C and for durations of one to two days. The assessment results for 1, Cs and Sr
are shown in Table R 4-62-1.

For all conditions analyzed, the release of iodine from defective particles is negligible
compared to the release from exposed kernels. The cumulative nominal release from the
core to the reactor vessel for SRDC-10 is provided in Table R 4-62-2. The most
significant sources for release of gaseous and volatile fission products a the small
fractions of particles with exposed kernels; and the small fraction of heavy metal
contamination It can be conservatively assumed that less than half (<80 Ci) of the total
1-131 release is from exposed kernels. Therefore, for SRDC-10 the release of iodine
from defective particles is negligible compared to the total release. The OPyC layer
significantly retains gaseous fission products.

Particles with defective or failed SC layers but intact OPyC layers are not expected to
retain Sr that is released from the kernel. Hence, the Sr release from defective particles
is comparable to that released from exposed kernels. Particles in this failure category wl
retain Cs, but only in the lower temperature regions of the core. Under normal operating
conditions the release relative to exposed kernels is small since only a few percent of the
core is above 1000 C. The Cs release during accident conditions is at most comparable
to the release from exposed kernels. In general, the OPyC layer is not considered to be
an effective barrier for metallc fission product release. However, the core graphite
significantly retains Cs and Sr as is evident in Table R 4-62-2.
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For gaseous and volatile fission products, an intact SiC coating acts as an impermeable
barrier. Therefore, there is no gaseous or volatile fission product release from standard
particles under normal or accident conditions. Some metallic fission products are capable
of diffusing through intact SiC layers. Cesium release from particles with intact SiC may
occur during normal operation, but only in the higher temperature regions of the core.
The same holds for the elevated temperatures associated with accident conditions, since
the time at high temperature is relatively short. A significant fraction of the Sr that is
released from kernels may be released from particles with intact SiC. However, Sr is
strongly retained by the kernel and is also strongly chemisorbed onto irradiated graphite.

Recently, strong kernel retention of Sr has been demonstrated during heatup tests on loose
particles previously irradiated in capsules HRB-17 and HRB-18. No measurable Sr

release was observed during these tests. The dominant release mechanism of Sr isotopes
to the primary circuit is expected to be the release and subsequent decay of Kr
precursors, which has been verified by recent analyses of plateout data obtained from the
Fort St. Wrain HTGR. Transport of all fission products except silver through SiC by
diffusion is currently assumed negligible pending the outcome of planned technology
development. Therefore, it is assumed that there is no Cs or Sr release from standard

particles.
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TABLE R-4-62-1
Relative Importance of Relaese From Particles

With Missing or Failed SC to Release
From Particles With Exposed Kernel

(SRDC- 10)

Relative Importance (RI - Fdef.J_____
Temperature 7000C 10000C 13000C* 16000C**

NraConditions (1200 days)

I 0 0 .08 -

Cs 0 .05 1.0 -

Sr .7 1.0 1.0
Accident Conditions (10 days)

I -- 0 0 .005
Cs 

-- 0 .2 1.0
Sr 

-- 1.0 1.0 1.0

No fuel dring normal operation experiences 13000C for 1200 days.For depressurized conduction cooldown, no portion of the fuel is at 16000C for 10 days. Smallportion of core is at about 16000C for less tha two days.
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TABLE R 4-62-2
CUMULATIVE NOMINAL RELEASE FROM CORE TO PRIMARY CIRCUIT

(SRDC- 10)

______ _____ __ ___ _____ _____Source_(Ci) _ _ _ _ _ _ _ _

Release from Release from
Inside Standard Outside Standard Fuel Kernel Core Graphite

Nuclide Particles Particles -(Ci) (Ci)
1-131 9.3 x 106 1126 159.0 159.0
Sr-90 7.4 x W142 116.0 1.4 x 10'

Cs-137 8.6 x 164 101.0 1.4 x 0-4

Release occurs only from sources outside standard particles during this condition
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R 4-63

Comment. Provide a comparison of the PSID model for liftoff with experimental data for the

range of shear force ratios expected during MHTGR accidents.

Res22nse: In the PSI]), a range of primary coolant leaks from 0.05 in2 to 13 in' were analyzed.

The liftoff depends on the shear force ratio which is the ratio of the shear force at the

primary coolant boundary during blowdown to the shear force during normal operation.

The maximum shear force ratio of 1.15 occurs at the circulator outlet for a 13 in'

spurious relief valve opening in DBE/SRDC-10. The maximum shear force ratio in

the steam generator ranges from about 1.01 to 1.05. Most of the surface area and

most of the plateout is in the steam generator; therefore, the most significant

contribution to the total liftoff occurs for shear force ratios below 1.05. However the

full range of interest of the shear force ratio for the MHTGR is up to 1. 15. The iftoff

data base which forms the basis for the PSI]) model is comprised of results from four

experiments described in Reference 1:

1. the GA In-Pile Loop (GAIL W

2. the GA Deposition Loop Program

3. the French CPL-2 test program

4. the analysis of Peach Bottom steam generator tubing

The liftoff data consists of blowdown tests using both in-situ and ex-situ methods.

Figure R 4-63-1 shows the CPL 2/4 liftoff data from Incoloy 800 tubing for the key

1-131 nuclide. The one in-situ test in CPL 2/4 resulted in less than 0.5% liftoff.

During this in-situ test (with mainly Incoloy 800 but some T22 in the loop), a

maximum shear force ratio of 1.08 was maintained. The CPL-2/4 ex-situ liftoff tests

involved performing a series of out-of-pile blowdown tests after the in-situ blowdown

had taken place. Te in-situ blowdown of less than 0.5% of the plateout activity at

a shear ratio just greater than unity is in marked contrast to the ex-situ out-of-pile

blowdowns, of tube specimens subsequently cut from the CPL-2/4 heat exchanger which

resulted in liftoffs ranging up to about 30% for shear force ratio < < .0. For this

reason, pending confirmation from the technology development, an assumption has been

made that ex-situ blowdown tests overestimate the amount of in-pile liftoff and are not
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representative of a rapid depressurization accident. Since the ex-situ results are

considered to be flawed by handling during removal from the loops, they are used only

for estimation of the shear force ratio dependency of the liftoff.

Typical ex-situ data shown in Figure R 4-63-2 illustrate for cesium, iodine and

strontium that, while scattered, the liftoff increases with increasing shear force ratio.

It also shows that for a given value of shear force ratio, the liftoff increases such that

strontium > iodine > cesium.

Figure R 4-63-3 shows that there likely is a dependence of liftoff on the material on

which the plateout is deposited, although some of the difference may also be due to

differences in sample handling as shown by the Incoloy 800 tests A and B. No

dependence on the surface material type is included in the PSID model because of the

spread in liftoff in different tests for the same surface material. An overall average

liftoff curve slope for iodine is derived from this data.

In developing the PSID liftoff model, an empirical approach was taken and the

assumption was made that the experimental liftoff data from Ref. was adequate to

determine model parameters. All the experimental data obtained from GAIL IV, the

GA Deposition Loop, CPL-2 and the Peach Bottom steam generator tube tests were
considered together. The liftoff value at shear force ratio = 1.0 is attributed to the

effects of handling the samples in the ex-situ tests. The slope of a liftoff curve is

taken to represent the true liftoff to shear force ratio relation in the absence of the ex-

situ handling effects.

The PSID model as shown in Figure R 4-63-4 is constructed by using (1) the absolute

values of liftoff measured in the CPL-2/4 in-situ test, (2) the slope of the ex-situ liftoff

data and (3) the assumption that the liftoff goes asymptotically to 100% at very high

shear force ratio. The reference correlation for the total liftoff percentage, L, is

L = L 100m(SR-1)
100.m(SR-1)

where SR is the shear force ratio (for SR > 1.0), IL, is the liftoff percentage for SR
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•. 1.0, and mn is a constant depending on plateout chemical element determined from

ex-situ test data, e.g. Sr, I or Cs.

A comparison of the liftoff predicted by the PSI]) model and subsequent, independent

JAERI data (Ref. 2) is shown on Figures R 4-63-5 and R 4-63-6. This shows that the

PSID model generally envelopes the JAERI data over the full range of experimental

shear force ratios.
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R 4-64

Comment: Provide defiitions; of terms used to characterize/categorize the MHTGR fuel (e.g.,

reference fuel, standard fuel, nominal particle).

Response: Reference Fuel is defined as a population of coated fuel particles from any manufacturing

batch or composite which totally meets the specified distributions for measured quality
parameters. Reference fuel includes the individual particles which are inside of critical
limits, the small fraction outside of critical limits and the allowable fraction with missing

or incomplete coating layers.

A Reference Fuel Particle is an individual particle randomly selected from a Reference

Fuel population.

Standard Fuel is defixtd as a population of coated fuel within the population of
reference fuel particles which excludes those specific particles with missing or
incomplete coating layers.

A Standard Fuel Particle is an individual particle randomly selected from a Standard
Fuel population

A Nominal Coated Fuel Particle is defined as an individual fuel particle in which all
dimensions and properties are assumed ideally to be at the midpoints of the respective

ranges specified.

A Defective Coated Fuel Particle is defined as an individual fuel particle within a
congregate of Reference Fuel population which may have a missing or incomplete (e.g.,

coating has a penetrating flaw) coating layer. Defective coated fuel particles ae
quantified separately for missinglincomplete layers of buffer, inner pyrocarbon, silicon

carbide or outer pyrocarbon.
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Reference Fuel Cornpacts a defined as all of those fuel compacts from within an
accepted fuel compact manufacturing Ilt This includes fuel compacts with pperty
values which are both inside and outside of critical limits, but within the allowable
fractional values.
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R 4-65

Comment: Provide an explanation of the types of fuel (as defined in the response to R 4-64) the
TDNs are geared toward testing, and how the fuel is produced and selected for testing.

Response: Fuel is to be tested in response to five Technology Development Needs (TDNs) defined
in the MHTGR Regulatory Technology Development Plan. The following table indicates
the types of fuel to be tested in each.

TDN No. Title Type of Test Fuel

6-12 Fuel Irradiation Proof Test Reference

6-15 Performance Models for Defective Particles Defective

6-16 Validation of Fuel Performance Models Under Normal Reference

Operating Condition

6-17 Validation of Fuel Performance Models Under Core Reference

Conduction Cooldown Conditions

6-19 Fission Gas Release from Core Materials Defective

All reference fuel is fabricated in full scale kernel and coating production equipment.
Samples for testing are removed from production batches by the same riffle or rotary
splitters which a used for withdrawing quality control samples. Thus, reference fuel
for developmental testing is assured to be withdrawn in the same manner as
representative samples for any production control test.

The fuel samples for defective particle tests a prepared specifically to represent fuel
with well-characterized defects. Typically, a special batch is fabricated with all of the
buffer layers missing, or with all of the SC layers missing, as appropriate for the test.
Samples are drawn and characterized on the basis of 100% measurement of specific
parameters for defective fuel tests.
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R 4-66

Comment: Provide the distributions for buffer thickness, SiC thickness and OPyC thickness based
on fuel production experience to date.

Resronse: The variability of coating thicknesses and other parameters of TRISO coated particles
were characterized for the fuel fabricated for the H-RB-21 Iadiation Test and for the Fort
SL Vmi segment seven. The data for thicknesses for the HRB-21 fuel are shown in
Table R 4-66-1. This fuel was fabricated as a 2.5 kg batch in a production scale coater.
Three other batches of similar quality were made in the same campaign.

The production experience for the Fort St. Wrain segment seven represents a large body
of quality control information. The data pertaining to coated particle thicknesses ae
summarized from original production quality control records in Table R 4-66-2.
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TABLE R 4-66-1
COATING THICKNESSES FOP, HRB-21 CAPSULE FUEL

Coatiniz Laver Srvecified Specified Actual mean Standard Fraction in
mean thickness, Critical Limit tikes Deviation, Critical

IML :50.01 fraction WnRegion
below thiciness.

UCO Fissile Particles:

Buffer Ž95, 105 50 105.0 12.6 <0.001

Inner PyC Ž40, S60 25 52.8 4.06 <0.001

sic Ž30, !540 20 32.6 1.87 <0.001

Outer PyC ;Ž135, •45 21 46.8(a) 4.97 <0.001

Protective PyC Ž 40, •50 21 46.4 6.72 <0.005

Th 0, Fertile Particles:

Buffer Ž60, •570 30 67.1 11.5 0.002

Inner PyC Ž40, •960 25 56.4 5.06 <0.001

sic Ž30, •40 20 36.0 2.48 <0.001

Outer PyC Ž35, •545 21 41.1 4.38 <0.001

Protective PYC Ž40, •50 21 45.4 8.49 0.005

Notes
() Outside of specified range but accepted on a Nonconformance Report
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TABLE R 4-66-2
COATING THICKNESSES FOR FORT ST. VRAIN SEGMENT NO. 7

Coating Layer Specified mean Specified Critical Limit& Actual mean Standard
thickness, un !50.01 fction below thickness, rn Deviation, rn

thickness,ur

Buaffer Ž45, 5110 20 54.8 9.6

Inner PyC Ž>20, 30 10 25.5 3.3

sic ;Ž20, 530 10 25.1 2.6

Outer PyC Ž25 10 60.2 6.7

Fissile B (250pm):~

B uffer a45, 1 10 20 51.6 7.3

Inner PyC Ž>20, 530 10 24.4 3.2

sic ;Ž20, 30 10 25.0 2.6

Outer PyC Ž'35 20 41.1 5.3

Fertile A (350um):

Buffer 2!45, -565 20 55.5 11.2

Inner PyC ~20, 540 10 .27.1 4.7

sic Ž1030 10 .24.7 2.7 

Outer PyC Ž30 15 51.8 7.9 -...

Fertile B (450um): 
'*

Buffer Ž45, •65 20 53.3 11.2

Inner PyC Ž>20 .40 10 27.4 4.7

sic Ž10, 530 10 25.0 3.2

Outer PyC Ž4 20 46.2 7.5
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INTRODUCTION TO THE RESPONSES ON

ACTION ITEMS AND CARIFICATIONS

Amendment 4 contains the DOE responses to NRC comments resulting from the

review meeting of Chapter 5 on the MHTCR Preliminary Safety Information

Document (PSID) April 22 and 23, 1987. The Chapter 5 review covered the

R actor Cavity Cooling System (RCCS), the Vessel System and Subsystems, the

Heat Transport System and Subsystems, and the Shutdown Cooling System and

Subsystems.

As a result of this review, NRC has identified key technical concerns

(Ref. 1) which are addressed in summary below and in detail in the responses.

NRC Concern

There is a lack of experimental data available to support predictions of the

neutron embrittlement of the reactor vessel considering its lower operating

temperature in comparison with LWRs and the ipingement of a higher energy

neutron spectrum, caused by the graphite moderator. Adequate experimental

data are necessary to resolve these concerns.

DOE Response

The MHTGR program, recognizing the lower reactor vessel operating temperature

and the neutron spectral difference with respect to the neutron embrittlement

data base, has employed a conservative approach to the design. Vessel

shielding is employed to reduce neutron exposures to relatively low levels,

and the consequent shift of nil-ductility transition temperature is

conservatively estimated. None of the off-normal events in the duty cycle

pose a concern related to brittle fracture of the reactor vessel. During the

normal operating events of startup and shutdown, the vessel temperature and

pressure will be controlled to satisfy technical specifications.

As described in response to comment R 5-14, at the conceptual design stage

conservative estimates of NDTT shift were made for the MHTGR based on the

combined effect of irradiation temperature, neutron energy spectrum and

R 5-i Amendment 4
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damage function. Also, it is planned to measure NDTT shif t at low

temperature in the University of Buffalo research reactor to support the

design. A surveillance program is planned for the MHTGR to confirm the NDTT

shift at different locations of the reactor vessel during the actual

operation of the plant.

DOE believes that the neutron embrittlement of the MHTGR reactor vessel is

adequately addressed in the Regulatory Technology Development Plan and is not

expected to pose a safety problem.

NRC Concern

The potential for and consequences of failures of the vessel system have not

been explored for frequencies less than 10- per reactor year (a stuck open

safety valve). In recognition of the novel design of the vessel system and

the fact that portions are designed to function beyond current code and data

bases, lower probability failures need to be evaluated.

DOE Response

The MHTGR Vessel System has been developed based on the LWR reactor vessel

design and fabrication technology. The same design and fabrication codes as

well as material are used. The LWR and MHTGR vessels are also comparable in

dimensions. Thus, the MHTGR vessels are quite conventional in nature. The

current design code and data base support the MHTGR design up to 7'F, a

temperature limit that reflects the envelope of LWR conditions. Since the

MHTCR reactor vessel does exceed 700'F during events which have low

frequencies of occurrences, the data base must be extended. However,

available data indicates no significant change in vessel strength properties

are to be expected. An ongoing experimental program will provide the data to

confirm this.

NRC Concern

The RCCS is proposed as the only safety grade system for the removal of decay

heat. In order for us to accept such a proposal we must be convinced the
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RCCS performance and r liability are adequate. While we appreciate that the

RCCS is a passive system with the potential for reliable operation,

nevertheless, it is of unique' design with undocumented uncertainties

regarding its performance and the sensitivity of the RCCS to these

uncertainties. Therefore, DOE should document the uncertainties associated

with RCCS performance and reliability, the implications of these

uncertainties and its position with regard to committing to an adequate form

of performance verification by test.

DOE Response

The RCCS is proposed as the only system relied upon for the removal of decay

heat to meet 10CFR100 limits during DBEs. It is therefore classified as

"safety-related" by use of the safety classification methodology described in

PSID Section 3.2.3.2. However, its design requirements are determined based

upon the necessary perfc'rmance and reliability. The performance and

reliability of the FE1CCS are believed to be acceptable for the following

reasons:

a, Performance - Peak temperatures are largely insensitive to uncertainties

in RCCS performance (R 5-2 and R 5-4). Even for depressurized conduction

to earth, which is beyond the licensing basis, peak fuel temperatures are

not significantly higher than with the RCCS operating, and fission

product releases remain within 10CFR100 limits (R G-11.C and R 5-6).

o Reliability - The RCCS is inherently immune to failures attributable to

active components since no active features are used for decay heat

removal. The RCCS is continuously "running" and its performance will be

monitored over the life of the plant to assure reliable performance when

decay heat removal is needed. This aspect, together with the RCCS 151

program, enables detection and correction of any developing degradation

which would impact RCCS reliability before it became a safety concern.

The RCCS is largely insensitive to postulated failure modes (R 5-4 and

G-11) such as major blockage or cracks/flaws in the cooling panels.

Finally, significant time (i.-., days) is available to restore either the

RCCS or other core cooling systems (HTS or SCS) before the vessel

temperature limit is exceeded.
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Detail d evaluation of technology data needs for the RCCS is currently

ongoing. If system or component tests are deemed to be required, the

associated development plans will be included in the Regulatory

Technology Development Plan.

NRC Concern

The steam generator and the shutdown heat exchanger form boundaries of the

primary coolant system but are not classified as safety grade. While we will

withhold judgement on the safety classification of these components until we

have completed our evaluation of the accident analyses to be presented by

DOE, we believe it will be very difficult for us to ultimately agree with DOE

on this matter.

DOE Response

While it is true that the steam generator and shutdown heat exchanger are a

part of the primary coolant system boundary, this in itself is not sufficient

grounds to require a classification of "safety-related." The classification

methodology described in PSID Section 3.2.3.2 evaluates the consequences of

failures against acceptance criteria (CFR100 dose limits for failures of

the severity of interest). By this measure, it is determined that the

consequences of failure are within the acceptance criteria and these

components are therefore not classified as "safety-related.'

The response to NRC Comment 5-29 examines five NRC concerns related to steam

generator boundary or moisture monitor failures and supports the conclusion

that it is appropriate that these components not be "safety-related." The

response to these concerns is summarized below:

The steam generator and shutdown heat exchanger form boundaries of the

primary coolant system but are not "safety-related" to assure radionuclide

retention because an MHTGR release of all primary coolant and all plateout

results in offsite doses well below 1OCFR1OO limits.
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Th steam generator and shutdown heat exchanger are no t safety related" to

maintain core geometry since the "safety related" vessel system is capable of

withstanding large steam generator failures up to equivalent of 20 offset

rupture of tubes.

The steam generator and shutdown heat exchanger are not "safety-related" to

prevent water chemical attack. The MHTGR "safety related" fuel system is

designed to withstand the entire water/steam inventory of the steam generator

without excessive fission product release and without excessive generation of

combustible gases.

Steam generators and shutdown heat exchangers are not "safety related" to

control heat generation since the safety related" neutron control system is

designed to shutdown the reactor under any amount of water.

References:

1. Letter, Bill M. Morris (NRC) to Francis X. avigan (DOE), dated May 13,

1987.
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R 5-1

Comment: DOE will provide its responses to Action Item G-8, Parts A, B and

C included in NRC's Letter of April 2, 1987. For Part A, the

view-graph showing gas and metal temperatures in the upper plenum

should be documented and an explanation provided that supports the

use of a mixed mean gas temperature below the Upper Plenum Thermal

Structure rather than a hot plume. Part B should be answered in

its entirety as it was not discussed at the meeting. For Part C,

DOE will document information presented pertaining to offsite dose

from normal operation.

Response: Since this comment was written, the response to Action Item C-8,

Parts A, B, and C, has been prepared and is given in PSID

Amendment 3, R G-8.

R 5-1-1 Amendment 4
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R 5-2

Comment: Information pertaining to local maximum temperatures of fuel and

metals for LBEs SRDC-4 and SRDC-11 will be documented. Also, the

uncertainties and sensitivity to these uncertainties associated

with RCCS performance, including a description of the

conservatisms used (i.e. , in the decay heat curve, air flow rate,

core and reflector conductivities, vessel emissivity), should be

documented. How is it to be assured that over the lifetime of the

plant the assumptions used in the analysis will be maintained?

Response: The conservatively calculated local maximum temperatures of fuel

and metals for SRDC-4 (pressurized conduction cooldown) and

SRDC-11 (depressurized conduction cooldown) are given in Tables

R 5-2-1 and R 5-2-2.

The PSID data are conservative for key parameters. An analysis

was performed to show the sensitivity to key parameters. The

conservatisms in decay heat, heat source distribution, material

properties, and upper bound air inlet temperature used in the PSID

RCCS performance analysis are given in Table R 5-2-3 and are

summarized below:

o The PSID decay heat generation rate is 30% to 40% higher than

nominal (see decay heat curve Fig. R 5-2-1), particularly in

the time period of 50 to 200 h when temperatures peak.

o Decay heat distribution is conservative:

- The peak radial factor in the PSID is uniform (1.0, 1.0,

1.0) in three fuel element rings while the expected inner

to outer zone peaking factor is 0.9, 1.1, .0.

- The peak axial factor used in the PSID is 1.4 while the

expected value is 1.17 (see Fig. R 5-2-2).
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o Material properties

- The vessel and RCS eissivity used in the PSID is 0.8

while the expected value is 0.85 (Range 0.83 to 0.89).

- The core thermal conductivity used in the PSID is the

irradiated end-of-cycle value of 8 Btu/h-ft-OF while the

core thermal conductivity actually varies from 18

Btu/h-ft-0 F at the beginning of the cycle to 8 Btu/h-ft-0 F

at the end of the cycle. The effect of temperature on

thermal conductivity is included in the calculation of

thermal conductivity.

o The RCS air inlet temperature is a 110'F hot day.

The sensitivities of peak fuel and vessel temperatures to decay

heat generatior~ rate, decay heat distribution, vessel and RCS

emissivity, core and reflector thermal conductivity, graphite heat

capacity, and RCCS air inlet temperature for SRDC-4 and SRDC-11

are given in Tables R 5-2-4 and R 5-2-5. Additional sensitivities

of RCS design parameters for pressurized conduction cooldown are

shown in Table R 5-2-6.

Additional details of why PSID values are conservative are given

below.

The LEU/Th fuel cycle, selected thorium loading, and cycle length

are all contributors to the heat source, which is conservative

when compared to an earlier decay heat curve based on the HEU fuel

cycle. Therefore, the decay heat curve used in the PSID is an

upper bound limit for the Standard MHTGR. By proper axial zoning,

it can be assured that the axial decay heat profile never exceeds

the axial peaking factor given in the PSID. Similarly, the radial

peaking factor can be limited such that the PSID value is

conservatively high. The vessel and RCS missivities are
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expected to be between 0.83 and 0.89 over the live of the plant.

However, a vessel and RCCS emissivity value of 0.8 is used in the

PSID. The core thermal conductivity is expected to vary between 8

and 18 Btu/h-ft-0 F over the life of the plant. The PSID

calculations use the lower value of 8 Btu/h-ft-'F. The reflector

thermal conductivity used in the PSID is 25 to 30 Btu/h-ft-0 F,

which is the lowest expected over the life of the plant. The

graphite heat capacity used in the PSID is 27 to 35 Btu-ft3 _. F

which is the lowest expected over the life of the plant. The PSID

uses an air inlet temperature to the RS of 110'F, which

envelopes seasonal variation of 85% of the potential U.S. sites in

accordance with user requirements.

In developing data for the PSID, conditions over the life of the

plant were evaluated and the PSID analysis parameters were

conservatively chosen to envelope their most limiting expected

lifetime values. Additionally, the vessel and fuel temperatures

are not very sensitive to degradation of RCCS performance, as

shown in Table R 5-2-6 and discussed in the response to comment

5-4. As a result, the PSID analysis is conservative, with margin

included in most parameters.

For additional information, see response to NRC Comments R 5-40

and R 5-42.
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TABLE R 5-2-1

SUMMARY OF PEAK VALUES FOR SRDC-4

(PRESSURIZED CONDUCTION COOLDOWN)

Peak Temperatures (a)

Parameter OC (F)

Active core 1307 (2384)

Outer control rods 882 (1619)

Core barrel 512 (953)

Upper plenum thermal protection structure 717 (1322)

Upper plenum cans 885 (1626)

Reactor vessel (midwall) 400 (752)

RCCS panel 206 (402)

RCCS air: In 43 (110)

Out 163 (325)

Primary coolant pressure (psia) 1016

(a) NOT ALL PEAK TEMPERATURES OCCUR AT THE SAME TIME.
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TABLE R 5-2-2

SUMJMARY OF PEAK VALUES FOR SRDC-11

(DEPRESSURIZED CONDUCTION COOLDOWN)

Peak Temperatures (a)

Parameter *C (F)

Active core 1621 (2951)

Outer control rods 1133 (2072)

Core barrel 613 (1135)

Upper plenum thermal protection struxcture 793 (1460)

Upper plenum cans 828 (1522)

Reactor vessel (midwall) 457 (853)

RCCS panel 220 (428)

RCCS air: In 43 (110)

Out 153 (307)

(a) NOT ALL PEAK TEMPERATURES OCCUR AT THE SAME TIME.
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TABLE R 5-2-3

CONSERVATISMS IN PSID INPUT DATA

Sensitivity

Parameters PSID Data Ex~ected

Decay heat generation rate 30% to 40% higher See decay heat curve

than nominal (Fig. R 5-2-1

1100 nuclide nominal)

Decay heat distribution

Peak radial factor Uniform Peak to central

(1.0, 1.0, 1.0) column (a)

(0.9, 1.1, 1.00)

Peak axial factor Relative fission Afterheat distribution

(See Fig. R 5-2-2) power distribution (1.17 peak)

(1.4 peak)

Mat rial properties

Vessel emissivity 0.8 0.85

RCCS panel emissivity 0.8 0.85

Core thermal conductivity Fully irradiated at Higher conductivity at

end of cycle beginning of cycle (-8

(-8 Btu/h-ft-0 F) to 18 Btu/h-ft-0 F)

Heat Transfer Coefficient Nu - 0.017 Re 0.8 Nu - 0.020 Re 0.8

inside RCCS panels

(a) Peaking values for inner, central, and outer radial-zones, respectively.
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TABLE R 5-2-4

CHANGES IN PEAK COMPONENT TEMPERATURES FROM PSID VALUES

DURING PRESSURIZED CONDUCTION COOLDOWN (SRDC-4)

ASSUMING EXPECTED VALUES OF INPUT PARAMETERS

Peak Fuel Peak Vessel Peak Upper Plenum

Temperature Temperature Structure Temperature

Parameters OC(F C(F C (F)

Decay heat generation -224 (-403) -41 (-74) -33 (-60)

rate

Decay heat

distribution

Radial +1 (+1) +1 (+2) +2 (+3)

Axial +1 (+2) -l (-1) +1 (+1)

Material properties:

Vessel and RCCS -2 (-4) -9 (-16) -3 (-5)

emissivity

Core thermal +35 (+63) -l (-1) +14 (+25)

conductivity

(-10%) (a)

Graphite heat +22 (+40) +4 (+8) +8 (+14)

capacity reduced

by _10%(a)

Air inlet temperature -2 (-4) -10 (-18) -4 (-8)

reduced from 110 to

700F

(a) REDUCED TO SHOW SENSITIVITY

(Expected Upper Bound)
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TABLE R 5-2-5

CHANGES IN VALUES PEAK COMPONENT TEMPERATURES FROM VALUES

DURING DEPRESSURIZED CONDUCTION COOLDOWN (SRDC-11)

ASSUMING EXPECTED VALUES OF INPUT PARAMETERS

Peak Fuel Peak Vessel

Temperature Temperature

Parameters 0C (F) 0G (F)

Decay heat generation rate -189 (-340) -54 (-94)

Decay heat distribution

Radial -8 (-15) +1 (+1)

Axial -93 (-167) -16 (-28)

Material properties:

Vessel and RCCS emissivity -3 (-6) -11 (-20)

Core thermal conductivity -17 (+31) -3 (-5)

Reflector thermal conductivity +33 (+59) -l (-2)

reduced by _1Q%(a)

Graphite heat capacity reduced +17 (+30) +4 (+7)

by 1Q%(a)

Air inlet temperature reduced from -2 (-4) -11 (-19)

110 to 700F(a)

(a) REDUCED BY 10% TO SHOW SENSITIVITY.

(Expected Upper Bound)
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TABLE R 5-2-6

SENSITIVITY OF RCCS DESIGN PARAMETERS FOR SRDC-4

(PRESSURIZED CONDUCTION COOLDOWN)

Temperature Changes in C (F) from Nominal Case

Peak Upper

Peak Fuel Peak Vessel Plenum Structure

Temperature Temperature Temperature

Parameters OC (*F) 0C (OF c(F)

RCCS heat transfer +1 (+2) -5 (-9) +1 (+2)

coefficient (-20%)

RCCS flow resistance +1 (+1) +3 (+6) +1 (+2)

(+20%)

Air pressure +1 (+2) +5 (+9) +2 (+3)

-6U00 ft (-20%)

Air temperature -8 (-14) -38 (-68) -16 (-29)

(-450 F)

Vessel emissivity +4 (+8) +22 (+40) +7 (+12)

E - 0.6 (-25%)

Vessel and RCCS +9 (+16) +39 (+71) +12 (+21)

emissivity

E - 0.6 (-25%)
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R 5-3

Comment: DOE will document its discussion of how heat conduction through

the graphite core and all portions of the reflector is modeled.

DOE will describe how effects of irradiation on graphite thermal

conductivity is considered and how surface contact and gaps

between graphite elements may vary with time and other factors.

DOE should describe what additional data may be needed to support

the heat conduction analysis and whether or not such information

should be included in the Technology Development Plan.

Response: Pressurized conduction cooldown is modeled by a general purpose

heat transfer code (PANTHER) in which a network of nodes is

connected by heat transfer paths and fluid flow paths. Input for

the nodes and connections includes geometry, thermal properties,

heat generation rates, conduction, convection, and radiation heat

transfer data. Node connections have no geometric restrictions.

A geometric model of the entire reactor vessel and cavity is used

to perform the computer analyses. The model is shown in

Figure R 5-3-1. The distribution of nodes is shown in Table R

5-3-1. The geometric model encompasses the active core; the

inner, outer, top, and bottom graphite reflector; the graphite

core support floor; the core support plate; the core barrel; the

insulated upper plenum thermal protection structure; the reactor

vessel; and radiation shielding material above and below the

reactor vessel. The model simulates the core using three

convective flow channels.

Heat transfer within this model is principally by conduction

through the core and reflectors to the top and bottom core

surfaces and to the core periphery adjacent to the core barrel.

Heat is transferred by thermal radiation and conduction across the

gas spaces separating the core surfaces and the metal support
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structures and shrouds, and by convection and radiation across the

gas spaces to the reactor vessel. Free convection from heated

surfaces is modeled. Heat is transferred by thermal radiation and

convection through the spaces separating the reactor vessel and

the reactor cavity cooling panels. A convective flow of air

through the RCS cooling panels is calculated, which removes heat

from the RCS.

The concrete walls, floor, and ceiling defining the reactor cavity

form the external boundary of the conduction cooling model.

Depressurized conduction cooldown is modeled by a general purpose

code (TAC2) for calculating steady-state and transient

temperatures in two-dimensional problems by the finite difference

method. The configuration of the body to be analyzed is described

in the rectangular, cylindrical, or circular (polar) coordinate

system by orthogonal lines of constant coordinate called grid

lines. The grid lines specify an array of nodal elements. Noda'K

points are defined as lying midway between the bounding grid lines

of these elements. A finite difference equation is formulated for

each nodal point in terms of its capacitance, heat generation, and

heat flow paths to neighboring nodal points. A system of these

equations is solved by an implicit method.

The input is geometry, heat generation rates, heat generation

distribution, conduction and radiation heat transfer data, thermal

properties, and boundary conditions.

Specific heat, emissivity, conductivity, and volumetric heat

generation are specified as functionally dependent variables for

solid materials. Thermal properties are temperature and fluence

dependent, and may also be dependent on time and location. A

geometric model of the entire reactor vessel and cavity is used to

perform the analysis. The model is shown in Figure R 5-3-2. The

geometric model encompasses the activ core; the inner, outer,
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top, and bottoi graphite reflector; the graphite core support

floor; the core support plate; the core barrel; the insulated

upper plenum thermal protection structure; the reactor vessel;

radiation shielding material above and below the reactor vessel;

and the concrete behind the air-cooled Reactor Cavity Cooling

System (RCCS) panels.

Heat transfer within this model is principally by conduction and

radiation across the graphite gaps through the core and reflectors

to the top and bottom core surfaces and to the core periphery

adjacent to the core barrel. The core and reflector gaps are

included in the model. Heat is transferred by thermal radiation

and conduction across the gas spaces separating the core surfaces

and the metal support structures and shrouds, and across the gas

spaces to the reactor vessel. Free convection from heated

surfaces is modeled. Heat is transferred by thermal radiation and

convection across the gas spaces separating the reactor vessel and

the reactor cooling panels. A convective flow of air through the

cooling panels is calculated, which removes most of the heat from

the panels. Some heat is transferred by conduction from the

panels to the reactor cavity walls.

The concrete walls, floor, and ceiling defining the reactor cavity

form the external boundary of the conduction cooling model.

Data are available for graphite fuel block thermal conductivity as

a function of fluence (time) as shown in Figure R 5-3-3. For

conservatism, an end of equilibrium cycle value of fluence, and

hence graphite thermal conductivity, is used in the PSID

analysis. En addition, graphite anneals at high temperatures and

the thermal conductivity of irradiated graphite returns to the

value of unirradiated graphite.

The gap size changes are a function of age, fluence, and

position. En this evaluation of SRDC-4 and SRDC-11, gap sizes of

0.05 in. were assumed.
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Data to support conduction cooldown analysis have been taken from

the MHTGR data base or developed from empirical correlations found

in the literature. Some of these represent key parameters which

have the most effect on fuel and metallic component temperatures.

Thermal conductivity and specific heat for graphite have been

experimentally determined and documented in the GA Graphite Design

Data Manual. The uncertainties in these parameters are therefore

known. other key parameters for which uncertainties need to be

determined include flow mixing in the upper core plenum, reactor

vessel emissivity, RCGS film coefficient, RS panel emissivity,

and RS flow resistance. Based on further analytical assessment

of these parameters, a test program to determine those properties

will be included in the Regulatory Technology Development Plan if

found necessary.

For additional information, see response to NRC Comments R 5-38I ~ ~and R 5-40.
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TABLE R 5-3-1

PRESSURIZED CONDUCTION OOLDOWN ANALYSIS MODEL

(PANTHER)

Component No. of Nodes No. of Connectors

Core and reflectors 105 (solid) 210

40 (flow) 40

Core support, posts, floor, etc. 60 120

Core barrel 30 50

Upper plenum thermal protection 2 10

structure

Reactor vessel 50 100

Reactor Cavity Cooling Systems 20 (solid) 30

panels ..20 (flow) -30

Totals 327 590

R 5-3-5 Amendment 4
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R 5-4

Comment: DOE believes its design and placement for the outlet and inlet

duct structures for the RCCS is adequate for the conceptual design

stage. It believes that the design addresses concerns of

re-circulation, wind-induced stagnation, startup effects, and

blockage. At present, DOE sees no need for experimental

validation of these conclusions but will review this decision in

light of experiments being planned for similar LM1R equipment. DOE

will document this discussion including its presentation of flow

blockage effects and its plan for performance validation.

The RCCS is proposed as the only safety grade system for the

removal of decay heat. In order for us to accept such a proposal

we must be convinced the RCCS performance and reliability are

adequate. While we appreciate that the RCCS is a passive system

with the potential for reliable operation, nevertheless, it is of

unique design with undocumented uncertainties regarding its

performance and reliability and the sensitivity of the RCCS

performance to these uncertainties. Therefore, DOE should

document the uncertainties associated with the RCCS performance

and reliability, the affect of these uncertainties and its

position with regard to committing to an adequate form of

performance verification by test.

Res~onse: The statements made about the adequacy of the RCCS inlet and

outlet structure design are correct. on the other hand, the

statement made that DOE sees no need for experimental validation

is inaccurate. As discussed further below, both code validation

and performance verification will be done experimentally, most

probably by separate effects tests. However, the specific test

strategy will only be established when an analytical determination

is made of the parameters critical to RCCS performance.

R 5-4-1 Amendment 4
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It is also true that the RCCS is the only system relied upon for

the removal of decay heat during design basis events (DBEs) to

assure that the dose limits of OCFR100 are not exceeded. Because

of this latter fact, special emphasis is placed on the design of

the RCCS to ensure the adequacy of its performance and

reliability.

To ensure adequacy of performance, conservative values of design

parameters are used. These parameters are convection heat

transfer coefficient, reactor vessel emissivity and RCCS panel

emissivity. Table R 5-2-3 lists the expected values and the

conservative values of these parameters used in the PSID

analysis. Use of conservative values has resulted in a large

conservatism in the performance of the RS. The analysis

presented in the PSID reflects this aspect of the RCCS design. In

addition to this conservatism, another aspect of RCS performance

is its low sensitivity to any variation in the values of these

design parameters. The effect on the vessel and fuel temperatures

as a result of the variation of these parameters is small, as

shown on Table R 5-2-6. A seen in this table, the vessel

temperature increases by only 40'F when its emissivity is reduced

by 25 percent. The reason for this low sensitivity is the

dominance of heat transfer by the thermal radiation. As the

vessel temperature tends to rise, heat transfer increases by

temperature to the fourth power effect. The example of

sensitivity to emissivity is used for illustration only. The

conservative emissivity value of 0.8 is used in the PSID analysis.

To ensure adequate reliability of the RCCS, it is design to be

completely passive (i.e., no active components such as pumps,

valves, or controls are used). This feature renders it highly

resistant to failures. An analysis of some postulated but highly

unlikely failure modes indicates that the vessel and fuel

temperatures are quite insensitive to these failure modes. Table

R 5-4-1 shows the results of the flow blockage failure analysis.

It may be seen that in the case of the worst postulated blockage

R 5-4-2 Amendment 4
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condition, the peak vessel temperature increases by only 6F. The

reasons for this very low sensitivity are the unique features

built into the RCCS design. These features are: redundancy in

the inlet/outlet structure and ducting, common plena both at the

top and bottom of the cold side of the RCS panels and common

plena at the top of the hot side of the RCS panel. These

features help distribute the air flow uniformly over the panels

and thus compensate for the partial flow blockage. Additional

discussion of reliability of the RCCS is given in Response R 5-6.

A discussion of failure modes and effects is given in PSID Section

5.5.5.l and Figure 5.5-2.

The conditions of recirculation, wind-induced stagnation, and

startup effects have been analyzed, as discussed below. Since

operation of the RCCS is not required to remove decay heat when

the HTS and SCS are available, the above conditions are of concern

only during conduction cooldown events, as bounded by SRDC-4 and

SRDC-11. The specific design features which address these

concerns are as follows:

o The potential for some partial recirculation can only exist

during a postulated inlet-outlet structure blockage situation:

blockage of all side or all top inlets/outlets on the

secondary chimney (item 2 in Table R 5-4-1). However, the

momentum of the hot air greatly reduces the potential for

recirculation, and the strong winds necessary to induce this

condition would cause significant turbulance and mixing,

serving to mitigate the effects of any recirculation which

might occur. The simultaneous occurrence of one of the above

SRDCs and the specific inlet/outlet structure blockage

situation is extremely unlikely. Moreover, continuous

monitoring of the RS performance with detect onset of this

type of progressive blockage and allow the use of corrective

measures.

R 5-4-3 Amendment 4
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o The unique design of the inlet/outlet structure eliminates the

adverse effects of wind-induced stagnation conditions. The

common quiescent chamber in the inlet/outlet structure

equalizes the wind-induced stagnation pressure over all the

inlets and outlets, thus eliminating pressure imbalances in

the system.

o Since operation of the RCCS is not required to remove decay

heat during startup, no adverse startup effects are expected.

However, during slow heatup of the vessel, the air flow will

be gradually established within the RCS panels in the

appropriate direction aided by the vertical orientation of the

reactor vessel.

The above discussion demonstrates that the design of the RCCS

provides adequate performance and reliability needed for the

MHTGR. Nonetheless, In order to validate the analytical tools and

to verify the RCCS performance, DOE plans to pursue the following

course of action:

o A detailed computer model of the RCCS will be developed

o Detailed sensitivity analysis will be performed to determine

effect of the following parameters on RCCS performance:

- Panel emissivity

- Radiation shape factor, flow area, panel surface area

- Convection coefficient

- Flow distribution

- Wind effects on flow

o Parameters critical to RCCS performance will be identified

R 5-4-4 Amendment 4
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O Test strategy for performance verification/code validation

will be developed. However, no specific tests shall be

specified until above analysis is complete. Based on the

present analysis and understanding, validation is expected to

be completed by separate effects tests.

Detailed evaluation of technology data needs for the RCS is

currently ongoing. If system or component tests are deemed to be

required, the associated development plants will be included in

the Regulatory Technology Development Plan, DOE-HTGR-86-064.

R 5-4-5 Amendment4
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TABLE R 5-4-1

RCCS FAILURE MODES AND EFFECTS

IMPACT ON KEY COMPONENT TEMPERATURES OF

POSTULATED FAILURE MODES

Peak Fuel Peak Vessel Peak UPTPS

Failure Mode TeM2 C (F) Temp C (F) TeM2 C (F)

1. Pressurized Conduction 1307 (2,384) 400 (752) 635 (1,175)

Cooldown. (SRDC-4) -

No Failure

2. Blockage of all sides 0 0 0

or all top inlets/

outlets on secondary

chimney (Inlet/Outlet

Structure)

3. Blockage of Inlet/ 0 +1.1 (+2) +0.6 (+1)

Outlet Header Plenum

4. Blockage of one of four +0.6 (+1) +3.3 (+6) +1.1 (+2)

ducts

5. Blockage of one of two 0 0 0

main ducts

6. offset break in one of +0.6 (+1) +3.3 (+6) +1.1 (+2)

two main outlet ducts

7. Airborne debris/insect 0 0 0

swarm (assumed to be the

same as Item 2, above)

R 5-4-6 Amiendmnent 4
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TABLE R 5-4-1

(Continued)

Peak Fuel Peak Vessel Peak UPTPS

Failure Mode Temp C (F) Temp C (F) TemR OC (F)

8. Icing (90% of Inlet/Exit -1.7 (-3) -8.3 (-15) -4.4 (-8)

Area assumed blocked;

inlet air temp.

reduced from 1100F

to 320F)

R 5-4-7 Amendment 4
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R 5-5

Comm nt: DOE will document the view-graphs showing peak temperatures of the

panel, vessel and concrete during normal operation and limiting

LBEs. The means being considered for limiting concrete

temperatures at the top and bottom of the cavity should be

described and the peak temperature of the ambient atmosphere in

the cavity provided.

Response: Temperatures of RCS panel, vessel, and concrete are given for

normal operation in Table R 5-5-1. Temperatures during SRDC-4 are

given on Figures R 5-5-1 and R 5-5-2, and temperatures during

SRDC-11 are given on Figures R 5-5-3 and R 5-5-4.

Concrete temperatures at the top and bottom of the cavity are

limited by the following design features:

o Concrete is not exposed to cavity atmosphere at the top and

bottom. Concrete is protected by steel structures provided for

shielding purposes.

o During normal operation, HVAC cools the concrete on the

backside of these steel structures.

o During events when HVAC is not available, thermal inertia of

the composite steel-concrete structures maintains the concrete

temperature within allowable limits.

Further discussion on limiting the concrete temperature is given

in Response R G-11.A.

The peak temperature of the ambient atmosphere in the cavity

occurs near the top of the cavity, and is estimated to be 350'F

during normal operation, 600'F during depressurized conduction

cooldown and 550'F during pressurized conduction cooldown.

R 5-5-1 Amendment 4
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TABLE R 5-5-1

RCCS STEADY-STATE PERFORMANCE

NORMAL PLANT OPERATION

[43-C (1100F) AMBIENT AIR]

Parameter

Reactor Vessel

Heat Loss to RCCS, kW 805

Average Inside wall temperature, 00 (F) 224 (436)

Average Outside wall temperature, 00 (F) 219 (427)

Peak Outside wall temperature, C (F) 223 (434)

Cooling Panel

Average temperature, C (F) 104 (219)

Maximum temperature, C (F) 126 (258)

Air inlet temperature, C (F) 43 (110)

Air outlet temperature, 00 (F) 108 (227)

Air inlet flow, cu in/sec (cfm) 10.2 (21,600)

Maximum velocity, in/sec (ft/sec) 3.0 (9.8)

Structure

Concrete surface temperature, 00 (F) 43 (110)

R 5-5-2 Amendment 4
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* R 5-6

Comment: DOE will discuss the time available for RCCS repair for the case

of a postulated total failure. For example, if inlet ducts become

totally blocked, how much time would be available to unblock the

ducts before significant damage occurs to any safety related

component. Consider the case when peak fuel temperatures have

already reached 1600'C and a case starting with the beginning of

the transient.

Response: The time available for RCCS repair has been assessed for several

c a se s,including normal operation, pressurized conduction

cooldown, and depressurized conduction cooldown. For all these

cases, the time available for RCCS repair is on the order of days.

Under normal operating conditions, the RCCS is not relied upon to

maintain vessel or core temperatures. Rather, the system

maintains reactor cavity concrete temperatures within allowable

limits. While a total failure of the RCCS is beyond the licensing

basis of the MHTGR, a total or partial failure during normal

operation would be detected by the operator by monitoring air

inlet and outlet temperatures or during ISI. The operator would

then take appropriate action for the affected reactor module

consistent with the Technical Specifications, and repairs would be

performed.

During a pressurized conduction cooldown, such as DBE-1 or DBE-4,

the RCCS provides cooling such that vessel temperatures peak at

about 120 h. If the RCCS is unavailable from the start of the

event, any one of three redundant and diverse cooling systems can

be restored to operation at any time (see R 5-32) including the

Heat Transport System, the Shutdown Cooling System, and the RCCS.

In order to avoid vessel temperatures in excess of the ASME Level

C limit of 800'F for pressurized conditions, the time available to

restore any one of the three cooling systems is about one day.

R 5-6-1 Amendment 4
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During a depressurized conduction cooldown with the RS in

operation, such as DBE-ll, which has some HTS cooling after

reactor trip, vessel temperatures peak at about six days. If the

RCCS is unavailable from the start of the event, vessel

temperatures in excess of the ASME Level D limit of 900'F for

depressurized conditions can be avoided by restoring to operation

any one of the three cooling systems within about two days. Fuel

temperatures are not significantly affected if cooling is restored

within the available time. Even if cooling is never restored

during this condition, peak fuel temperatures are not

significantly higher than in the core with the RCS operating, and

fission product releases remain within 10CFR100 limits; this rare

event will be discussed at the probabilistic risk assessment

review meeting to be held in July 1987.

For a case where the RCCS works for some period of time during a

pressurized conduction cooldown and then incurs a postulated total

failure, the resultant fuel and vessel temperatures would be less

severe than those predicted for the case with no RCCS cooling at

time zero.

R 5-6-2 Amendment 4
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R 5-7

Comment: While DOE stated that the ASME Code Section XI would be used for

RCCS 151, DOE should describe the objectives of the 151 program in

terms of the types of failures to be guarded against.

Response: The objective of the 151 program is to ensure continued RCCS

performance with required reliability over the life of the plant

by providing protection against various types of failures (e.g.,

partial blockage, cracks or structural weld failure, etc.).

The 151 program will include monitoring of normal operation to

assure heat removal capability. Air flow rate, air inlet and

outlet temperatures, and panel temperature will be monitored. 151

requirements will be established based on an analysis of the

sensitivity of RCCS performance to adverse conditions such as

partial flow blockage and cracks in the panel and ducts.

Provisions will be made for visual inspection to assure

maintenance of RCCS integrity and structural support. This will

include inspection for cracks or structural weld failure.

R 5-7-1 Amendment 4
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R 5-8

Comment: DOE will provide the design bases for the drain at the bottom of

the RCCS panels and how it will be assured that the drain

continues to be available as needed.

Response: Drain connections are provided in anticipation of any rain ingress

or collection of mist as the inlet air flows through the ducts and

panels. Although the inlet structure is designed to preclude rain

entering the inlet plenum, some entrained water and mist may be

expected in the inlet air. The amount of water either entrained

or accumulated will be small, an significant air flow blockage is

not considered credible because heating of the bottom plenum will

tend to evaporate the entrained or accumulated water. Rather, the

function of the drain system is to reduce the potential for

corrosion. A number of drain connections of adequate size will be

provided. Detailed sizing analysis will be performed during the

preliminary and final design phases.

The following provisions are made in the drain system to assure

that the drains continue to be available as needed:

o It is a passive system (no pumps or valves)

o It is built to same standards as other RCCS components

o A surveillance and maintenance program will ensure that the

drain lines are not blocked

o Multiple drain connections reduce the probability of

simultaneous failure of all drains and the accumulation of

water.

R 5-8-1 Amendment 4
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R 5-9

Comment: DOE will describe and discuss the safety qualification of

instrumentation needed to assure the readiness and performance of

the RCCS. What actions will the operator take on receipt of an

off-normal RCCS signal? What are the factors being considered

that will determine if RCCS instrumentation will readout in the

remote shutdown area, require E power and be seismically

designed?

Response: The failure of the RCS instrumentation does not prevent the

ssytem from performing and does not initiate or aggravate any LBE,

and this instrumentation is not relied upon in any way to meet

10CFR100 dose limits. Therefore, it is not classified as

"safety-related."

An off-normal RS signal indicates that RCCS operating conditions

have reached some pre-determined value indicative of reduced heat

removal capacity. Due to the margin in the RCCS design, this

pre-determined set of conditions is able to be well in advance of

any state that can cause a significant increase in vessel or fuel

temperature during a conduction cooldown. Thus, no immediate

operator action is needed on an off-normal signal.

Rather, the operator would take appropriate action for the

affected reactor module consistant with the Technical

Specifications, and any necessary repairs would be performed.

The instrumentation provided in the Remote Shutdown Area (RSA) is

that which permits an operator to monitor the plant's performance

of its 1CFR100 related functions. Since the RCCS is relied upon

to perform such a function its instrumentation will be located in

the RSA. The seismic design requirement and electrical power

needs for the RSA instrumentation will be determin d on the basis

of the requisite reliability of the post-event monitoring

R 5-9-1 Amendment 4
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function. The requirements for the RCS instrumentation will be

similarly determined, taking into account the existance of other

instrumentation which provides an indication of the performance of

the RCCS's OCFR100 related function.

R 5-9-2 Axnendnien 4
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R 5-10

Comment: DOE will clarify if cavity temperatures or vessel surface

temperatures could be reached by expected and/or by postulated

degraded RCS performance that could impair performance of

instruments such as neutron monitors or post accident monitoring

equipment.

Response: Instruments such as neutron monitors are located in the cold inlet

air spaces of the RCCS panels. Thus, these instruments are not

affected by the reactor cavity or vessel temperature. No

post-accident monitoring instrumentation is currently identified

as being located in the cavity. Any instruments, if and when

identified, will be designed and qualified to withstand the cavity

temperatures, or appropriate cooling will be provided.
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R 5-11

Comment: DOE will document the reasons why a combination of high

temperatures and low flow alarms will be used to indicate

reduction in RS cooling capability rather than individual

signals.

Resivonse: The proper functioning of the RCCS is indicated by an increase in

circulating air flow and an increase in air exit temperature with

increasing reactor vessel temperature during heat up. Low f low

alone does not indicate a problem since this is expected to occur

during reactor vessel cooldown. However, low flow with a

coincident higher than expected exhaust temperature would indicate

that a flow problem might exist.

R 5-11-1 Amendment 4
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R 5-12

Comment: DOE will modify PSID Table 5.5-1 to show that the quantities in

column, "Begin Cooldown", are formulated after a one hour delay

from reactor shutdown.

Response: PSID Table 5.5-1 has been amended. The middle column entitled

"Begin Cooldown" has been deleted because these cooldown

conditions are time-dependent and are bounded by the "100% Power"

conditions and the "24 Hours After Reactor Trip" conditions.
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R 5-13

Comment: En Section 5.5.5.1 of the PSID a preliminary assessment of the

RCCS failure modes and their effects is provided. DOE will

indicate the extent that these assessments were based on

calculations rather than rough estimates and judgements. Because

of the importance of this assessment to NRC's evaluation of the

RCCS' feasibility this assessment should be fully supported by

calculation in all but the most obvious cases.

Response: The RCCS failure modes and effects assessments were based on

preliminary analysis and evaluations. Results of these analysis

and evaluations are presented in response to NRC comment R 5-4.

Further analyses will be performed during preliminary and final

design phases.
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R 5-14

Comm nt: Information presented and discussed on the response of the reactor

vessel to neutron fluence will be documented including the

view-graph, "Expected neutron exposure of reactor vessel

components," the explanation of the choice of the University of

Buffalo reactor to measure temperature effects of radiation damage,

and the means to be used to calculate the spectral effects from

graphite moderation in comparison to water moderation. DOE should

include in this documentation the conservatisms and uncertainties

in these damage estimates.

Response: The MTGR Vessel System has been developed based on the LWR reactor

vessel design and fabrication technology. The same design and

fabrication codes as well as material are used. The LWR and HTGR

vessels are also comparable in dimensions. Thus, the MTGR vessels

are quite conventional in nature and are expected to have at least

the same high reliability as LR vessels.

The MHTGR program, recognizing the lower reactor vessel operating

temperature and the neutron spectral difference with respect to the

neutron embrittlement data base, has employed a conservative

approach to the design. Furthermore, as described in the

Regulatory Technology Development Plan (RTDP), it is planned to

measure the nil-ductility transition temperature (NDTT) shift at

low temperature in the University of Buffalo research reactor to

support the design. This facility was chosen because it was used

to generate data utilized by NRC and the industry to develop and/or

analyse nuclear reactor pressure vessels. In this manner,

consistency in data will be assured. In addition, a surveillance

program is planned for MHTGR to confirm NDTT shift at different

locations of the reactor vessel during the actual operation of the

plant.
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The neutron exposures of various components of the HTGR r actor

vessel (shown in Figure R 514-1) are listed on Table R 5-14-1

along with the materials and the expected steady state operating

temperatures. The values of neutron fluence given, are the highest

calculated for each region, using conservative shielding

calculations. It should be noted that the same materials used in

LWR vessels are used for the MHTGR vessels.

In order to estimate the impact of neutron exposure on the NDTT of

the HTGR vessels, the existing LWR data base for SA533B plate

steel and weld, with proper extrapolation to MTGR conditions is

used. The data base is represented by the correlations in

Regulatory Guide 1.99 Rev. 2.

The irradiation environment of the HTGR reactor vessel, for which

this extrapolation is made, has lower temperatures, lower fluences

and fluxes, and a lower epithermal neutron spectrum than that of

lWiRs. The MHTGR analyses utilize correlations in Regulatory Guide

1.99, Rev. 2 including the margin term for a conservative

upper-bound value.

In order to account for the lower vessel temperature, a

conservative temperature correction factor of 2.25 is applied to

Regulatory Guide 1.99. The neutron energy spectrum of the MHTGR

differs from the LWR spectrum due to approximately ten times more

epithermal neutrons for every fast neutron at the MHTGR vessel. To

account for this, the total neutron fluence of the M¶HTGR is

converted into the damage fluence by weighting factors developed

from the NDTT shift per unit fluence as a function of the neutron

energy given in Ref. 1, and this damage fluence provides an input

to the Regulatory Guide 1.99 correlation.

The estimated NDTT shift for Reactor Vessel Components is shown in

Table R 5-14-1.

R 5-14-2 Amendment 4
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In summary, the expected NDTT shift for the MHTGR reactor vessel is

a conservative estimate that accounts for the combined effect of

irradiation temperature, neutron energy spectrum, and damage

fluence.

Reference:

1. McElroy, W. N., Dahl, R. E., and Serpan, C. Z., Damage Functions and Data

Correlation. Nuclear Applications and Technology, Vol. 7, December 1969,

p. 561.
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Table R 5-14-1

ESTIMATED NDTT SHIFT FOR MHTCR REACTOR VESSEL COMPONENTS

Expected Fluence

Operating (1016 nm 2) Estimated

Component Material Temperatures (0F) Damag-e Total NDTT Shift (F)

Upper Head SA508 300 11.5 97.4 35

Forging

Upper Head SA533 300 - 360 13.29 97.3 39

Main Flange SA508 370 - 380 1.78 18.59

Shell SA533 390 - 420 2.60 14.1 12

Crossduct Nozzle SA508 500 0.033 0.22 <1

Core Support SA508 370 0.004 0.033 «1I

Forging

Lower Head SA533 340 - 430 0.004 0.057 <<1

R 5-14-4 Amendment 4
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R 5-15

Comment: It is our judgement that the program described in the Technology

Development Plan to measure neutron fluence damage at lower

temperatures should be adequate but that data confirming the

calculated spectral effects should be obtained. While we

appreciate that the total damage fluence is expected to be much

less than for water reactors and that the vessel is not

susceptible to brittle fracture under any LBEs yet identified, the

importance of vessel integrity to safety warrants experimental

confirmation of the spectral effects. For this reason we request

that you outline in the Technology Development Plan an

experimental program or a source of suitable available data that

could be used to resolve this concern.

Resnonse: The experimental plan for determining the effects of irradiation

on the MHTGR reactor vessel material recognizes that factors such

as irradiation temperature, neutron energy spectrum, and neutron

flux may influence the behavior of the material to greater or

lesser extent. The technology Development Plan specifies the

experimental determination of the effects of irradiation

temperature. This parameter is expected to be the most important

both in terms of effect and current design/safety information

needs. The results of these experiments will be benchmarked

against the very large LWR database for SA533B steel at higher

temperatures.

The Technology Development Plan proposes to account for

differences between LWR and MHTGR neutron energy spectrums (e.g. ,

the much higher epithermal component of the latter) by relating

NDTT shift to a weighted damage fluence. However, in recent

discussions with personnel at the University of Buffalo reactor,

it has been determined that "experiments to tailor the spectrum

appear feasible." Investigation of this possibility will continue
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as part of our detailed planning activities for the irradiation

experiments.

The relatively low neutron flux on the MTGR vessel (0 to

18n/cm2/s versus 110 to 10 1 n/cm /s for the LWR)

cannot be specifically accounted for at present because (1) there

is little relevant information currently available and (2) real

time fluences at low fluxes are not practical in irradiation

experiments. However, some surveillance data are now becoming

available from LWR plants and these will be examined thoroughly to

determine whether a flux effect appears operative. Final

confirmation of an effect neutron flux (values representative of

the MHTGR versus the LWR versus experimental irradiations) must

likely await the results from an MIHTGR surveillance program.
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R 5-16

Comment: En the April 10, 1987 agenda, we asked that DOE discuss "potential

mechanisms and probabilities for cross duct failure, multiple

vessel failures that could lead to sustained air ingress, (and]

the consequences to the vessel system from large water ingress."

(Here, we are interested in the consequences of thermal shock

which might also be caused by introduction of water into the

reactor cavity) . We notice that in the PSID, failures in the

vessel system penetrations, closures, and piping limit the free

flow area to 81.7 square centimeters at frequencies greater than

104 per reactor year, but no mention is made of vessel system

failures at lower probabilities. Because of the uniqueness of the

vessel system and in recognition of the fact that portions of the

reactor vessel are designed to function beyond current code and

data bases a response to this concern needs to be documented.

This response should include probability estimates with

uncertainties for the low probability events selected.

Response: Leak sizes greater than the design basis primary coolant leak

size, corresponding to the free flow area of a primary coolant

relief valve line of 81.7 cm2 (12.7 in 2), are assessed as

having a negligible probability of occurrence and are consequently

not included in the design basis events discussed in the PSID.

The MHTGR Vessel System has the following attributes in common

with LWR vessels which support this assessment:

1. The vessels are designed, fabricated, tested, and installed in

accordance with the ASME Section EII rules for a

pressure-retaining boundary.

2. The steel vessel material will retain its ductility throughout

its service life. The predicted shift in NDTT for the M4HTGR

steel vessel is much less than current generation pressurized

water reactor steel vessels, so that operation in the ductile
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range may easily be maintained by adherence to Technical

Specification limits.

3. Both preservice and in-service inspection are provided for the

entire vessel system to detect flaws which could lead to

failure.

4. The component materials used (SA 533, grade B, lass for

plates and SA508, lass 2 for forgings) are identical to the

materials used in current generation pressurized water reactor

vessels.

5. A quality assurance program is employed which is comparable to

that used for current generation pressurized water reactors.

In addition, the MHTGR vessel system has two other advantages over

the LWR vessel system which further reduce the potential causes

for failures. These are:

1. Pressurized thermal shock is not identified as a concern for

the MHTGR steel vessel, since relatively cold fluids (i.e. ,

cold water) are not injected into the vessel system while it

is pressurized.

2. The material is not subject to intergrannular stress corrosion

cracking, extreme repetitive loads, water hammer, or thermal

fatigue.

Further discussion regarding Vessel System leak probabilities is

contained in Appendices A and C of the Probabilistic Risk

Assessment (Reference 1) where arguments are presented which

indicate that frequencies for leakage areas greater than design

basis are below lO-8/plant year.
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The p ssibiliti for creating pressurized thermal shock

conditions in the MHTGR have been assessed. These assessments

included steam generator in-leakage, shutdown cooling heat

exchanger in-leakage and external flooding of the reactor cavity.

The integrity of the Vessel System during moisture in-leakage from

small and moderate steam generator leaks has been verified by the

analyses for DBE-6, 7, 8, 9 and SRDC-6, 7, 8 and 9. The results

of these analyses are described in sections 5.2.2.5.4 and

5.2.2.5.5 of the PSID.

With respect to a large water ingress from a steam generator leak,

it should be noted that the steam generator feedwater temperature

is 193'C (380'F). Water at this temperature would not reduce any

local steam generator vessel wall temperature below the

as-irradiated NDTT. Thus, pressurized thermal shock would not be

a concern for a large steam generator leak.

Inlet water in the Shutdown Cooling Heat Exchanger (SCHE) is at a

temperature of 43'C (110'F); however, during pressurized cooldowns

using the Shutdown Cooling System, the SCHE water pressure of 5.32

MPa (771) psia) is well below the helium pressure of 6.14 MPa

(890.8 psia). Thus, there is not a concern for water ingress in

the event of a SCHE leak.

In order to fill the reactor cavity to a level where cold water

could be in contact with the hot, pressurized reactor vessel, a

total flooding in excess of 400,000 gallons would have to be

postulated. This could presuppose the presence of a source of

water sufficient to overwhelm the building drain system and to

flood the cavity undetected by the operating crew. In the PRA,

such a event was not considered to be a dominant contributor to

risk.
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1. "Probabilistic Risk Assessment for the Standard Modular High Temperature

I ~Gas-Cooled Reactor, DOE-HTGR-86-011, Revision 4, August 1987.
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R 5-17

Comment: It was stated that the cross duct will be inspected in full

compliance to the ASME Code, Section XI, Division 1 while

inspection of the other vessels will meet the intent of this

code. DOE should explain the reasons for this difference and

identify and justify the portions of the code that will be

modified for inspection of the reactor and steam generator

vessels.

Response: The response to this comment is covered in the response to comment

5-45.F. Please refer to the discussion there.
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R 5-18

Comment: DOE will describe the means for detecting helium leakage from the

vessel system and discuss what limit will be placed on

unidentified leakage and how the source of leakage above this

limit will be determined. Clarify the surveillance system

identified on PSID page 5.2-23.

Response: The reactor vessel, steam generator vessel, and cross-duct vessel

are designed, fabricated, tested and installed in accordance with
ASME Section III rules for vessels. In addition, both preservice

and in-service inspections are performed on the entire vessel

systems in order to detect flaws that might lead to failures. As

a result, the leak-before-break philosophy and associated leak

detection are not required.

Correspondingly, PSID Section 5.2.2.5.1 is amended to clarify

vessel surveillance. PSID Section 3.6 is amended to be consistent

with Section 5.2.
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R 5-19

Comment: DOE should commit for the reactor vessel to meeting the intent of

the following sections of Chapter 5 of the NRC Standard Review

Plan, Rev. 2, July 1981: 5.2.3, "Reactor Coolant Pressure

Boundary Materials;" Branch Technical Position MTEB 5-7 or

NUREG-0313, Rev. 2; 5.2.4, "Reactor Coolant Pressure Boundary

Inservice Inspection and Testing;" 5.3.1, "Reactor Vessel

Materials;" 5.3.2, "Pressure-Temperature Limits."

Response: The reactor vessel will meet the intent and in most cases will

meet the stated requirements of SRP Sections 5.2.3, "Reactor

Coolant Pressure Boundary Materials" and 5.3.1, "Reactor Vessel

Materials." In the absence of cooling water and boric acid,

bolting materials, other than those specified in SRP Section

5.3.1, may be considered for application to the MHTGR reactor

vessel provided they meet requirements for the MHTGR application.

Branch Technical Position MTEB 5-7 or NUREG-0313 deals with the

prevention of cracks in stainless steel pipes and safe ends.

Since the reactor vessel is fabricated entirely of ferritic

materials, the requirements of NUREG-0313 are not applicable.

With regard to SRP Section 5.2.4, "Reactor Coolant Pressure

Boundary Inservice Inspection and Testing," the ISI program for

the MHTGR reactor vessel is discussed in response R 5-17. The

intent is to provide an ISI program for the reactor vessel

equivalent to that specified in Section XI consistent with the

operational characteristics of the MHTGR.

With regard to SRP Section 5.3.2, "Pressure - Temperature Limits,"

the reactor vessel will meet the requirements of Appendices and

H of 1CFR50 and Appendix of Section III of the ASME Boiler and

Pressure Vessel Code.
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R 5-20

Comment: The normal relief capacity of each of two relief valves is stated

as being sized on the basis of a failure of a single steam

generator tube. However, DOE also stated that there is a marginal

capacity for five or six tube failures per valve. DOE should

discuss how this marginal capacity is estimated and discuss its

value to safety. If the NRC were to require that the pressure

relief system be sized for multiple tube failures or a tube sheet

failure, would this be accommodated by utilization or the marginal

capacity, greater nominal relief capacity, or both? If there are

adverse effects of increasing the nominal relief capacity, these

should be described.

Response: In evaluating the ability of the Pressure Relief System (PRS) to

provide overpressure protection, the following requirements from

Article NB-7000 of Section III of the ASME Boiler and Pressure

Vessel Code are considered. These include:

1. The relieving capacity of the PRS must be sufficient to

prevent a rise in pressure of more than 10% above the Design

Pressure [ i.e. , 7.89 MPa (1145 psia) ] under any expected

system pressure transient conditions.

2. The total relieving capacity of the PRS must be sufficient to

limit the maximum system pressure during unexpected system

excess pressure transient conditions so that the calculated

stress intensities in the components of the Vessel Subsystem

do not exceed Service Level C limitations. For the ferritic

materials employed in the Vessel Subsystem, the limit on

primary membrane stress intensity is 0.9 Sy (38.8 ksi at

700'F). This implies a maximum primary pressure of 10.27 MPag

(1490 psig).
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3. The relieving capacity of' the relief valves must consider

limitations due to fluid flow through piping and other

components.

The MTGR Probabilistic Risk Assessment identifies steam generator

leakage equivalent to a single tube as the largest water inleakage

accident within the range of frequencies encompassed by the

licensing basis. Therefore, an equivalent offset rupture of a

single steam generator tube is the design basis for the normal

relief capacity for each of the two pressure relief valves. This

requires a relief valve area of only 3.2 cm2 (0.5 in. 2) for

helium discharge, 7.1 cm2 (1.1 in. 2) for pure steam discharge,

or 12.9 cm2 (2.0 in. 2) if 100% of the steam is assumed to

react with the graphite core prior to discharge. This valve area

is based on a choked discharge flow area that is required for

maintaining a constant pressure at the relief valve setpoint of

7.18 MPa (1041 psia) for the primary coolant into which 12.5 lb/s

of steam flow is injected. Thus, the above requirement 1 is

satisfied.

However, a 4-in, valve has been chosen for each of the two relief

valves. Each valve has an area of 82 cm 2 (12. 7 in. 2), showing

a large margin provided at this conceptual design stage. This

capacity margin in each of the two relief valves can accommodate

the equivalent of up to 20 steam generator tube offset ruptures.

This capacity margin has been estimated by comparing the pressure

increases after the relief valve opening as shown in Figure R

5-10-1. Relief valve setpoints for opening and closing are also

shown.

Figure R 5-20-1 shows the primary coolant pressure for three

cases. After an offset rupture of a single steam generator tube

(design basis), pressure relieves at about 260 seconds. In this

case, which corresponds to SRDC-6, no credit for dump was taken.

Case 2 is a multiple failure of 10 steam generator tubes in which
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an effective pressure reduction is indicat d after opening of the

relief valve at about 40 seconds. Case 3 shows a 20-tube failure

indicating the limit of this margin.

Opening of the relief valve in the third case stops pressure

increase and maintains a roughly constant pressure until the steam

generator inventory is depleted at about 47 seconds. n all these

unlikely events, the pressure increase stops at a pressure well

below the vessel design pressure of 1490 psia (for level C

event). The pressure increase stops when the steam generator

inventory is depleted (see Figure R 5-20-1) due to secondary side

isolation. For each of these cases, the total amount of

water/steam entering the vessel is about 12,000, 15,000, and

20,000 lb., respectively. This is more than the full steam

generator inventory of 11,000 lb.

At this stage of the design, the large marginal relief capacity

and the redundancy provided by the second valve provide more than

ample assurance that the chance of overpressurization of the

pressure vessel is avoided by an adequate and redundant pressure

relief. This large excess capacity will, however, be reviewed and

possibly reduced as the design evolves.

While the current probabilistic data base provides no basis for

NRC to require that the pressure relief system be sized for

multiple offset tube failures or a tubesheet failure, this could

be accommodated by utilizing the existing marginal relief capacity

and no greater nominal relief capacity is required.
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R 5-21

Comment: While similar to the Fort St. Vrain pressure relief system, the

MHTGR reverses the placement of the burst disc and relief valve in

the relief train. DOE will describe the reason for this change.

Response: The Pressure Relief Subsystem is designed in accordance with

Article NB-7000 of Section II of the ASME Boiler and Pressure

Vessel Code. Paragraph NB-7000 of this article requires that the

rupture disk device be located on the outlet side of the pressure

relief valve.
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R 5-22

Comment: DOE stated that it would review its position supporting a

non-safety related classification for the safety valve interlock

system. It is NRC's position that this interlock must be safety

related to assure availability and give credit for the pressure

relief system.

Response: Safety classification of MHTGR components is established according

to the method described in PSID Section 3.2.3.2. The pressure

relief valve interlock system is not relied upon to meet either of

two tests involving 1CFR~100 dose criteria. Therefore, it has not

been designated as "safety-related."

As discussed in R 7.2-10, the primary coolant pressure relief

valves have been identified as "safety-related" because their

successful functioning was thought to be required to ensure that

the dose limits of 1CFR100 are not exceeded. The large core heat

capacity and the single phase gaseous coolant limit both the

frequency and severity of overpressure transients. Within the

frequency range of the PRA, only water ingress events with

subsequent failures of mitigating equipment (such as moisture

monitors, steam generator isolation valves, or dump valves) have

the potential to open the pressure relief valves. However, the

assessed frequency of such events is below the design basis

region. The block valves on the pressure relief system are

interlocked electrically to prevent both valves being closed at

the same time. Therefore, the likelihood of a significant

pressure transient coincident with both relief valves being

blocked is below the frequency range included within the licensing

basis. Thus, there is no need to classify the valve interlock

system as "safety-related."
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Furth rmore, more recent analyses show that the consequences of

not opening the pressure relief valves are acceptable since

pressure during such events does not exceed the Level C vessel

design pressure as shown in Figure R 5-22-1. Therefore, the

pressure relief system including both the relief valves and

interlocks is not required to meet OCFR100 limits and does not

need to be classified as "safety-related."

As the design progresses, the classification of the pressure

relief system including the block valve interlock system will be

re -examined.
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R 5-23

Comment: DOE will explain why thermocouples in the outlet core regions are

not provided in a manner similar to Fort St. Vramn. The staff

believes that sufficient knowledge of helium temperatures within

the reactor vessel is needed to reduce the potentials for fuel

failure or metals damage during possible degraded or unexpected

occurrences. Can this be achieved with the present instrumentation

provisions?

Response: The Fort St. Vramn (FSV) reactor was designed to operate on a

six-year-life fuel cycle with annual refueling by groups of seven

columns (regions). For that nuclear design, the radial power

density peaking factors can be large, up to 1.8 for a region

average and 2.3 for an individual column. As a consequence, region

flow control valves were provided as a means of controlling fuel

and core exit coolant temperatures. To provide a basis for

positioning the valves, thermocouples were located at the exits of

the regions.

The Standard MHTGR nuclear design is different in that the fuel

cycle has been reduced to 3.3-yr fuel lifetime with refueling every

1.65 yr. Also, the refueling is on a column basis rather than in

groups of seven columns. In this design, the radial power peaking

factors are much lower than in FSV, with the maximum column peaking

factor being about 1.5. The elimination of the core regions and

the resulting much more uniform core power distribution have

eliminated the need for core flow control valves and hence the

region exit temperature measurements needed to position the

valves. There are currently no functional requirements which must

be satisfied by the addition of core exit thermocouples.

An evaluation of the need to measure the coolant temperature in the

core lower plenum to prevent fuel failure and metals damage is

planned for evaluation during the preliminary design stage.
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R 5-24

Comment: DOE will document information presented on main circulator failure

scenarios, including over temperature capabilities and the

commitment to test the capability of the disc catcher system. DOE

will also document discussions that explain why only the disc

catcher test portion of the development program is safety related.

Response: No commitment has been made to test the capability of the disc

catcher system. The major parameters, technology, and the

integral installation of the disc catcher system in the machine

structure are bounded by the Fort St. Vrain circulator

experience. The circulator is not a "safety-related" component,

and accordingly no development needs have been identified to meet

safety requirements.

Temperature Capability: The selection of NSSS parameters for the

MHTGR results in a circulator inlet temperature of 2250G (491'F).

This is considerably lower than corresponding values in Peach

Bottom (PBl) [331'C (6280 F)] and FSV 394'C (7420F)]. A survey of

the system transients (e.g., reactor trip) indicates that for. all

postulated events the circulator inlet temperature remains below

316'C (600'F), and hence is bounded by the FSV experience. The

compressor blading and disc material (422 stainless steel)

capability is retained up to 5380G (1000'F). Environmental

control of the circulator motor cavity is accomplished by water

cooling, insulation, and buffer helium flow. A small helium

circulator with magnetic bearings is operational in a

high-temperature insulation test loop at the KFA (Germany). This

circulator experiences a helium inlet temperature of 950'C

(1742-F).

In summary, the helium inlet temperature to the circulator in the

MH-TGR is modest and is not regarded as an issue since it has been

bounded by operating machines (PB1 and FSV).
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Disc Catcher: As in the case of the FSV circulator, a disc

catcher is included in the design to contain missiles in the

unlikely event of a failure of the compressor blading and disc.

The sequences of events for two hypothetical circulator dynamic

failure scenarios are:

1. Rotating Assembly Failure at 0~erating Seed. This event is

initiated by an individual blade failure. The resultant

unbalance of the rotor (which is then supported on the catcher

bearings) causes all of the blades to be shed. The blades are

retained by the missile protection system. The disc remains

intact since it now has reduced stresses without the blade

attachmients. The kinetic energy of the blading is dissipated

in frictional losses in the machine casing and the laminated

structure of the surrounding disc catcher cylindrical

assembly. The blades (now devoid of translational energy)

will be either carried over into the circulator outlet plenum

or down into the circulator inlet duct. They will not contact

the vessel, but will simply drop (by gravity) into the steam

generator outlet duct without causing damage.

2. Failure at Postulated Overspeed Condition. This is a very low

probability event since all the protection systems must fail

for overspeed of the electric motor. Under high centrifugal

loading, the blades start to be shed at about 170% speed, but

are retained by the catcher system. The disc will overspeed

to failure and the fragments will be contained. Again, as for

the previous failure mode, there will be no effect on the

vessel boundary.

As part of the FSV circulator design verification, the blade/disc

containment system was verified for the overspeed condition.

An Inconel 625 laminated cylinder similar to the one planned for

the HTGR retained the disc/blade fragments following a simulated

disc failure at 190% of rated speed. The disc catcher for FSV
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consisted of a 38-in, diameter ring (8-in, deep) with a

containment wall thickness of 3 in.

The energy in a rotating disc is a function of the mass and the

square of the rotational speed. Although the size and mass of the

MHTGR bladed disc are greater than the FSV circulator, the square

of the speed is considerably less. The resulting predicted energy

levels of the blades (i. e. , 1/2 m 2) are very similar. The

existing data from the FSV disc containment tests are adequate for

sizing of the missile protection system for the MHTGR machine.

Part of the production of the circulator assembly will be a test

to verify the integrity of the bladed disc. As in the case of the

FSV circulator, the machine fabricator will test each impeller (in

a vacuum pit) to the overspeed condition. Before installation in

the reactor, every circulator will be proof tested in a helium

test facility.

Development Program. The circulator is not required to function

in order to limit radionuclide releases from the MHTGR.

Accordingly, no regulatory development tests have been identified

to meet top-level regulatory requirements. Incorporated in. the

machine design is the ability to contain the circulator following

postulated disintegration of the machine. Such an event would not

affect the reactor pressure vessel and would have no effect on the

plant's ability to dissipate the decay heat since this can be done

in a passive manner using the RCCS. The disc catcher is an

integral part of the machine structure; since the FSV technology

base is adequate, no specific testing has been included in the

Regulatory Technology Development Program.
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R 5-25

Comment: In the April 10, 1987 agenda, we requested that DOE describe the

"significant thermal transient to the HTS and reactor components"

if the circulator fails to trip following HTS shutdown, (PSID page

5.3-9). DOE will provide this information although it was not

discussed at the meeting.

Response: The main circulator trip logic and actuators are safety-related,"

and are designed to provide a highly reliable means for tripping

the main circulator when the HTS is shutdown. In addition,

mitigating actions are provided by the automatic control system

and the PPIS which would cause a reduction in main circulator

speed in the event of failure to trip the circulator. These

actions would shut down the main circulator. The thermal

transient would be similar to that of a nominal HTS shutdown.

The failure to trip or otherwise shutdown the main circulator has

been assessed to occur at a frequency of less than 0-4 per

year, i.e., such a failure is beyond the design basis.

In the extreme unlikelihood that all of the circulator trip

mechanisms and mitigating actions were to fail, the continued

operation of the main circulator at full speed would result in

pressure relief and heatup of reactor and HTS components to above

normal operating temperatures. However, the safety consequence is

bounded by the SRDC analyses presented in the PSID.

Therefore, this event is not significant within the design basis.

PSID Section 5.3.1.5.1, subheading "Effects of HST Failures" has

been amended to reflect this response.
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R 5-26

Comment: DOE will document that the quantity of water ingress from a

failure of the electric motor cooling water systems would be much

less than that from a single steam generator tube.

Response: A schematic of the circulator cavity, with emphasis on means to

control the environment, is shown in Figure R 5-26-1. Heat from

the electric motor and magnetic bearings is dissipated in a

helium-to-water heat exchanger that has two 100% independent

water-cooling loops. Two tube failure scenarios are possible:

1. Normal Operation. During normal operation, the helium

pressure in the motor cavity is greater than the water

pressure. If a heat exchanger tube develops a leak, there

will be an increase in water pressure, helium will be detected

in the water, and the faulted water circuit isolated. The

plant continues to operate and no water ingress to the reactor

circuit will have occurred.

2. Vessel Depressurized. When the vessel is depressurized, the

water pressure (sufficient to suppress boiling) is greater

than the helium pressure. If a heat exchanger tube develops a

leak, there will be a reduction in water pressure and moisture

will be detected in the purge helium exit. The faulted water

circuit will be isolated, and, as discussed below, only a very

small amount of water will be carried into the reactor circuit

through the helium purge flow labyrinth. The leak rate due to

a tube failure in the motor cooling heat exchanger is

estimated to be 0.5 lb/s. The moisture monitor detection and

the heat exchanger isolation is expected to be within 40

seconds. The total leakage is less than 20 lb, which is an

order of magnitude lower than that following a steam generator

tube failure.
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As illustrated in PSID Figure 5.3-5, the purge flow is introduced

into the middle of the labyrinth assembly, half of the clean

helium flow entering the reactor circuit, and the other half

flowing through the motor cavity and returning to the purification

system. In the above tube failure scenario, it was assumed that

half of the water entering the motor cavity was carried over into

the reactor circuit and the other half entrained in the helium

returning to the purification system.
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R 5-27

Comment: DOE will document view-graph material and discussions supporting

the choice of magnetic bearings for the main circulator.

Res~onse: Early in the MHTGR conceptual design, a bearing study (Ref. 1) was

performed to select a bearing system which would eliminate the FSV

water ingress problem that caused significant unavailability.

Even though greatly improved water bearing systems have been

developed and tested, the dominant consideration in the selection

of magnetic bearings was the elimination of potential sources of

primary system contamination due to lubricant ingress. Gas

bearings were considered, but the combined requirements of high

loads and variable speed down to 5% of full speed made that choice

unattractive.

Magnetic bearing technology has been developed since FSV and the

subsequent commercial HTGRs were designed. The major advantages

of magnetic bearings are:

1. Elimination of system contamination by lubricant ingress.

2. High rotational speed capability.

3. Unlimited bearing service life (no contact or wear surfaces).

4. Reduced bearing frictional losses.

5. Elimination of lubrication system and complex seals.

6. Vibration free operation.

7. Alignment and balancing simplification.
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8. Continuous monitoring of rotor status.

9. Reduced maintenance.

Magnetic bearings are provided to accommodate both the radial and

axial loads. Redundancy is incorporated into the bearing

energizing source in two ways: (1) redundant windings and (2)

redundancy in power supply, namely the use of a backup

uninterruptible power source (batteries). The electronic control

system monitors and adjusts the shaft position in real-time.

En the unlikely event that both primary and secondary power

sources are lost, a mechanical backup catcher bearing system which

prevents damage to the rotor during the machine rundown is

provided to meet plant availability requirements. Both the radial

and thrust loads are taken on antifriction, dry-lubricated ball

bearings. Catcher-bearing technology development is in progress

for representative helium circulators being developed/demonstrated

in Germany and the United Kingdom.

There is a significant technology base in support of magnetic

bearings for the helium circulator (Ref. 2). Magnetic bearings

are well established in the machine tool industry and emerging

applications for heavy industrial rotating machinery include gas

compressors, and gas and steam turbines. As shown in Table R

5-27-1, the circulator magnetic bearing parameters are bounded by

operational machines. A small helium circulator with magnetic

bearings has operated in Germany trouble-free for over 10,000 h.

References:

1. Main Circulator Bearing Trade Study - Evaluation of Water and Magnetic

Bearings. U.S. DOE Report HTGR-86-045, September 1986.
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2. McDonald, C. F. , and M. K. Nichols. Helium Circulator Design

Considerations for Modular High Temperature Gas-Cooled Reactor Plant.

ASME Paper No. 87-GT-138, 1987.
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TABLE R 5-27-1

MHTGR MAGNETIC BEARING REQUIREMENTS COMPARED WITH

HEAVY INDUSTRIAL ROTATING MACHINERY APPLICATIONS

Bearing Capacity

Rotational Rotor Shaft Machine

Application Speed Mass Diameter Axial Radial Horsepower

(Year) (rpm) (l)(in.) (lb) (lb).. (hp)...

MHTGR 6,200 6,500 8.50 12,000 3,500 4,302

EXISTING APPLICATIONS

Compressor (1980) 12,000 600 5.91 2,700 1,125 5,350

High pressure pump (1980) 10,000 400 6.69 2,920 90 135

Hot helium blower (1980) 3,600 570 7.48 675 810 27

Crusher (1981) 20,000 110 4.33 450 20--

Compressor (1981) 20,000 660 5.91 1,575 560 410

Bearing (1981) 3,300 5,070 23.60 --- 11,000 70

Cryo-expander (1983) 40,000 90 3.74 1,560 165 200

Hot helium blower (1984) 6,000 2,428 14.10 13,245 993 7

Turbo-blower (1984) 5,100 596 7.48 --- 288 109

Turbo-generator (1985) 3,000 16,555 21.25 8,830 8,830 6,795

Test stand (1985) 10,000 353 7.48 --- 540 42

Bearing (1985) 3,000 4,415 12.20 --- 3,300 54

Compressor (1985) 5,500 2,207 10.60 12,375 1,125 N/A
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R 5-28

Comment: DOE stated it will perform further hot streak testing and explain

why these tests are not safety related. DOE will discuss the

uncertainties associated with the hot/cold streak conclusions

given on PSID page 5.3-9. Also discuss the potential for hot

streaks causing thermal stress in the core support structure and

damage to the SCS during normal and off-normal conditions.

Response: The attenuation factors given on PSID page 5.3-11 (rather than

5.3-9 as indicated in the comment) pertain to the coolant hot/cold

steaks at the hot duct and steam generator entrances. These

factors were developed from a simple, conservative evaluation

based on data from previous lower plenum/duct flow mixing tests.

The uncertainties have not been quantified. Evaluation of

hot/cold streak attenuation downstream from the core is

continuing, and tests are proposed to confirm the design values.

It is expected that the conclusions given on page 5.3-11 in the

PSID are conservative.

As part of these activities, uncertainties (both in the calculated

core power and flow distributions and the tests results) will be

quantified and incorporated into the evaluations.

In earlier HTGR designs, the core support floor was composed of

large blocks, which were about 1 m in diameter with each block

supporting seven core columns. Stresses in these large blocks

were highest at some local points, in particular during a rapid

cooldown event. In the Standard MTGR, the core support floor is

composed of hexagonal blocks which are the same size as the fuel

blocks. Stresses in these blocks have not been calculated, but

are expected to be low, even accounting for coolant hot/cold

streaks exiting the core.
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During normal reactor operation, the SS is not in service and has

a small backflow leakage of primary coolant. In this mode, the

SCS is not affected by core exit temperature streaks. For both

normal and off-normal operation, hot streaks to the SCS are low

enough that boiling on the water side does not occur. Overheating

of downstream components could cause damage to these components

and subsequent downtime for repairs. However, the capability to

effect safe shutdown and control fission product release would not

be affected. Therefore, the tests are not "safety-related."
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R 5-29

Comm~ent: NRC agreed to withhold judgment on the safety classification of

the steam generator and the moisture detection system until an

evaluation is made of the accident analyses to be presented by DOE

in the review of PSID Chapter 15. Key items to be considered in

the review of this question are: (1) the steam generator is part

of the primary system boundary, (2) tube failure is taken as the

basis for sizing the pressure relief system, (3) in certain

accident scenarios water ingress has significant detrimental

effects on fuel performance, (4) water ingress is a source of

reactivity increase, and (5) combustible gases can be generated

from water ingress. Furthermore, the role of these systems in

minimizing challenges to reactor safety and the potential for

causing or aggravating accidents should be considered. DOE should

document relevant material on this subject presented and discussed

at the April 1987 meeting.

Response: The safety classification of Standard MHTGR systems, structures,

and components is established according to the method described in

PSID Section 3.2.3.2. According to that method, neither the steam

generator nor the moisture detection system is relied upon to meet

10CFR100 dose criteria. Therefore, they have not been designated

as "safety-related."

Each of the five items considered key by the NRC have be n

assessed with respect to satisfying functions required to meet

10CFR100 as discussed below:

1. Steam Generator Is Part of Primary System Boundary

In the event of a tube rupture, high pressure secondary

coolant leaks into primary coolant, feedwater and main st am

are isolated, and the steam generator inventory is dumped. No
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primary coolant is released. Even the hypothetical case of

release of all primary coolant and all plateout would result

in an offsite dose well below 10CFR100 limits.

Therefore, even though the steam generator is part of the

boundary of the primary coolant system, it is not "safety-

related" to assure radionuclide retention.

2. Tube Failure Is Taken as the Basis for Sizing the Pressure

Relief System

The existing data base indicates that the probability of an

offset tube rupture (or equivalent area in multiple tubes) is

well below the DBE region and is a very conservative design

basis. Even so, for a single tube rupture a large pressur

relief margin exists. The pressure relief system can prevent

overpressurization of the vessel even with the equivalent

offset rupture of 20 tubes. Further discussion of multiple

tube rupture is given in R 5-20.

Therefore, the steam generator is not "safety-related" to

protect the Vessel System.

3. In Certain Accident Scenarios, Water Ingress Has Significant

Detrimental Effect on Fuel Performance

The presence of moisture with high core temperatures can cause

hydrolysis of only the small fraction of fuel particles with

failed coatings. In SRDC-6, which is derived, from the most

limiting DBE, ingress of the entire inventory of the steam

generator is analyzed; fission product releases, including

that from hydrolysis, result in offsite doses well within

10CFR100 limits. Further discussion of water ingress and the

effect on fuel performance is given in R 4-3 of Amendment 3.
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Therefore, the steam generator is not "ssafety-related" to

prevent water chemical attack.

4. Water Ingress Is a Source of Reactivity Increase

The reactivity effect of water ingress has been assessed to be

inconsequential in all DBEs. The reactivity effects of small

amounts of water ingress are offset by control rod movements,

as in DBE-8; the reactivity effects of large water ingress are

offset by the negative temperature reactivity coefficient and

control rod trip, as in DBE-6. Two diverse and independent

sets of control material are provided: outer control rods and

reserve shutdown control material. They have enough worth to

maintain reactor shutdown with any amount of water in the

core. Further discussion of water ingress and its effects on

core reactivity is given in R 4-16 of Amendment 3.

Therefore, the steam generator is not "safety-related" to

control heat generation.

5. Combustible Gases Can Be Generated from Water Ingress

Oxidation of graphite produces a mixture of CO and H2.

Normally these gases are impurities in the helium coolant and

are removed by the Helium Purification Subsystem. For a large

moisture ingress, such as represented by the conditions of

SRDC-6, the mixture of CO and H2 is not combustible in the

vessels or when mixed with air in the Reactor Building.

Therefore, the steam generator and moisture detection system

are not "safety-related" to prevent air chemical attack.

For the five items identified by the NRC, the assessments above

show that 10CFRIOO dose limits are met by relying on the reactor,
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the neutron control systems, and vessel without relying on the

steam generator or moisture detectors. Therefore, the steam

generator and the moisture detection system are not safety-

related." The above assessments have considered the potential of

the steam generator and moisture detection system to cause or

aggravate events. The role of these two systems is primarily one

of preventing downtime to meet stringent user/utility require-

ments. Their high reliability for this purpose will limit

challenges to the systems relied upon to meet 1CFR100.

As presented at the April 1987 review meeting, the assessed

reliability of the steam generator is based on the operating

experience of 138 steam generators with a total of about 1500

calendar years of operation, including 3 to 16 years of operation

per steam generator. The data base includes a total of 313 tube

leaks attributable to four causes: fabrication defects (122);

poor feedwater quality (43); design-related, e.g., erosion-

corrosion, fatigue, and fretting due to vibrations (127)1; and

random failures (21). These data result in a total tube leak

frequency of 0.21 per steam generator per year. The data base

includes one leak in the cm2 size range, no leaks greater than a

tube cross section, and no multiple tube failures. Steam

generator operating experience is improving with time.
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R 5-30

Comment: We appreciate that the steam generator will be constructed to ASME

Code, Section III and, because provision is provided for

individual tube inspection, could probably also be inspected to

the full requirements of ASME Code, Section XI. DOE should

justify why full compliance with the ASME Code is not planned.

Res~onse: During operation the steam generator integrity is continuously

monitored by moisture detection in the primary circuit. In

addition, as described in R 5-29, the 1CFR100 dose limits can be

met without relying on the integrity of the steam generator

because of the design of the "safety-relatedn core and vessel

systems.

The steam generator tube failure data base for the gas-cooled

reactor comes from steam generators which have operated without a

regular inspection program for tubing. Analyses performed on the

basis of this data show that the requisite reliability for the

steam generator to acceptably limit the risk to public health and

safety, can be achieved without imposing a requirement for tube

inspection in accordance with Section XI.

Access provisions have been provided in the design to allow

individual tube access for maintenance (e.g., orifices), leak

testing, plugging or, if needed, NDE of the tube length. This

will enable the operator to pinpoint the nature and source of a

leak in an expeditious fashion, take corrective action, return to

power and obtain knowledge to be used to identify potential and

possible causes of future leaks. The MHTGR steam generator is

designed to be maintainable and to meet reliability and

availability requirements.

This approach provides access for maintainability which exceeds

that of operating steam generators.
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R 5-31

Comment: DOE will document how it has considered any "lessons learned" from

the AVR steam generator failure.

Res~onse: The AVR steam generator failure occurred in 1978 after a operating

time of about 70,000 hours. The failure occurred in the end

superheater of the steam generator resulting in a slow water

ingress into the reactor vessel. The reactor was shutdown after it

was evident that a substantial amount of water must have entered

the reactor vessel. The source of the leak was not located until

about 25 m 3 of water had entered the vessel and flooded the

circulators.

The MTGR is responsive to the lessons learned from the AVR water

ingress event by incorporating appropriate design features which

serve to preclude the occurrence or limit the impact of an event

similar to the AVR water ingress. Specifically, the MHTGR has a

side-by-side configuration with the core and steam generator in

separate vessels such that the steam generator is below the core

elevation to limit water ingress from the steam generator into the

reactor vessel. The shutdown cooling heat exchanger is located

below the core in the reactor vessel and in its standby mode has

helium pressure higher than water pressure. This high pressure

precludes water ingress from the shutdown cooling heat exchanger to

the reactor vessel in the standby mode. Moisture monitors provide

detection of water ingress. Drain lines are located at low points

in the reactor and steam generator vessels to allow rapid removal

of water. Finally, access is provided to steam generator and

shutdown cooling heat exchanger tubesheets such that each tube can

be individually inspected, tested and plugged.

The MHTGR will continue to incorporate the lessons learned from the

operating experience of AVR and other gas-cooled reactors, in

particular, FSV and THTR.
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R 5-32

Comment: DOE will discuss the potential for and consequences of intentional

or inadvertent startup of either the HTS or SS during RCCS

operation (particularly with regard to the potential for thermal

shock or other effects which could lead to equipment or pressure

boundary failure).

Response: Startup of the SCS, i.e. , restoration of forced cooling, during or

following a pressurized conduction cooldown using the RCCS is a

design requirement. The limiting case in SCS startup at peak fuel

temperature condition of a pressurized conduction cooldown from

100% power. Plant systems, structures, and components are

designed to accommodate these thermal transients without damage.

While use of the HTS for restart from pressurized conduction

cooldown is not required, inadvertent startup of the HTS at the

peak fuel temperature would not result in equipment or pressure

boundary failure of any safety consequence.

it is expected that startup from a pressurized conduction cooldown

will be more limiting than startup from a depressurized conduction

coo ldown.
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R 5-33

Comment: DOE will describe the potential for and the consequences of a

pathway for primary coolant leakage via a failure in the shutdown

cooling heat exchanger. This description should include an

estimate of radiological consequence, a description of the

equipment available to isolate this leakage, and how the shutdown

cooling water system will maintain acceptable thermal conditions

in the portions of the SCS within the reactor vessel during normal

and abnormal plant operations.

Res~onse: The leakage paths after an SCHE failure depend on the primary

coolant system pressure. During normal plant operation, the

primary coolant pressure is greater than the operating pressure of

the Shutdown Cooling Water Subsystem (SCWS). The leakage path for

this situation involves helium leaking into the SCWS. A SCHE leak

is isolated by closing the SCHE isolation valves in the SCWS. The

consequences for this case are bounded by those of SRDC-10.

For plant operation when the primary coolant pressure is less than

the SCWS operation pressure, and SCHE failure results in water

ingress to the primary system. The SCHE is isolated by closing

the isolation valves. Total water ingress is significantly less

than occurs for a steam generator leak. This case is, therefore,

bounded by the consequences of SRDC-6 presented in PSID Chapter

15.

The SS is designed to accept thermal conditions with no SCWS

water flow, i.e., with the SCHE isolated and drained under normal

and abnormal conditions.
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R 5-34

Comment: DOE will describe for depressurized accident conditions how

in-leakage from the shutdown cooling water system could be

detected and isolated.

Response: During depressurized accident conditions, inleakage from the SWS

is detected by the presence of water in the reactor vessel drain

lines. The SCHE is isolated by closing the SCHE isolation valves

in the SCWS. Total water ingress for this case is significantly

less than the steam generator leak case. Therefore, an SWS water

ingress event during depressurized conditions is bounded by the

consequences of SRDC-6 presented in PSID Chapter 15.
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R 5-35

Comment: View-graph material made available but not presented on vessel

system reliability should be summarized and incorporated into the

PSID.

Response: The information on Vessel System reliability has been added to

Appendix A of the PRA Report, DOE-HTGR-86-011.
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R 5-36

Comment: View-graph material made available but not presented on the MHTGR

steam generator reliability should be summarized and incorporated

into the PSID.

Response: The information on steam generator reliability has been added as

Appendix E to the PRA report, DOE-HTGR-86-011.

R 5-36-1 Am ndment 7



HTGR-86-024

R 5-37

Comment: Material presented supporting a RCCS failure probability of

1 x 10 6 per demand should be incorporated into the PSID. This

should include documentation that an unisolated steam line break

will not result in cavity pressure levels causing panel collapse.

Also, discuss the staff's concern that a materials failure near

the top of the wall separating inlet and outlet sides of the

panels could cause a short circuiting of the convecting air and

thereby defeat the functioning of the RCCS.

Response: The information on RCCS failure probability has been added as

Appendix F to the RA report, DE-HTGR-86-011.

A brief summary of the two concerns expressed in the comment above

is given below:

The RCCS is designed for a pressure in excess of that resulting

from the bounding secondary side break, which is a

full-separation, double-ended guillotine break of the main steam

line. The peak cavity pressure resulting from such a main steam

line break is not affected by a failure of the main steam

isolation valve to go shut. The failure potential of the

diaphragm between the hot and cold side of the RCCS panels was

evaluated. This diaphragm is attached to both the hot and cold

sides of the panels by a set of pins or dowels in the plenum

section and by fins running the full height of the heat transfer

section. These fins provide structural support and, in the riser

section, additional heat transfer surface. A failure of the

diaphragm which would result in a loss of function would requir a

material failure not just at its top but at all points of

connection between it and the panel skin. While the planned

in-service inspection program would make any material failure of

these panels highly improbable, a separation of the heat transfer

section from the plenum section would be a more plausible failure

than a failure of the diaphragm alone. Such a separation would
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not result in a loss of function because a path for exchange of

the air in the cavity through natural convection would remain.
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R 5-38

Comment: In our independent calculations of RCCS performance under

pressurized conduction cooldown we encountered two major

concerns. The first is that DOE does not model downward by-pass

flows in the region external to the core, but rather considers

that all convection cells are confined to the core region itself.

The second is that the upper plenum thermal protection structure

may contain sufficient insulation to cause more heat than intended

to be transferred through the vessel side wall from the vessel

head, resulting in a potentially unacceptable temperature peaking

at wall locations. Discuss these concerns and their affects on

your conclusions regarding vessel integrity and RCCS performance.

Response: With respect to core bypass flows external to the core not being

modeled, updated RNL calculations with and without bypass flow

presented at the October 16, 1987 NRC review meeting show this to

be a negligible effect on the maximum vessel temperature,

approximately 1F, during a pressurized conduction cooldown and a

significant beneficial effect on the maximum fuel temperature

(-2580 F). This mechanism does not affect the higher predicted

fuel temperature during a depressurized conduction cooldown.

Nonetheless, the effects of core bypass flows external to the core

are real and will be incorporated in modeling the pressurized

conduction cooldown during preliminary design.

With respect to too much insulation on the upper plenum thermal

protection structure (UPTPS) causing potentially unacceptable

peaking at vessel sidewall locations, DOE calculations have

conceptually selected the UPTPS insulation thickness to allow heat

removal from the top and sides of the vessel in order to minimize

peak vessel temperatures for a pressurized conduction cooldown.
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Sensitivity analyses using nominal parameters plus a variation in

the UPTPS insulation have been performed to determine the importance

of this design feature for a pressurized conduction cooldown. When

the UPTPS thermal resistance is increased or decreased by a factor

of 1.5, temperatures are affected as follows:

Peak Upper

Peak Vessel Peak Vessel Plenum

Peak Fuel Sidewall Top Head Structure

Temp. Temp. Temp. Temp.

Description 0G (F) 0G (F) 0C (F) 0G (F)

Increased UPTPS +18 (+33) +6 (+11) -25 (-45) +30 (+54)

thermal resistance

(x 1.5)

Decreased UPTPS -18 (-32) -4 (-7) +23 (+42) -28 (-51)

thermal resistance

(- 1.5) 

Small sensitivity of peak vessel side wall temperature to UPTPS

thermal resistance is evidenced by these results.
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R 5-39

Comment: Discuss if vessel integrity could be better guaranteed and

uncertainties reduced if the system is depressurized before the

vessel reaches elevated temperatures. Identify the means

available to depressurize the primary system if this becomes

desirable.

Response: Depressurization of the vessel prior to reaching elevated

temperatures is not currently included in the design for the

following reasons: First, Table 5.2-4 shows the vessel design

clearly meets requirements with large margins between the primary

membrane stress and the allowable stress intensity. In addition

margin is built-in to the ASME allowable values. Secondly,

initial sensitivity of key parameters (see Table R 5-2-4) shows

when nominal values of key input parameters (decay heat generation

rate, vessel and RS emissivity, and air inlet temperature) are

used, the calculated maximum vessel temperature is reduced -100'F

providing further margin in calculated vessel temperatures used in

the stress anal~rsis shown in Table 5.2-4. Based upon our current

assessments, sufficient stress margins exist in the vessel design

to preclude the need for depressurization during a pressurized

conduction cooldown event. This will be further confirmed by

in-depth quantifications of margins during preliminary design.
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R 5-40

Comment: Provide the results of calculations or detailed discussions to

illustrate the sensitivity of peak and average fuel temperature

and peak and average vessel temperature (under RCCS only heat

removal conditions) to the following uncertainties: (1) graphite

thermal conductivity, including radiation annealing effects, (2)

surface contact and gap resistances between adjacent graphite

blocks and between graphite blocks and the inner surface of the

core barrel,. (3) effects of convection flows in the core and

reflector, (4) emissivities on the core barrel inner and outer

surface, (5) effects of helium convection, seismic keys and helium

ducts on the heat transfer across the core barrel, (6) the

emissivity on the inner and outer surfaces of the reactor vessel,

(7) effects of convection flows exterior to the reactor vessel,

(8) emissivity of the RCCS panel surface, (9) geometrical and

asymmetrical effects of fuel, reactor internals, and RCCS local

structure, (10) influence of the upper plenum thermal protection

structure and other reactor internals that could cause shifting of

thermal gradients or otherwise cause temperature or stress peaks,

and (11) any other modeling practices or assumptions that could

affect RCCS performance. In evaluating the above, parameters that

can be shown by'simple analysis or a confirmed data base to have a

trivial effect can be omitted. The overall goal of this study is

to demonstrate that the RCCS has the potential of meeting its

performance requirements with acceptable margins and to identify

any potential area that should be included in the Regulatory

Technology Development Plan to reduce uncertainties.

Response: Sensitivity to key parameters was presented to NRC during the

Chapter 5 review and is documented in the response to R 5-2.

Comments on each item above follow:

1) Graphite thermal conductivity - See R 5-2 and R 5-3.
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2) Gap resistances - Included in depressurized conduction

cooldown to give conservatively higher fuel temperature. ' Not

included in pressurized conduction cooldown to give

conservatively higher vessel temperatures. Also see R 5-3.

3) Convection flows (core and reflector) - Important only for

pressurized case. For effect due to uncertainty in the core

friction factor, see Table R 5-40-1. See also R 5-38.

4) Core barrel emissivity (inner/outer) - See Table R 5-40-1.

5) Helium convection, seismic keys, and core barrel ducts.

Effects quantified in Table R 5-40-1 except for seismic keys

which entail more detailed (preliminary design) local effects.

6) Vessel emissivity (inner/outer) - Outer quantified in R 5-2.

Inner quantified in Table R 5-40-1.

7) Convection flow exterior to vessel - See Table R 5-40-1.

8) RCCS panel emissivity - This effect is comparable in magnitude

to the vessel OD emissivity sensitivity discussed in R 5-2.

9) Geometrical'-and asymmetrical effects- Defer to preliminary

design.

10) Upper plenum thermal protection structure (UPTPS) - See

response to R 5-38.

11) Everything else - Preliminary design.

Initial sensitivity shows that when nominal values of key input

parameters (decay heat generation rate, vessel and RCCS

emissivity, and air inlet temperature) are used, a large (relative

to identified sensitivities) additional margin of -100 0F in the
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calculated maximum vessel temperature (see Table R 5-2-4)

results. In conclusion, the above data indicates that the RCGS

has ample potential of meeting its performance requirements with

acceptable margin. With respect to the RTDP, the DOE position is

stated in R 5-3.
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Table R 540-1

SENSITIVITY RESULTS FOR PRESSURIZED CONDUCTION COOLDOWN

Peak Upper

P1lenum

Peak Fuel Peak Vessel Structure

Temperature Temperature Temperature

Parameters~1 ) 0C (F) 0C (F) 0C (F)

Core friction factor +26 (+46) <1 (<1) -13 (-23)

(+20%)

Core barrel ID emissivity -3 (-5) +1 (+2) <1(1

from 0.8 to 0.95

Core barrel OD emissivity -l (-2) <1 (+1) -l (-2)

from 0.8 to 0.95

Helium convection to -5 (-9) +4 (+7) -4 (-7)

vessel ID (+50%)

Include core barrel +4 (+7) -4 (-8) +2 (+3)

ducts as increased

thermal resistance

Vessel ID emissivity -l (-2) <1 (+1) -l (-2)

from 0.8 to 0.95

Film coefficient exterior +1 (+2) +3 (+6) +2 (+4)

to reactor vessel (-25%)

Core bypass flow fraction- See R 5-38

(1) Sensitivity direction selected to incr ase peak vessel temperatur (if

possible)
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R 5-41

Comment: A very low value for the seismic failure probability of the RCCS

is given in the PRA (Vol. 2). From our previous experience with

structural support systems and the subsurface location of most of

the RCS components, we believe that such a low failure

probability has the potential of' being achieved. Conservative

design rules (using NRC approved structural codes with input

determined from Standard Review Plan Sections 2.5, 3.7.1, 3.7.2,

3.8.1, 3.8.2; and 3.8.3) would have to be used. Also, inservice

inspection would have to be very thorough and perhaps some

disassembly of components would be required. The current status

of the RCCS design activities regarding seismic integrity,

particularly in terms of fragility assessments, should be

discussed in light of the above.

Response: The seismic and structural design of the Standard HTGR and the

enveloping geological characteristics serving as a basis for that

design are discussed in PSID Sections 2.6, 3.7, and 3.8. In

addition, specific NRC concerns relative to the MHTGR structural

design in general and the design of the RCCS in particular have

been addressed in response to Comments G-25, 3.8-3, 5-7, 5-37, and

6-4.

As noted in Section 3.7, it is intended that current LR

structural design and analysis practice be followed wherever

applicable. Since the manner in which geological and

seismological site suitability is assessed is generally

independent of plant design, the assessment of specific MTGR

sites can be expected to be conducted in a manner consistent with

SRP Section 2 .5 except where additional or alternative

considerations are made necessary by the MHTGR's deeply-embedded

design.
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The design codes, loads, and loading combinations to be applied to

the design of tructures which must serve to ensure, with a high

degree of confidence, that systems or components they house can

fulfill their 10CFR100-related radionuclide control functions

under design basis conditions are discussed in PSID Section 3.8.

As discussed in the response to Comment 3.8-3, these are generally

consistent with those set forth as acceptable in SRP Section

3.8.4. SRP Sections 3.8.1, 3.8.2, and 3.8.3 are specific to LWR

containments. and their unique or characteristic features; as the

MHTGR Reactor Building does not serve as a pressure-retaining,

LWR-type containment, application of these SRP Sections to the

MHTGR Reactor Building is not considered appropriate.

As discussed in the response to Comment 5-7, the requirements of

the RCCS ISI program will be developed based upon an analysis of

the RCCS configuration and material selection, the sensitivity of

RCCS performance to changes in its physical condition, and

structural and operational performance experience obtained from

other forced or natural draft air systems operating in similar

environments. In actuality, the need for and requirements of an

151 program will be considerations integral to the RCCS design

configuration and material selection process.

Finally, the current status of RCCS design activities regarding

seismic integrity, particularly in terms of fragility assessments,

are discussed in the responses to Comments 5-37 and G-25.
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R 5-42

Comment: During an event in which only the RCCS is used for decay heat

removal, the reactor vessel could be exposed to temperatures that

possibly approach or even exceed extended code allowables.

Therefore, for reasons of accident progression monitoring,

decisions regarding depressurization and assessing the reuse

capability of the vessel, it appears desirable to have

instrumentation capable of monitoring vessel temperature history

during a conduction cooldown event. This would avoid putting the

utility and the NRC into a position of having to infer whether

continued operation is safe. It is strongly suggested that such

instrumentation be provided.

Response: Instrumentation required to monitor the vessel temperature history

during a conduction cooldown event will be determined by

uncertainty studies and cost benefit trade-offs. Use of

instrumentation to demonstrate conclusively that temperature

limits were not exceeded and that a module can quickly be

restarted should a conduction cooldown occur will be addressed

during preliminary design.
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R 5-43

Comment: In your response to Comment 5-38 you reported the sensitivity of

peak vessel, fuel and the Upper Plenum Thermal Protection

Structure (UPTPS) temperatures to variations in the UPTPS

insulation properties. Please be prepared to discuss this study

at the March 18, 1988 meeting including how these results can be

experimentally confirmed.

Response: In answering NRC Comment 5-38 concerning the UPTPS insulation

thickness and its effect on heat flow and vessel side wall

temperature, the sensitivity of important parameters to the UPTPS

thermal resistance was shown.

Sensitivity analyses using rnominal parameters plus a variation in

the UPTPS insulation have been performed to determine the

importance of this design feature for a pressurized conduction

cooldown. When the UPTPS thermal resistance is increased or

decreased by a factor of 1.5, temperatures are affected as

follows:

Change in Peak Temperature

[0C (F)]

Change in

UPTPS Upper

Thermal Vessel Vessel Plenum

Resistance Fuel Sidewall Top Head Structure

Increased +18 (+33) +6 (+11) -25 (-45) +30 (+54)

(x 1.5)

Decreased -18 (-32) -4 (-7) +23 (+42) -28 (-51)

(÷ 1.5)
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The small sensitivity of peak vessel sidewall temperature to the

UPTPS thermal resistance is evidenced by the results above which

show that a ± 50% variation in UPTPS thermal resistance results in

a +60C (+110F) to -40G (-70G) variation in peak vessel sidewall

temperature. Assuming a nominal UPTPS thermal resistance, the

heat removal distribution at the time peak vessel temperature

during a pressurized conduction cooldown is given in Figure R

5-43-1. As can be seen, 17.3% of the heat removed from the

reactor vessel by the RS exits through the top head. The PSID

UPTPS and top head model, shown in Figure R 5-43-2, models the

UPTPS with one node to represent the UPTPS inside temperature and

one node to represent the UPTPS outside temperature. This model

of the UPTPS was used in the PSID and to generate the table

above. An updated model with a more detailed top head has 7

inside UPTPS nodes and 7 outside UPTPS nodes as shown in Figure

5 -43- 3 . With the new model, the UPTPS temperatures and the

fraction of heat removed through the top head are very similar to

the PSID results.

The thermal barrier technology used in the UPTPS is well

established. The thermal conductivity of fibrous insulation has

been experimentally measured for Ft. St. Vramn. Also, several

tests have been conducted in Europe and Japan. Tests show the

total variation of insulation thermal conductivity is within

±25%. Of the ±25% variation, 15% is due to test scatter and ±10%

is product variation for different insulation manufacturers.

The UPTPS is modeled in detail, the UPTPS insulation properties

are well known, and the peak vessel sidewall temperature is

insensitive to variations in insulation thermal resistance that

are greater than the uncertainty in insulation properties.

Therefore, DOE believes these results do not require experimental

confirmation.
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R 5-44

Comment: In your response to Comment 5-39 you cited design and analytical

reasons why means were not provided for depressurizing the reactor

vessel prior to the elevated temperature operations that would

occur in conduction cooldown event. We further understand that if

such a depressurization did occur the resulting higher

temperatures would cause an investment loss. It is the staff's

opinion that some means should be provided to ensure reactor

vessel depressurization at temperatures significantly above

current code values to diminish the vessel's vulnerability to a

catastrophic pneumatic mode of failure for the case of when vessel

temperatures exceed 800'F. In addition, the analysis of event G.2

and the depressurized cases in certain of the BES require a

deliberate means to cause depressurization when the vessel

temperature exceeds 800'F, the value above which your proposed

code extension would not apply to pressurized conditions. Please

discuss our concern that this provision is needed to be consistent

with the requirements for protection against vessel overpressure

as required by the ASME code.

Response: Even though the capability to depressurize the vessel system

through the Helium Purification System has been provided as part

of normal refueling operations, no need has been identified for

depressurizing the reactor vessel during a conduction cooldown

event, as discussed in the response to NRC Comment 5-39. Events

within the licensing basis down to a frequency of 5 x 10O per

year indicate no need to intentionally depressurize to protect the

safety of the public. As shown in the response to NRC Comment

5-39, considerable margin exists above allowable vessel stresses

during events in the licensing basis. The "safety-related" RCCS

is highly reliable because of its passive, redundant design. As a

result, events involving the failure of all active and passive

cooling are not within the licensing basis, and the ASME code

requirements for overpressure protection would not apply.
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If the rare event of complete and total failure of the RCS and

SCS and HTS were to occur, ample time in excess of 2 days would be

available before vessel temperatures could exceed code limits.

During that time the operating staff should focus on restoring

forced cooling by either the HTS or the SCS, or on restoring

natural convection cooling by the RS. Subsequent cooling by any

of these systems would be more effective with the vessel system

pressurized. Failing successful restoration of cooling, the

operating staff could still take actions to intentionally

depressurize the vessel system through the HPS.

It should be clearly recognized that vessel depressurization is an

available operator action, but is not an action required to

protect the health and safety of the public. That is, even if an

event were to progress to vessel failure, the consequences of the

event are bounded by the hypothetical catastrophic crossduct

vessel failure described in PRA Section G.4. As discussed in R

5-45.B, an intact core with aligned coolant holes is bounding with

regard to the potential for air circulation and resultant graphite

oxidation even when the core remains in its as-built

configuration, heat removal by conduction and radiation to the

surroundings is effective, and the consequences of air ingress

through a large failure are such that doses remain well below

10CFR100 limits, and are even below the PA~s for sheltering.

The MTGR has been designed to rely on passive features for

safety, rather than active systems or operator actions. This

approach to safety is consistent with the Severe Accident Policy

Statement (50FR32138). As shown in PRA Appendix G, accidents

beyond the design basis pose no undue risk to the public health

and safety.
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R 5-45

Comment: We require that the primary system steel vessels meet at least the

same level of integrity as LWR steel vessels. The following

comments and requests for additional information pertain to this

issue.

R 5-45.A

Comment: On the basis of probabilities and expert engineering judgement,

the staff in conjunction with the ACRS established for LWR plants

the probability of a steel reactor vessel failure of sufficient

size and location to defeat the performance of the Emergency Core

Cooling Systems at 1 x 10O7 per year. On the basis of an

equivalent amount of electric power generation per plant, the

M4HTGR requires in comparison to a modern BWR plant (which has a

reactor vessel of dimensions comparable to the MTGR) about 10

reactor vessels per plant. Hence, it could be argued that the

likelihood of a large vessel failure for an MHTGR plant should be

106per plant year. Please discuss.

Response: The frequency of a large vessel failure for the MTGR has been

assessed at less than 1 x 10 8 per plant year where a plant

comprises four modules. The number of vessels in the MHTGR plant

has been accounted for in meeting the reliability requirement.

While the MHTGR vessel system is designed, fabricated, and

installed to ASME Code LWR vessel standards, it is subjected to a

less demanding operating environment. First, the helium coolant

produces less severe thermal transients than water, and second,

helium cannot introduce corrosive or erosive attack as water does.

After considering the NRC staff's related comments and requests,

we have concluded that the prediction of the reliability of the

MHTGR Vessel System need not be reduced due to:
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1) Uncertainties associated wlith neutron embrittlement since a

test program is in place to support the design;

2) T he amount of creep associated with i mi te d

elevated-temperature service since a test program and code

inquiry are in place to support the design;

3) Differences between hydrostatic and pneumatic type failures

since failure mode is independent of pressurizing medium;

4) Vessel System geometry configuration since the ASME Code, as

modified by the ASME Code inquiry, covers the configuration;

5) Unstable crack growth since the system will shut down before

failure of the MHTGR crossduct vessel due to the inability to

maintain pressure.

R 5-45.A-2 Amendment 9
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R 5-45.B

Comment: A catastrophic vessel failure (see NRC Comment 5-45.L) would put

the reactor core in a physical state judged by the staff as

undefined within the reactor cavity. Can DOE define this state

with respect to the potential for a graphite fire and the continued

removal of decay heat without significant additional fission

product release?

Response: As discussed in R 5-45.A, the MTGR vessel system is designed,

fabricated, and installed to ASME Code LWR vessel standards, and is

subjected to a less demanding operating environment. The Vessel

System is therefore expected to be at least as reliable as the

vessel systems used in the current generation of operating nuclear

reactors. Nevertheless, DOE has considered the consequences of

arbitrary large catastrophic vessel failure in order to assure that

residual risk is low. The consequences of a hypothetical

catastrophic crossduct vessel failure have been evaluated in

Section C.4 of the PRA. The assumed catastrophic crossduct vessel

failure involves an essentially instantaneous (0.2 sec) offset

rupture of the crossduct vessel, creating a blowdown flow area of

2.Om 2 (21.3 ft2). The pressure differentials during the

blowdown are expected to cause no significant reactor component

damage, so the geometry of the core is maintained and heat removal

continues to rely on conduction and radiation.

A catastrophic crossduct vssel failure represents the worst single

failure with respect to the potential for graphite oxidation. A

break in this location allows both hot and cold legs of the core to

be opened to the air, and it provides a pathway for natural

circulation of air through the core. Section G.4 shows that no

potential exists for self-sustained graphite burning, but only slow

graphite oxidation that will not challenge the integrity of the

intact fuel particles.
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Multiple openings in the vessel can also lead to a pathway for air

circulation; however, postulated multiple openings are even less

probable than a single break for the MTGR configuration.

Nevertheless, multiple openings have been assessed as discussed in

response R 15-10. An intact core with aligned coolant holes

(configured as designed) following catastrophic vessel failure is

bounding with regard to potential for air circulation and

resultant graphite oxidation. The natural convection flow of air

through the core is inherently limited by the flow resistance of

the small coolant channels. Therefore, the graphite oxidation

rate is slow, and the rate of exothermic heat generation is

insignificant when compared with decay heat. Thus, core

temperatures would be unaffected, graphite oxidation would be

limited, and doses would be only slightly higher than those

reported in Appendix G.4. As shown in R 15-10, doses would be

well within the 10CFR100 limits, and would not exceed the PAGs for

sheltering.
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R 5-45.C

Comment: We agree with the response to Comment 5-16 that the MHTGR vessel

will not be subjected to the LWR conditions of pressurized thermal

shock, intergranular stress corrosion cracking, and water hammer

and also agree that in estimating the level of vessel integrity

credit can be given for the absence of these conditions. Indicate

degree of credit in terms of failure probability that you believe

is appropriate and discuss this in connection with your response

to A above. However, we do not agree that credit can be given for

lower neutron embrittlement effects until more experimental

evidence is available. We note that in the response to Comment

5-15, DOE stated that "final confirmation of an effect of neutron

flux must likely await the results from an MHTGR surveillance

program."

Response: Since the failure frequency of the MHTGR vessel system was not

derived from the LWR reactor vessel failure frequency, credits and

debits based on comparison of LWR and MHTGR vessels were not

derived. The failure probability of the MTGR vessel system has

been assessed directly, considering its functions, requirements,

operating conditions, duty cycles, maintenance, and 151. The

assessment implicitly accounts for all events the vessel could

possibly encounter.

The MHTGR program has recognized that the current irradiation data

base does not adequately support the design. An experimental

program is in place to meet the design needs. Furthermore, the

design incorporates a material surveillance program.

The MH1-TGR vessel irradiation environment is unique relative to

that of the PWR vessel. The MTGR vessel temperature and neutron

dose rate are lower than the PWR. The neutron flux spectrum is
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substantially different from the PWR. The effect of irradiation

temperature is well known, ancd has been reasonably approximated

using a factor of 2.25 increase in predicted nil-ductility

transition temperature (NDTT) shift. The effect of the flux

spectrum has been approximated using a "damage" fluence which

accounts for the contribution from thermal and epithermal neutrons

to produce an effective fast fluence. In addition, upper bound

estimates of localized neutron flux (e.g. , due to streaming) are

being used to identify worst case situations.

The effect of dose rate has not, as yet, been explicitly treated

in the MHTGR shift calculations. Results from the High Flux

Isotope Reactor (HEIR) produced clear evidence that low dose rates

(approximately 1 n/cm2 s) at low temperatures (120'F) will

produce NDTT shifts on the order of 750 F after 20 years. The HIR

data coupled with existing test reactor data and the planned MHTGR

experimental program will provide a basis for developing an

analytical model for projecting end-of-life damage.

The present situation with respect to neutron irradiation damage

prediction in the MHTGR can be summarized as follows:

1) In the design phase, margins are being applied to shift

predictions - including a multiplication factor for

irradiation temperature and use of an effective fast neutron

fluence. Steps have been taken to minimize the neutron

fluence at critical vessel locations.

2) An experimental (test reactor) irradiation program is to be

conducted which duplicates as many environmental factors as

practical. These and the HFIR results will be used to update

the analytical model for damage prediction in the the MHTGR

vessel.
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3) The MHTGR will have a reactor vessel surveillance program, and

this program will assure timely acquisition of realistic data

to validate design basis calculations.
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R 5-45.D

Comment: We believe that the significance of challenges from extreme

repetitive loads, thermal fatigue, and thermal stress will be

dependent on the duty cycle for conduction cooldown events. We

notice from Table 3.9-1 of the PSID and Table 8-2 of the RTDP that

only a single occurrence is stated for each of the three conduc-

tion cooldown events listed. Are we to infer that reactor restart

will not occur following any of these events except for event 31?

If this is not the case, please give (1) the permitted duty cycles

planned for both pressurized and depressurized cases, (2) the

bases for the permitted duty cycles, and (3) an estimate of the

actual number of conduction cooldown events expected to occur over

the lifetime of the reactor.

Response: Reactor startup is planned following conduction cooldown events.

The requirements for startup following conduction cooldown depend.

on the service conditions reached during the event.

Conduction cooldown events involve: (1) HTS failure, (2) SCS

failure, (3) a pressurized or depressurized vessel, and (4) heat

removal by conduction, convection, and radiation to the RCCS.

Pressurized conduction cooldowns are: (1) a conduction cooldown

with prior forced cooling for >24 hr, (2) a conduction cooldown

with forced cooling restored within 24 hr, and (3) a conduction

cooldown with total and immediate failure of forced cooling. A

depressurized conduction cooldown is a loss of forced cooling with

immediate vessel depressurization. The anticipated duty cycle for

both pressurized and depressurized conduction cooldowns is given

in Table R 5-45.D-1.

The basis for the permitted duty cycle is the RA and ASME Code

requirements. The number of unplanned occurrences are derived

from RA results. Requir d service conditions for pressurized and

R 5-45.D-1
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depressurized conduction cooldowns are derived from ASME Code

requirements. The ASME Code guidance for service levels is given

in Table R 5-45.D-2.

The number of conduction cooldown events expected to occur over

the lifetime of the reactor module is given in Table R 5-45.D-3.

Expected event frequencies and associated service levels are

subjects of ongoing studies, and the given values for both may be

changed in the future as the methodology becomes more precise. In

any case, for investment protection reasons the intent is to meet

ASME Service Level C for the vessel under pressurized and depres-

surized conduction cooldown conditions.

R 5-45.D-2
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TABLE R-45.D-1

CONDUCTION COOLDOWN DUTY CYCLE

Design Duty Cycle

Event (Per Reactor Module) Restart Capability

Pressurized Conduction Cooldown

1. With prior cooldown >24 hr 1 Restart immediately;

Service Level B

2. Restart of core cooling with 1 Restart immediately;
24 hr Service Level B

3. Total failure of forced 1 Inspect or repair
cooling damage before

restart; Service
Level C

Depressurized Conduction Cooldown 1 May require repair
before restart;
Service Level C

R 5-45.D-3
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TABLE R 5-45.D-2

ASME CODE GUIDANCE FOR SERVICE LEVELS

Service Level ASME Code, Section III Requirement

A Perform specified service

B Component must withstand loadings

without damage requiring repair

C Permit some deformation or damage. May
require inspection or repair of damage
before continued operation

D Permit large deformation or damage
requiring extensive repair or removal
from service

R 5-45.D-4
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TABLE R 5-45.D-3

EXPECTED NUMBER OF CONDUCTION COOLDOWN EVENTS

IN THE MODULE LIFETIME

Expected Frequency
Event Service Level (Per Module)

Pressurized Conduction Cooldown:

1. With prior cooldown >24 hr B 0.32

2. Restart of core cooling B 0.14
within 24 hr

3. Total failure of forced C 0.25
cooling

Depressurized Conduction Cooldown C 0.03

R 5-45.D-5
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R 5-45.E

Comment: In general, we see no potential for pressurized thermal shock
events similar to those that have occurred in LWRs. However, a
localized thermal shock by water ingress from a failed Standby
Cooling Heat Exchanger (SCHE) might occur during a depressurized
conduction cooldown event. While this is not a pressurized
thermal shock event, the vessel is at an elevated temperature
where it may be vulnerable to failure by thermal shock
nevertheless. Please discuss and also include in this discussion
the potential for this failure mode to provide a chimney effect

for a graphite fire potential.

Response: The MHTCR program is in agreement that there is no potential for
pressurized thermal shock (PTS) events. In fact, the failure
scenario described does not produce a significant challenge to the
integrity of the vessel. This is because the leakage can only
occur when the vessel is depressurized in a relatively low stress
condition. In addition, a shroud used to duct the primary coolant
around the SCHE also would protect the vessel from direct cold
water impingement. The vessel in the vicinity of the shutdown

cooling heat exchanger (SCHE) does not experience significant

irradiation effects.

The temperature and pressure conditions of this event are
conservatively bounded by those addressed in a PTS study for the
EPRI proposed Advanced Light Water Reactor (ALWR) program. In the
EPRI ALWR study, which was performed to address the effect of
direct vessel safety injection on the integrity of the vessel, the
initial vessel wall temperature was 550'F and injection water was
assumed to be 100'F. In this case, a secondary side break was
assumed in order to provide the maximum possible repressurization

and establish a conservative bounding case.
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By contrast, the vessel wall temperature in the MHTGR at the

initiation of the postulated SC:HE failure is less than 5000 F and

the SCHE water temperature is greater than 140'F, a temperature

difference of 360'F compared with 450'F in the ALWR study.

Furthermore, there is no repressurization in the MHTGR situation.

The ALWR study therefore clearly bounds the MHTGR situation.

The results of the fracture mechanics analysis of the ALWR

situation, which assumed the full range of cracks from very small

to one quarter of the vessel thickness, show that no crack

extension will occur. The margin between the stress intensity

factor resulting from the transient and that required for

extension of a crack is quite large - about a factor of two.

This fracture mechanics analysis demonstrates that MHTGR vessel

integrity would be maintained even in the case of a transient

which very conservatively bounds the SCHE failure event.
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R 5-45.F

Comment: In response to Comment 5-17, it is stated that reactor vessel

inspections may be deferred to the end of the Code-specified

inspection intervals. Justify this procedure with respect to

maintaining the same level of vessel integrity as for LWRs.

Response: Using the current requirements in Section XI for an LWR as a

basis, the MTCR has developed an 151 program to insure the

continued integrity of the vessel. This program proposes to

complete an inspection program equivalent to that program

currently required by the Code for LWRs. That is, the total

number of inspections in each 10-year interval to be performed

will be identical. The Code specifies that, unless otherwise

permitted, the inspection must be spread out over each inspection

interval. However, in the LWRs, deferral is permitted in many

cases. Details of the MHTGR ISI program will be presented to

Section XI and may involve deferrals within the inspection

interval, which will be adequately justified in order to obtain

Code Committee approval.
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R 5-45.G

Comment: In Appendix A to the PRA, it is stated that a 7-inch long flaw in

the reactor vessel can be detected and the reactor scrammed (on

low-pressure) because the helium make-up rate would be exceeded.

Discuss the safety significance of this capability from the

standpoint of (1) this flaw size as a precursor to vessel failure,

(2) the leak-before-break philosophy, and (3) meeting the intent

of SRP Section 5.2.5, "Reactor Coolant Pressure Boundary Leakage

Detection."

Response: In order to relate leakage rate and crack size, an analysis of the

crossduct vessel was performed to determine the opening area of

cracks of various sizes subject to normal operating conditions.

It was found that a leakage area of 0.05 square inches corresponds

to a circumferential crack of about 7 inches long. Leaks of area

greater than 0.05 square inches result in reactor shutdown because

pressure cannot be maintained beyond this leak rate.

A fracture mechanics analysis was performed which demonstrates

that a crack 7 inches long would be stable for all postulated

loads including the maximum seismic (SSE) loads. Crack stability

has been demonstrated for cracks much larger and with much higher

loadings, thereby demonstrating significant safety margin.

The integrity of the vessel is assured by the quality of design,

fabrication and installation, and by meeting vessel codes and

standards which represent the accumulation of decades of LWR

vessel manufacturing and operating experience.

The leak before break (LBB) philosophy which has been applied to

piping systems in LWR plants, is not applied to the MH1-TGR. The
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reactor vessel system in a MTGR does not need LBB and the MTGR

program does not invoke LBB 1:o assure integrity of the vessel

system. SRP 5.2.5 is not applicable to the MHTGR.
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R 5-45.H

Comment: Has ASME approval been obtained regarding the adequacy of Technical Development
Need 8-2, "Properties of SA 533B at Elevated Temperatures." If not, is it being sought?
Are creep rupture tests on a single heat of metal sufficient? Are high temperature fatigue
and creep-fatigue interaction data needed?

Response: To address the concern that certain low probability events could potentially raise the
MHTGR reactor vessel temperature above 370'C (7000F), the maximum temperature
allowed by ASME Section III for the selected pressure vessel materials, the following
Inquiry was prepared and submitted to the ASME Code Committee in November 1987
for consideration:

"May SA533 Grade B, Class I plates, SA508 Class 3 forgings and their
weldments be used in Section III, Division 1, Class I construction at
temperatures exceeding 7000F up to 1000 F during Service Level C or D events
for limited times of exposure not to exceed 1000 hours?"

In parallel to the Inquiry, a materials test program to establish stress allowables, and
analyses to determine the possible range of material response for the time-temperature
conditions of the MTGR duty cycle events were performed to support the Code Case
approval. Test programs conducted at Oak Ridge National Laboratory (References 1, 2)
and at Combustion Engineering, Inc. (References 3, 4) generated elevated-temperature,
time-dependent material properties representative of times and temperatures postulated
during conduction cooldown events.

The test programs included three heats of A533B3, Class plate and one heat of A508
Class 3 forging. Three weld materials were also evaluated including two submerged-arc
welds (SAW) and one shielded-metal arc (SMA) weld. Test data included elevated-
temperature tensile (from 7000F to I 1000F7) and creep data (from 8000F to I 1000F7 up to
2000 hours) to establish allowable stresses, results from a thermal embrittlement study
(by aging base and weld metal test specimens at 8501F and 950OF for 2000 hours), cyclic
stress-strain curves, and elevated-temperature fatigue tests. The elevated-temperature
fatigue test results were used to establish an elevated-temperature fatigue design curve for
the materials. Development of creep-fatigue interaction data was not necessary.
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Available data on creep-fatigue behavior of the materials were sufficient to establish the

appropriate creep)-fatigue interaction envelope. The analyses, which were also

performed by C-E and ORNL, demonstrated that a simplified set of design rules to

envelope all of the potential elevated-temperature design considerations would be

overly restrictive and not practical. Based on the analytical results, the existing elevated-

temperature design rules of the ASM1-E Section III Code Case N-47 were adopted for

analyzing the MHTGR Level C and D events that exceed 7000F, and were incorporated

into the M0HTGR Inquiry.

The Inquiry and Proposed Reply received unanimous final approval of the ASME Code

Main Committee on September 13, 1991 (Reference 5). A member of the NRC staff

participated as a voting member of the ASME Code Main Committee. In the approved

Code Case N499, the Committee specified restrictions on maximum temperatures

(10000F), time limits (1000 hours), and total number of anticipated events (3) during

which temperatures may exceed 8000 F; compliance to Code Case N-47 for material and

design; and, consideration of Code Cases N-48, N-49, N-5O, and N-51. Following the

Main Committee approval, the Code Case N-499 was sent to the Board on Nuclear Codes

and Standards (BNCS) for approval and will be published for public comments. The

Code Case will be available for use upon BNCS approval.

This Code Case approval is also responsive to an issue raised during NRC'S review of

the MHTGR PSID (References 6, 7).

References:

1. DOE-HTGR-88383, "Tensile and Creep Properties of SA533, Grade B, Class 1 Steel," (Results

from ORNL Test Program), December 1989.

2. Oak Ridge National Laboratory Letter Report No. PLRZ-0103-0l-90, "Strain Cycling and Fatigue

Testing of A533B Steel in Support of the ASME Code Inquiry on Elevated-Temperature

Service," January 3, 1990.
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3. Combustion Engineering Letter Report No. MML-89-142 from F.V. Ellis (C-E) to Dr. P.L.
Rittenhouse (Oak Ridge National Laboratory), "Creep and Tensile Properties of SA508 Class 3
Forging Materials," December 13, 1989.

4. Ellis, F.V. and Bynum, J.E., "Creep and Tensile Properties of SA508 Class 3 Forging Materials,"
Damage Assessment, Reliability, and Life Prediction of Power Plant Components, PVP-Vol. 193
(NDE-Vol.8) ASME, New York, NY, 1990.

5. DOE-HTGR-90286, "Documentation of ASME Code Case for Elevated-Temperature Service of
MHTGR Reactor Vessel Material," Revision 0, issued September 1991.

6. Item 5.005 of DOE HTGR Programs's PSER Issues Tracking System, submitted July 31, 1991,
from Peter M. Williams, Director, HTGR Division to Mr. R.C. Pierson, Director, Advanced
Reactors Project Directorate.

7. Letter, P.M. Williams to USNRC, transmitting DOE-HiTGR-90286, Rev. 0, November, 7, 199 1.
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R 5-45.I

Comment: Will the MTOR vessels be designed to the nonmandatory Appendix ,

Section III, Division 1 of the ASME Code to provide a degree of

flaw tolerance? Discuss the pros and cons of designing to this

code section.

Response: The MTGR vessel is being designed in the same manner as an LWR

vessel. The vessel will be evaluated in accordance with

nonmandatory Appendix of Section III to define operational

limits.
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R 5-45.J

Comment: Experience has shown that thermal stresses and strains in many
cases have turned out to be much higher than the results obtained
from generally accepted design engineering methods; thermal

problems are not always solved with sufficient accuracy by code
calculations. Please comment on this statement with respect to
(1) how unknown or underestimated thermal stresses could
contribute to the probability of vessel failure and (2) the
methods, including possible development items, for ensuring that
the MHTGR vessels will be designed without hidden thermal
stresses, particularly under Event Category III conditions.

Response: The design of the reactor vessel will be accomplished using the
Quality Assurance Program and Procedures of Combustion
Engineering. This program meets NQA-1 and has been accepted by
the NRC for light water reactors. The implementation of this
program during the design of the reactor vessel will assure that:

1) Only verified computer codes are utilized

2) Only qualified, properly trained staff will be involved

3) All assumptions, methods, and calculations will be

independently reviewed and verified.

This program will insure that thermal stresses are properly

calculated for all appropriate duty cycle events.

With regard to Event Category III conditions, because thermal

stresses in vessels are, by definition, secondary stresses which
are self-limiting due to deformation, they are not required to be
calculated for ASME Code Service Level C and D conditions and

beyond design basis events.
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Two types of thermal stresses are considered by the ASME Code,

general thermal stress and local thermal stress. General thermal

stress is classified as secondary stress; local thermal stress is

considered only from the fatigue standpoint and is therefore

classified as peak stress.

In the worst case of unpredicted or underestimated local thermal

stress, surface cracking could result. This is a fairly common

phenomenon in non-nuclear power plants, but one highly unlikely to

lead to vessel failure. Thermal cracking is fundamentally a skin

effect; a surface crack occurs due to excessive stress, the crack

relieves the stress, and the cracked surface is free to expand and

contract when subjected to additional thermal cycles, protecting

the subsurface material from buildup of stress. The cracks only

become a problem if subject to corrosion attack, but there is no

corrosive agent present in the MHTGR Vessel System.

When cracking due to local thermal stresses has been encountered

in nuclear power plant vessels, it has generally been associated

with ineffective or malfunctioning thermal sleeves in feed

nozzles. The conditions have been discovered repaired, and

recurrence prevented by thermal sleeve design changes or operating

changes.

General thermal stresses would have an even more benign effect on

vessel integrity. Should they occur at higher levels than

predicted, they may cause minimal distortion but would not

contribute to vessel failure. Experience with nuclear pressure

vessels has corroborated this statement.
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R 5-45.K

Comment: Experience has shown that creep-fatigue interactions have resulted

in failures which fell short of the lives predicted by use of the

linear cumulative damage rules given in Code Case N-47. Please

comment on this statement with respect to (1) the probability of

vessel failure and (2) design methods for the MI4HTGR vessel that

will take this concern into account.

Response: For the total duration of time that the reactor vessel is above

700'F, no significant amount of creep strains will accumulate.

Stress allowables for the elevated-temperature service conditions

will be established for the requested Code Case, which will assure

that no significant creep strains are produced. Therefore, it is

not necessary to address the issue of creep/fatigue interaction

and low temperature design rules will be appropriate. The

inadequacy of linear cumulative damage rules for other

elevated-temperature design application has no influence on the

probability of reactor vessel failure for the MHTCR.
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R 5-45.L

Comment: Differences between hydrostatic and pneumatic vessel failures are

well-known. Please refer to papers by Karl Kussmaul, et al. , 1-utin

and Churier, and other authors in Volume G of the "Transactions of

the 7th International Conference on Structural Mechanics in Reactor

Technology," Chicago, 1983 for illustrations of these phenomena and

a discussion of conditions causing stable tearing or catastrophic

failure, and to NUREC/CR-2570, April 1982 for a description of how

system compliance must be accounted for when determining the

expected degree of stability in a metal fracture process. Based on

information in these and possibly other references, comment with

regard to what degree you consider catastrophic, pneumatic type

vessel failures a concern for the MTCR. In the event of the

occurrence of a low probability (10O7 per year) vessel failure

would you predict stable tearing or catastrophic failure and why?

Response: The Kussmaul study, which experimentally investigated the effect of

pressurizing medium on vessel failure, was reviewed. Steel vessels

with material properties similar to the material used in the MHTCR

vessel, but which contained large fabricated cracks, were

pressurized to failure using PWR, BWR and air pressurization

conditions. When the test vessels failed catastrophically, the

resulting deformation of the vessels were different for different

pressurizing media. Catastrophic failure under PWR conditions

resulted in less crack extension due to depressurization to

saturation and therefore a less dramatic destruction than the BWR

and gas pressure conditions. The prerequisite condition for

catastrophic failure for any pressurizing medium, however, are the

same. The study concluded that the pressurizing medium is not the

decisive factor in whether a failure is catastrophic or a limited

leaking type of failure. The toughness of the material and the

crack size as it reaches through wall are the governing conditions.
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The NUREG/CR-2570 was also rev:Lewed. This document describes how

system compliance affects crack behavior, especially in specimen

testing situations. Stability evaluations of the Vessel System

which have been performed always consider the most conservative

loading conditions of full pressure even when addressing a through

wall crack. Therefore, the NUREG does not add new insight to the

evaluation of integrity.

Catastrophic failure will result only if a flaw greater than a

critical size (determined by pressure level and material

toughness) extends through the vessel wall. Fracture mechanics

studies show that even very large flaws are stable, thereby

assuring the probability of failure remains very low.

Since failure mode depends mainly on material toughness and

SA-533B/SA-508 steel has high toughness, stable tearing, not

catastrophic failure, would be the mode of an extremely low

probability failure.

Consideration of the experimental studies which evaluated the

effects of different pressurization media leads to the conclusion

that the probability of catastrophic failure is not increased

because of the pneumatic pressure medium.
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R 5-45.M

Comment: Evaluate the potential for ASME Code and Code ases to include the

MH-TGR cross duct design, considering that the duct significantly

differs from usual reactor vessel design geometry. In addition,

discuss further the considerations and identify the major issues

facing a plan of action for admittance of SA 533 and SA 508 to

Code Case N-47 coverage.

Response: The ASME Code covers the design of pressure vessels regardless of

their size, shape or orientation. During the design process, the

geometry of the Vessel System will be taken into account. Careful

attention will be paid to assuring that all loads on the Reactor

Vessel, the Steam Generator Vessel and the Crossduct Vessel are

considered in the design and analysis. The ASME Code as modified

by the current inquiry on the use of SA-533B Class 1 and SA-508

Class 3 material for level C and D service at temperatures above

700'F will completely cover the design of the MHTGR Vessel System

including the crossduct vessel. This will assure that the Reactor

Vessel, the Steam Generator Vessel and the rossduct Vessel will

achieve the same level of integrity which is currently found in

LWR Reactor Vessels.
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R 5-46

Comment: In Sections 5.3 and 5.4 of the PSID, the circulators in the Heat Transport System and the
Shutdown Cooling System ar stated not to be safety-related. Discuss the potential for
failures of these circulators (for example: broken blades without the blade catcher) to
breach the reactor coolant pressure boundary or to damage fuel.

Response: Circulator failures and disc catcher design were discussed in detail in PSID response
R 5-24. The following expanded explanation is consistent with that response. The main
circulator is a two-stage axial compressor with the impeller attached to a vertical shaft
supported by magnetic bearings (see PSID Figure 5.3-4). The shutdown circulator is a
centrifugal compressor with the impeller also attached to a vertical shaft supported by
magnetic bearings (see PSID Figure 5.4-4). A dynamic failure of the impeller either at
operating speed or at overspeed conditions is evaluated.

At design operating speed (approximately 5000 rpm for both circulators) a dynamic
failure can be initiated by an individual blade failure. The resultant unbalance of the
rotor (each blade weighs approximately two pounds) will probably cause all the blades
to be shed. The disc remains intact since it now has reduced stresses without the blades.
The massive structure of the inlet and outlet casing, which includes the disc catcher (see
PSID Figure 5.3-4 and Figure 5.4-4) is designed to retain the blades and dissipate their
kinetic energy. No causal failure has been identified which would prevent the circulator
casing and blade catcher from being in place and functional prior to and during a blade
shedding evenL. The blades will not come in contact with the vessel. The main
circulator blades will fall by gravity, once devoid of their translational energy, either into
the circulator inlet or outlet plenum. The shutdown circulator blades will stay within the
diffuser assembly because of its vertical upward orientation (see PSID Figure 5.4-4).

In case of an overspeed accident, a very low probability event because it requires the
failure of the redundant circulator overspeed protection systems, the blades will probably
start to be shed around 170% of the design speed. As before, the blades' kinetic energy
will be dissipated by the circulator inlet and outlet casing and the disc catcher. As the
circulator speed keeps increasing, the impeller disc will start failing. The circulator inlet
and outlet casing, including the disc catcher, will be designed to contain the disc
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fragments. The disc catcher design will be based on that used in the Fort St. Vrain
HTGR plant. That design has been successfully tested up to impeller disc failure which
occurred around 190% of design speed. Again, as for the previous failure mode, the
vessel boundary will not be impacted.

A fuel element could not be damaged by the two failure modes described above because
there is not a credible path between the blades or the impeller disc fragments and the fuel

elements. The main circulator is located in a separate vessel from the core (see PSID
Figure 5.1-1). The shutdown circulator is located in a penetration at the bottom head of
the reactor vessel. As shown in PSID Figure 4.4-13, the shutdown heat exchanger and
the massive core support metallic structure is located between the shutdown circulator and
the core lower reflectors structure. The shutdown circulator blades and fragments from

its impeller do not have a credible path to the fuel elements.
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R 5-47

Comment: According to the PSID, the RCCS which is used to cool the reactor vessel cavity during
accidents would be operating at all times during a module's shutdown, startup, or power
operation. Provide the air flow rate through the system, the change in temperature from
the inlet to the outlet, and the concentration of neutron-induced radioactivity in the air
for each mode of reactor operation. Provide the assumptions for the calculations and the
technical justification for each assumption. Discuss the relationship of these radioactivity
releases to limits on exposure in 10 CFR Part 20, Appendix I to 10 CFR Part 50, and 40
CFR Part 190. This is Section 5.5.5.H of the draft PSER. Also, discuss the ability to
monitor the performance of the RCCS, including identifying flow blockages and changes
in the emissivity of the RCCS panels or reactor vessel.

Resvonse: As previously documented in PSID Sections 5.5, 11.7.2, and 12.2.2 and in the Responses
to NRC Comments G-8.C and 5-5, the Reactor Cavity Cooling System (RCCS) flow
conditions in conjunction with the neutron flux sources which exist during power
operation result in an off-site release of neutron-induced radionuclides which is a small
fraction of that allowed under either 10 CFR Part 20, Appendix I to 10 CFR Part 50, or
40 CFR Part 190. These radioactive release levels have been calculated on a basis which
conservatively accounts for uncertainties in the parameters to which the analysis is most
sensitive.

The calculated RCCS operating conditions with the reactor both at power and shutdown
previously documented on PSID Tables 5.5-1 and R 5-5-1 are reproduced here on
Table R 5-47-1. For the purposes of RCCS operation, there is no essential difference
between module shutdown and startup. While the conditions which will exist are a
function of both the ambient air and reactor vessel temperatures, neutron fluxes sufficient
to induce an appreciable amount of air constituent activation will only exist with the
reactor at power. The full power flux levels previously provided on PSID Table 12.2-3
as the basis for determining the degree of neutron-induced activation of the RCCS air
stream are reproduced here on Table R 5-47-2. As previously discussed in the Response
to NRC Comment G-8.C, these fluxes were based upon the results of a two dimensional
analysis having a factor of five uncertainty in the calculated axial flux levels but only a
factor of two uncertainty in the radial fluxes. Nonetheless, to conservatively account for
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these uncertainties, the most limiting flux levels - those obtained at the midplane of the
upper third of the core - were used, with the outgoing thermal flux increased by a factor
of five. Further conservatism was introduced with the assumption that the flux is
constant over the entire length of the RCCS panels, even though the flux levels vary
significantly, being 33 per cent less at the elevation of the core bottom and 67 per cent
less at that of the bottom of the core barrel.

The residence time of the RCCS air flow in the reactor cavity used in the air activation
analysis was also determined on the basis of the conditions which will exist with the
reactor at full power. While RCCS air velocities are only weakly dependent upon
ambient air conditions, they are strongly dependent upon the temperature of the reactor
vessel wall as can be seen on Table R 5-47-1. However, as indicated on PSID
Figure 5.3-2, the vessel wall temperature varies only slightly with power level when the
reactor is operating. Therefore, the full power RCCS air velocities, provided here on
Table R 5-47-3, were considered to be representative for the purposes of this analysis and
were used without modification. Also indicated are the lengths of travel for the air
moving at the various velocities which develop in the different sections of the in-cavity
portion of the RCCS. The consequential residence time of 22.7 seconds, while indicated
on PSID Table 12.2-7 as being that in the active core region, is, in fact, the time RCCS
air will be resident in the reactor cavity overall; the time it will be resident in the active
core region will be approximately 8 seconds, or less than half of the time used in the
activation analysis. (A revised Table 12.2-7 has been prepared as part of

Amendment 11.

The composition of the air assumed to be flowing through the RCCS is indicated on
Tables R 547-4, -5, and -6; the "additional constituents" were drawn from the ASHRAE
Handbook of Fundamentals as typical of an urban/industrial environment, perceived to
be limiting because of its higher levels of contaminants. However, as can be seen from
the results previously documented on PSID Tables 11.7-8 and 12.2-7 and reproduced here
on Table R 547-7, the dominant air activation sources are argon and, to a lesser extent,
nitrogen, the concentrations of which are negligibly impacted by contaminant levels. As
a consequence, the activation analysis results are insensitive to the level of "additional
constituents" assumed to be present. (Note that activity levels have not been listed for
those isotopes where the value is less than 1.0 x I('s Ci/gmn of air.)
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With full power operation being the limiting case, neutron-induced releases from the
RCCS have not been calculated for other modes of reactor operation. The RCCS air
activation releases predicted to occur at full power have been included in (and, in fact,
are the dominant contributors to) the maximum calculated radionuclide concentrations in
the environment from all routine MHTGR releases previously documented on PSID
Table 11.7-7. This table also provided a comparison of these maximum calculated con-
centrations with the limits specified in Appendix B, Table II of 10 CFR Part 20; this
comparison is reproduced here on Table R 547-8.

The off-site dose exposures to be produced by these predicted releases of neutron-induced
radionuclides from the RCCS have been calculated using the methodology of Regulatory
Guide (R.G.) 1.109, Revision , as noted in Section 11.7.2.2 of the PSID. As can be
seen from PSID Table 11.7-5, all relevant input data for the airborne dose calculations
were drawn from Table E-5 of RG. 1.109, with the exception of the annual average
atmospheric dispersion factor (/Q) of 2 x HY5 sec/in 3, which has been specified by the
Utility/User and documented in Section 2.4.4 of the PSID (Reference 1). Cloud
immersion doses for the whole body and skin were calculated using R.G. 1.109
equations 10 and 11, while y and IP air doses were calculated using R.G. 1.109
equation 7. Dose conversion factors were taken from Table B-I of R.G. 1.109 where
available; for those isotopes not included in Table B-i, dose conversion factors were
obtained as follows:

Air dose conversion factors were obtained from Slade, with y conversion

factors obtained by using equation 7.35a and conversion factors

obtained using equation 7.20 (Reference 2)

Whole body ydose conversion factors were obtained by using equation 8

of R.G. 1.109

13skin dose conversion factors were obtained by using the methodology

in Killough and McKay (Reference 3)

For all dose pathways, it is assumed that the maximally exposed individual is a
hypothetical person continuously present at the 425m site boundary. The off-site doses
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thus calculated are given on Table R 5-47-9, which also provides a comparison of these
doses as well as those from all other airborne release sources with the limits specified in
10 CFR Part 20, Appendix I to 10 CFR Part 50, and 40 CFR Part 190. In the last case,
the specified limits are on exposures to a member of the general public from the opera-
tions of the overall uranium fuel cycle rather than from an individual facility. However,
for the purposes of this comparison, it is assumed that an MHTGR is the only uraniumn
fuel cycle facility contributing to the dose received by an individual in its vicinity (also
see the Response to NRC Comment 11-4). As indicated on Table R 5-47-9, the predicted
releases, whether from the RCCS alone or from all sources, are a small fraction of those
allowed by these regulations.

As a passive and, therefore, continuously operating system, the RCCS has no controls.
However, as previously documented in Section 5.5.4 of the PSID, the system wil be
equipped with appropriate instrumentation to permit continuous monitoring of its
thermodynamic performance so that any incipient degradation in that performance may
be detected. This ability to continuously monitor the performance of the RCCS is a
direct outfall of its being a passive system. While the RCCS fulfills no decay heat
removal function during normal power operation, it will nonetheless continue to operate,
producing a parasitic heat loss from the Vessel/Heat Transport Systems which is solely
dependent upon vessel and ambient air temperatures, vessel and RCCS panel emissivities,
and physical conditions internal to the RCCS ducts and panels. Therefore, any variation
in RCCS performance not attributable to either a change in HTS operating conditions
(and, thus, those of the reactor vessel) or ambient air temperature is indicative of a
change in the other determinants.

This monitoring of the RCCS's heat removal capability is accomplished by determining
the heat discharged by the system to the atmosphere. To facilitate this determination over
the life of an MHTGR, a set of reference heat removal rates, as measured by air flow rate
and inlet and outlet temperatures, will be established upon initial plant operation for
different ambient air temperatures and reactor vessel inlet helium conditions. A heat
removal rates subsequently determined upon the basis of measurements made during
normal operation will be compared against this set of bench mark~s. Although, as
previously documented on PSID Figure 5.5-9, in the response to NRC Comments 5-2
and 5-4, and in Appendix F to the MHTGR Probabilistic Risk Assessment, the RCCS is
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quite tolerant of component degradation, faults, and blockage, these parameters constitute
a viable means of detecting any significant variation in system performance, including
changes in vessel or panel emissivity. Since the surface areas of the vessel and panels,
their temperatures, and the thermal radiation view factor between them are all known or
can be calculated (e.g., vessel temperature from cold leg helium temperature), it will be
possible to infer the combined effective vessel and panel emissivity from the calculated
values of heat removed through the RCCS when an appropriate allowance is made for
the heat transferred by convection from the vessel to the panels. Though this approach

does not provide a means to continuously measure the individual emissivities of the
vessel and the RCCS panels, this will be accomplished on a periodic basis either by
direct measurement or the use of test coupons placed within the reactor cavity at
representative locations.

While the detailed design in this area has yet to be developed, the associated temperature

and flow detectors will be sufficiently numerous and well-distributed and they and the
measurement logic will be suitably redundant as appropriate to the safety significance of
the RCCS. Instrument output will be indicated to the operator via the Plant Control Data
and Instrumentation System. Additionally, this continuous monitoring of system oper-
ation will be augmented by periodic inspections and maintenance. Since the development
of flow obstructions or other fault conditions will most probably be a very gradual
process, these inspections will be the more likely means of detecting conditions with a
potential for degrading system performance than will the monitoring of system operation.
Nonetheless, provisions will be made for performing both, providing complementary

means for assuring the continued adequacy of the RCCS heat removal capability over the

life of the plant.

References:

1. Gas-Cooled Reactor Associates (GCRA), "Utility/User Requirements for the Modular High
Temperature Gas-Cooled Reactor Plant," GCRA 86-002 Revision 6, GCRA, San Diego, CA,

October 1990.

2. Slade, David H., editor, "Meteorology and Atomic Energy 1968," United States Atomic Energy
Commission, Washington, DC, July 1968.
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Table R 5-47-1

RCCS Operating Conditions

PARAMETER 100% POWER SHUTDOWN'

Ambient air temperature, F 110 70 70
Heat loss/transfer to the RCCS, kW 805 887 34.8
Vessel wall temperature, C (F) 219 (427) 216 (421) 40 (104)
Air inlet temperature, C (F) 43 (110) 21 (70) 21 (70)
Air outlet temperature, C (F) 108 (227) 86 (186) 28 (82)
Air inlet flow, u rn/sec (kcfm) 10.2 (21.6) 11.3 (24) 4.2 (8.9)
Maximum velocity, r/sec (ft/sec) 3.0 (9.8) 3.0 (10) 1.1 (3.5)

1Conditions following an accelerated 24 hour cooldown for maintenance after a reactor trip from 100%
power. Cooldown is performed using either HTS or SCS.

Table R 5-47-2
Neutron Flux Levels at 100% Power

NEUTRON ENERGY NEUTRON FLUXES
(Mev) (n/sq cm-sec)

>0.9 5.03E5

0.1 - 0.9 5.06E6

3.05E-6 - 0.1 1.11 E7

<3.05 eV 1.28E7

TOTAL 2.95E7

Thermal flux listed reflects factor of 5 applied to account for uncertainty.
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Table R 5-47-3
RCCS Air Flow Velocities and

Lengths of Travel

RCCS PANEL VELOCITY LENGTH

SECTION (ft/sec) (t

Cold Plenum 5 1

Downcomer 5 61

Risers 10 61

Hot Plenum 5 1 1

Table R 5-47-4
Composition of Pur Dry Air

COMPONENT MOLECULAR j'MOLE % WEIGHT %
___ __ __ __ __ __ __ __ __ __W E IG H T__ _ _ _ _ _ _ __ ] _ _ _ _ _ _ _ _ _ _

Nitrogen 28.016 78.09 75.553

Oxygen 32.000 20.95 23.152

Argon 39.944 0.93 1.283

Carbon dioxide 44.010 0.03

Neon 20.183 1.8E-3

Helium 4.003 5.24E-4

Krypton 83.7 1 E-4
0.013

Hydrogen 2.016 5E-4

Xenon 121.3 8E-6

Ozone (03) 48.000 1 E-6

Radon 222.00 6E-18
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Table R 5-47-5
Additional Air Constituents

CONSTITUENT FORM AND QUANTITYJ
Humidity (850F) 0.025 gm H20/grn air
Salts (average) 11 2 jggm NaCI/M 3 air

Particulates (avg) 112 ,.tgm SiO2'M3 air
Organic Particulates 20 jggm CH /M3 air
Suff ate Particulates 30 ggmn NaSO4/m3 air
Nitrate Particulates 15 gmr NaNO,/m3 air

Gaseous Contaminants co NO NO2 S0 H4 03

~grm/m3 air 15450 133 114 260 2120 76

Table R 5-47-6
Air Constituent Weight Fraction

ELEMENT DRY AIR ADD'L CONSTITUENTS WEIGHT FRACTION__

N2 0.7554 7.677E-10 075
02 ~0.2317 2.221 E-4 021

Ar 0.0128 0 002
C 3.398E-5 5.136E-8 343-

Ne 1 .255E-5 0 1 .255E-5
He 7.243E-7 0 7.243E-7
Kr 2.894E-6 0 2.894E-6
H2 3.481 E-8 2.799E-5 2.806E-5
Xe 3.628E-7 0 3.628E-7
Rn 4.599E-1 7 0 4.599E-1 7

TOTAL WEIGHT FRACTION[ 1.000
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Table R 5-47-7
RCCS Air Activation Sources

RELEASE irACTIVITY
ISOTOPE J RATE C/gCic j

H-3 3.810E-13 _ _ _ _ _ _ _ _

Be-lo 1.420E-1Q
B-12 1.052E-05 2.OE-13 2.1E-16
B-i3 1.383E-11I
C- I 7.154E-14
C-14 5.260E-08 1.OE-15 1.02-18
0-15 5.365E-05 1.0E-12 1.OE-15
_ _ _ _ _ _ _ _ _ _ _ _ _ I-*94e......... .... _ _._ _...

N-i6 5.260E-05 i.OE-12 1.0E-15
N-i17 1.483E-08 _ _ _ _ _ _ _

N-is 1.257E-08 _ _ _ _ _ _ _

0-is 4.408E-08 _ _ _ _ _ _ _

0-ig 2.39DE-05 4.6E-13 4.7E-16
F-20 1.604E-07 3.15i 3.22-is

NG-23 5.313E-06 1.0E-13 1.OE-16
S-35 6.102E-12 _ _ _ _ _ _ _ _ _ _ _ _ _ _

S-37 8.521iE-06 1.6E-13 1.6E-16
01-36 3.061 E-1 5 _ _ _ _ _ _ _ _ _ _ _ _ _

01-38 3.819E-09__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

01-40 2.730E-06 5.2E-14 5.3E-i?
Ar-35 4.602E-09__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Ar-37 1.962E-07 3.7E-i5 3.7E-18
Ar-39 2.498E-1 2 _ _ _ _ _ _ _ _ _ _ _ _ _

A r.. .. .. .. ......... _ _ _ _ _ _ _ _ _ _

Se-77m 2.304E-10_ _ _ _ _ _ _ _ _ _ _

Se-79 2.093E-21 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Se-Sim 8.621E-13__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Se-53m 1.1iOE-12__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Br-Born 8.416E-12 ________________

Br-82 1.O1OE-12_ _ _ _ _ _ _ _

Br-83 2.162E-1l I_ _ _ _ _ _ _

Kr-79m 4.1SSE-08
Kr-51rn 1.468E-05 2.8E-13 2.9E-16
Kr-83m 1.099E-06 2.1E-14 2.2E-17
Kr-85m 9.731 E-09 ______

Kr-85 2.167E-13_ _ _ _ _ _ _ _

Kr-87 7.469E-09

TOTALS IF 3.589E-03 6.8E-li I 7.OE-14
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Table R 5-47-8
Comparison to OCFR20 Limits of the Maximum Calculated

Radionuclide Concentrations in the Environment from
All Routine MHTGR Atmospheric Releases

EAB J 10CFR20 0 AI OF EAB
ISOTOPE CONCENTRATIONS MVPC CONCENTRATIONS__________Jj ~(I1CVm1) J (±CLVmE) TO MVPC

H-3 6.41E-12 2.OE-7 3.20E-5
Be-lo 7.91E-28 1.OE-10 7.91E-18

B-12 5.86E-14 3.OE-8 1.95E-6
B- 13 7.70E-20 3.OE-8 2.57E- 12
C-1I 3.98E-22 3.OE-8 1 .33E-14
C-14 2.93E-16 1.OE-7 2.93E-9
C- 15 2.99E-13 3.OE-8 9.96E-6
N-13 1.1IE-12 3.OE-8 3.70E-5
N-16 2.93E-13 3.OE-8 9.76E-6
N-17 8.26E-17 3.OE-8 2.75E-9
N-18 7.OOE-1 7 3.OE-8 2.33E-9
0-15 2.45E-16 3.OE-8 8.18E-9
0-19 1.34E-13 3.OE-8 4.45E-6
F-20 8.93E-16 3.OE-8 2.98E-8

Ne-23 2.96E-14 3.OE-8 9.86E-7
S-35 3.40E-20 9.OE-9 3.78E-1 2
S-37 4.75E-14 3.OE-8 1.58E-6

C1-36 1.70E-23 8.OE-10 2.13E-14
C1-38 2.13E-1 7 7.OE-8 3.04E-10
C1-40 1.52E-14 3.OE-8 5.07E-7
Ar-35 2.56E-17 3.OE-8 8.54E-10
Ar-37 1.OQE-15 1.OE-4 1.OQE-1 1 
Ar-39 1.39E-20 1.OE-10 1.39E-10

Se-77m 1.28E-18 3.OE-8 4.28E-1 
Se-79 1. 17E-29 1.OE-10 1.17E-19
Se-81in 4.75E-21 1.OE-10 4.75E-1 1
Se-833m 6.18E-21 3.OE-8 2.06E-13
Br-80rn 4.69E-20 1.OE-10 4.69E-10
Br-82 5.62E-21 6.OE-9 973E-13
Br-83 1.2E-19 1.OE-10 1 20E-9

Kr-79rn 2.31E-16
Kr-Ol1m 8.17E-14
Kr-B3mn 6.12E-15 3.OE-8 2.04E-7
Kr-85m 5.42E-17 1.OE-7 5.42E-10
Kr-85 2.36E-1 1 3.0OE-7 7.B8E-5
Kr-87 4.16E-17 2.OE-8 2.08E-9
Kr-88 3.49E-12 2.OE-8 1.75E-4

Xe-133 l. 1 E-1 3.OE-7 3.71 E-5
Xe-135 2.77E-14 1.OE-7 2.77E-7
TOTAL D646E-1 II _ _____8.36E-4
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Table R 5-47-9
Annual Doses' per Reactor

Due to MHTGR Gaseous Releases

RELEASE SOURCE REGULATORY LIMITS2

DOSES RCCS OTHERS TOTAL 10CFR20 10CFR50 APP I J40CFR1 90

WHOLE BODY (mremlyr) .1322 .1050 .2372 125 5 6.25

Immersion 1322. . .. . 70....
4444*44* . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~............................................*..................

Inhalation 07,02

Ingestion ....:.......

SKIN (mrenVyr)l .2361 .0881 .3242 156.25

AIR y(mradlyr) .2208 .0575 .2783 10

AIR (mradtyr) .0768 .0681 .1447 20

' The doses shown here are those calculated for a child, the limiting case.
2 Doses are reported here on a per reactor basis based upon a standard 4-reactor MHTGR plant while
the limits of OCFR20 and 4CFR190 are applied on a per facility basis. Therefore, the OCFR20
whole body dose limit of 500 nmrem/yr and the 4CFR 190 whole body and organ dose limits of
25 mrem/yr each per facility have been allocated on a per-reactor basis by dividing by 4 for the
purposes of the above comparison.

3 The limiting organ in this case.
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R 5-48
Comment:, In response to Comment 15-9, DOE estimated the effects of a reduction in radiant heat

transmission from the reactor-vessel surface to the RCCS cooling panels that could be
caused by the presence of water vapor in the reactor cavity. For a bounding case of an
assumed concentration of one atmosphere partial pressure, BNL found an increase of
about 900F for the reactor-vessel temperature and a negligible increase for the maximum
fuel temperature. As stated in Section 5.2.5, elevated vessel temperatures a a major
concern for the MHTGR concept that will be addressed at a later review stage. The staff
believes that the bounding concentration of water vapor could be approached as a
consequence of either a main feedwater- or steam-line rupture, which would be included
in event category II, but would be in event category III if combined with a conduction-
cooldown event. DOE and the staff's consultants also considered the heat-transmission
effects of carbon dioxide and carbon monoxide, both within and exterior to the reactor
vessel, and concluded that the concern was bounded by the water vapor case.

Response: The introduction of water vapor into the reactor cavity will reduce the radiant heat
transmitted from the reactor vessel surface to the RCCS cooling panels; however, the
maximum concentration of water vapor which could occur in the cavity due to a main
steam or feedwater line break is much less than I atmosphere, and the estimated
maximum increase in the reactor vessel temperature is much less than 9F.

Water vapor can enter the reactor cavity as a result of the pressurization of the steam
generator compartment following a break in either the feedwater or main steam lines.
The feedwater is pressurized to 3000 psia and heated to 3800F while main steam
conditions a 2515 psia and 1005ST. The peak energy release rate associated with a
double-ended guillotine break of the 14" main steam line is many times greater than the
energy release associated with a similar break of the 10" feedwater line; consequently,
the main steam line break (MSLB) results in the higher compartment pressure and,
therefore, is the focus of the following discussion.

Detailed calculations using an accurate model of the internal structure of the reactor
building and its vent path to the atmosphere show that the peak pressure in the steam
generator cavity produced by a MSLB is 6.5 psig and occurs 0.4 15 seconds after the start
of the event. After this time, the pressure decreases rapidly, and, by 5.0 seconds, it has
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returned to near atmospheric. Gasses in each compartment in the model ae assumed
to be well mixed for every time step i the calculation.

The reactor cavity is isolated from the steam generator cavity during normal operation
by an HVAC barrier around the cross-duct vessel. A vent passage from the reactor cavity
into the steam generator cavity also exists but is equipped with a blow-out panel designed
to open only in the reactor-to-steam generator direction. During the transient, the
overpressure in the steam generator compartment is assumed to cause the HVAC barrier
around the cross-vessel to fail, resulting in a leakage path between the steam generator
cavity and the reactor cavity with an annular shape and an area of 25 square feet. Flow
along this leak path results in a peak pressure of 5.6 psig in the reactor cavity at 0.614
seconds after the start of the event. Following the peak, the pressure decays rapidly,
since the leak path around the cross vessel allows gas to flow from the reactor cavity
back to the steam generator cavity as soon as the pressure gradient is in that direction.
If the reactor cavity pressure is greater tha the steam generator cavity pressure by more
than psi, the vent passage blow-out panel is designed to open; however, this is unlikely
to happen during this transient and is assumned not to occur. The mass of water vapor
which flows into the reactor cavity during the overpressure transient results in a peak
partial pressure of water vapor in the reactor cavity of 0.35 psia (0.024 atm). At the end
of the detailed calculation, which covers 5 seconds in real time, this partial pressure in
the reactor cavity has dropped to 0.27 psia (0.01 8 atm). Realistically, this partial pressure
would further decrease over time due to diffusion through cracks in the reactor cavity
boundary, condensation on cool parts of the RCCS, and absorption into the materials in
the reactor cavity; however, it is conservatively assumed that this partial pressure will
persist indefinitely.

The effect of this presence of water vapor is accounted for in the model of heat transfer
from the reactor vessel to the RCCS solely by including the effective absorptivity of the
water vapor, the contribution of the water vapor to enhanced convective heat transfer in
the reactor cavity is not taken into account. This effective absorptivity is estimated to
be 0.06 (Reference 1). In the unlikely event that a main steam line break occurs
coincident with the loss of the Shutdown Cooling System, and if it is assumed that no
intervention via operation of the HVAC system is taken to replace the gas in the reactor
cavity, the temperatures experienced by the reactor vessel, reactor internals, and fuel will
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increase as a result of the presence of water vapor in the cavity. However, this will result
in a maximum increase in the vessel temperature of approximately lO0F and a maximum
increase in the temperature of the fuel which is much less. The peak temperatures will
occur slightly later than during the design basis cooldown events, sometime around 100
hours after the stant of the event

References:

1. Hottel, H. C., and A. F. Sarofmn, "Radiative Transfer", McGraw-Hill, New York,
NY, 1967
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R 5-49

Comment: Pneumatic Failure Mode (er PSER [NUREG-13381 Section 5.2.5.E)
The pneumatically pressurized MHTGR vessel system could potentially fail by
catastrophic rupture rather tha by a stable tearing mode characteristic of hydrostatically
pressurized, gross vessel failures. DOE contends that the toughness of the material and
the size of a through-wall crack are the governing conditions rather than the pressurizing
medium. The staff recognizes that the temperature-time toughness and the crack size,
along with the state of stress, should determine whether or not an unstable fracture will
initiate. Ample evidence can be cited, however, to show that in steel vessels the extent
of fracture following initiation varies with the pressurizing medium (for example, the
lengthy tearing failures of gas pipelines.) Accordingly, the staff will keep open the
concern of catastrophic vessel failure and will review this issue more thoroughly at a later
review stage. The staff agrees with DOE that catastrophic failure of the crossduct vessel
would not result in a graphite fire, as discussed in response to Comment 5-45.B and in
Section 15.2.6.2, but at this stage has not evaluated the effects of such rapid
depressurization on the reactor structural internals or the core, or the consequences of a
catastrophic reactor-vessel failure.

Response: To understand the behavior of pressurized vessels, a review of existing experimental and
analytical findings of steel vessel or pipe failures with various pressurizing media was
performed. Results of this review indicated that when catastrophic failure did occur, the
prerequisite conditions for such failure were the same for any pressurizing media although
the deformation of the vessel or pipe might differ. The major contributor of failure of
the vessel or pipe was not the pressure or its rate of change, or a limiting leakage type
of failure, but the toughness of the material and the crack size as it extends through the
wall. This conclusion has been previously reported in response to PSIID Comment R 5-
45.L.

Previous fracture mechanics studies on circumferential flaws in the cross vessel provide
additional evidence that catastrophic failure would occur only if an undetected through-
wall flaw exceeded some critical length around the circumference. These studies on the
cross vessel showed that long, through-wall circumferential flaws (about 20% of the pipe
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circumference) remained stable under full, constant helium pressure. (A subset of these

circumferential analyses was included in PSID Response R 5-45.G.) To support the

conclusion of these studies, longitudinal crack stability analyses using a three

dimensional, finite element fracture analysis model of the MHTGR cross vessel were also

developed with initial longitudinal through-wall cracks ranging from 8 to 64 inches long

(Figure R 5-49-1). This analysis applied a constant pressure of 925 psi to the vessel of

dimensions shown in Figure R 5-49-2. A plastic stability analysis was performed using

the J-integrals calculated at the crack tip for each crack size. These values were

compared to the material toughness curve d (estimated using SA-533 material at 400 F)

to determine the maximum stable crack size. The estimated d curve is considered

acceptable since Appendix G to ASME Section HII uses the same toughness curve (K1I)

for both SA-508 and SA-533. Results of this analysis, as shown in Figure R 5-49-3,

which compares axial half-crack length versus calculated J-integrals and J values, showed

that the maximum through-wall stable longitudinal crack length that the cross vessel

could sustain is 52 inches long, or an equivalent area of 33 in at 925 psi (Figure R 5-49-

4).

These results are conservative because of the assumption of constant pressure. To

demonstrate the degree of conservatism, Figure R 5-49-5, which is a reproduction of
Figure 15.1 1- 1, illustrates the rate of system depressurization with an opening in the

vessel system equivalent to a stuck-open pressure relief valve (see PS5D Section 15.1 1).

This 12.7 i 2 opening, which corresponds to a 44-inch long through-wall crack at 925 psi

(Figure R 5-49-4) depressurizes the system rapidly to about half the normal pressure

within a minute. At 44-inches, ths crack would remain stable relative to the critical

crack length of 52 inches, and the system pressure would continue to decay, removing

the driving force tha could catastrophically fail the vessel. This example illustrates that

a crack less tha 85% of the length of the critical crack in the axial direction in the cross

vessel, would open sufficiently to depressurize the system before any crack propagation

would occur.

DOE has always considered the probability of an arbitrary, large, catastrophic failure of

the MOHTGR vessel to be low. Unlike gas pipelines, which are made of brittle material

exposed to corrosive environments and which have shown tearing failures along their
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longitudinal welds, the MHTGR cross vessel design has no longitudinal welds, and is
pressurized under a corrosion free environment of helium. The cross vessel is a single
piece forged from ductile nuclear grade material (SA-508) which has a low initial RTrf
and a very low shift in RT, 1, ensuring both initial ductility of material and good ductility
throughout design life. Further confidence of the cross vessel integrity over design life
is provided by an inservice inspection program, the pressure monitoring of the primary
coolant, the previously discussed intrinsic pressure reduction characteristics of the vessel
material if an undetected flaw exists, and the utilization of components and materials
similar to light water reactor technology.

The discussions on the consequences of a hypothetical catastrophic cross vessel failure
have been provided in Section 0.4 of the PRA, responses to PSID Comments R 5-45.B,
R 6-1 1, and R 15-8, Bounding Event BES-5, and DOE report HTGR-87-08 1.
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FIGURE R 5-49-1

ELASTICIPLASTIC MODEL WITV I NTEGRAL CALCULATIONS
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Crack OpenLng rea vs. Crock Length at 925 PsL.
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R 6-1

Comment: The intent of DC 38, containment heat removal" should be applied

to the combination of the RCCS and those features of the reactor
building that serve to assure that the containment function
provided by the fuel particle coating is met. DOE should
summarize how the intent of this DC is being met by the MHTGR.

Res~onse: The inclusion of DC 38 in Appendix A was necessitated by design
characteristics unique to LWRs. Specifically, as stated in DC
38, the reactor containment heat removal system "safety function
shall be to reduce rapidly ... the containment pressure and
temperature following any loss of coolant accident" to prevent
failure of the containment structure made necessary by the
radiological respon se of LWRs to a LOCA. The MHTGR's
characteristics are such that it does not req~uire an LWR-type
pressure retaining containment structure to meec~ the dose limits
of 1CFR100. Therefore, DC 38 as originally intended is not
applicable to the MHTGR. This is discussed further in Attachment

1 to R G.3-1.

If the intent. of DC 38 is as stated in the comment, GDC 38
becomes redundant to DC 16 and 34. As discussed in Attachment 1
to R .3-1, the MHTGR possesses the capability to meet the intent
of DC 16 and 34 and, therefore, fulfill the safety functions

stated therein.
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R 6-2

Comment: DOE should assess the potentials and probabilities for partial and

full RCCS failures from such low probability events as an

earthquake substantially exceeding the SSE, pressure, temperature,

and heat loads greater than currently postulated, loss of

essential DC power, significant delays in steam and feedwater

isolation, intrusive fires, and the failure of sump pumps to

remove a water intrusion in the cavity that occurs simultaneously

with a need for the RCCS. The purpose of this assessment is to

establish the margins to RCCS failure and the probability that the

"earth-heatupn cooling mode would be needed. In responding to NRC

Comment G-11.C, DOE should explicitly consider the effects of

cavity insulation and the insulation on the RCCS panels in

describing its position of the utilization of "earth-heatup"

capabilities.

Response: The potential for and probability of RCCS failure coincident with

or in the course of accident sequences in which all forced cooling

is lost has been explicitly treated in the XHTGR Probabilistic

Risk Assessment (Ref. 1). The resulting conduction cooldowns to

ground have been assessed as having a mean frequency of 2 x

l7 as documented in the PRA. Since these scenarios fall

outside of the licensing basis but within the frequency range of

the PEA, further discussion is contained in the PRA and will be

included in the July meeting.

In the assessment, large earthquakes substantially in excess of

the SSE are noted as being the dominant identified mechanism for

RCCS failure. All other mechanisms which might result in severe

RCCS structural failure and/or total blockage of the RCCS flow

path are assumed, in summation, to be of nearly equal likelihood

to an earthquake induced failure.
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Regarding the specific mechanisms mentioned in the comment, loss

of essential dc power does not affect RCCS operation, and

intrusive fires are not capable of significantly affecting RCCS

operation. Analysis has shown the RCCS capable of withstanding

the moderate cavity pressurization that would follow a steam line

rupture with significant delay in isolation. The RCCS is designed

to limit the potential for flow blockage from water or other

causes. In any event, cavity flooding is as likely to enhance

heat removal as it is to impede RCCS operation; however, detailed

analysis of this scenario has been deferred pending further design

definition. Furthermore, the potential risk from this or from

other unidentified failure mechanisms that would result in

pressure, temperature and heat loads greater than currently

estimated is believed to be encompassed by the risk assessment as

described above. (Also see response to R 5-2 and R 5-6.)

Reference:

1. U.S. Department of Energy, Probabilistic Risk Assessment for the Standard

j MH-TGR Plant," DOE-HTGR-86-011, Rev. 4, August 1987.
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R 6-3

Comment: DOE should describe the potential for and the consequences of failure of the movable
louvers in the reactor building to open in the event of a high energy line break.

Response: The movable louvers located between elevation -23 ft and -35 ft are normally held closed
by gravity. In the event of internal building pressurization, these louvers open and allow
gasses to escape when the internal vent path pressure exceeds the external vent path
pressure by a nominal I psi differential pressure. The vent path has been modeled as an
open duct having a minimum flow area of 192 sq ft.

It is anticipated that the louvers will be designed as a simple light metal structure which
will open with high reliability. Due to their light construction, the louvers, if stuck
closed, would not be able to contain significantly higher pressure than that at which they
are designed to open. Under these conditions, the vent structure would be forced open
well below the 10 psid design limit for the RCCS, and venting would occur with
somewhat higher pressure inside the reactor building due to added resistance to venting
through the damaged louver(s). The consequence of this would be negligible.
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R 6-4

Comment: DOE should document in the PSID, material presented in viewgraphs

and in discussions pertaining to the reactor building

performance. This documentation should include the seismic

analysis, response to pressurization, ventilation flow paths, and

the credits to be taken for fission product attenuation.

Response: Seismic nalysis

The seismic analysis material presented has been incorporated in

an amendment to Section 3.7 of the PSID.

Response to Pressurization Events and Ventilation Flow Paths

The Reactor Building is designed to accommodate the effects of

internal pressurization which could occur due to one of the

following bounding events:

o DBE/SRDC 10

o Main feedwater line break

o Main steam line break

To accommodate these events, the building design includes a vent

path. Various compartments within the reactor building are

allowed to communicate by doorways or other openings so that

internal pressure gradients are allowed to induce flow. Where

necessary, the openings are equipped with labyrinth shields to

reduce radiation streaming. Gases released in the reactor

compartment are allowed to flow downward through a labyrinth, and

to open a lightweight metal blow-out panel, as shown in Figure R

6-4-1. The blow-out panel provides a boundary between the steam

generator compartm nt and th reactor cavity to facilitate normal
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HVAC operation. Gases released at the bottom of the steam

generator are able to flow outward into the quarter-round shafts

on either side of the steam generator, and then upward. Gases

released near the main steam nozzle on the steam generator are

able to flow upward along the steam generator or outward into the

adjacent quarter-round shaft and then upward. At the -35 ft

elevation all gases flow through wall openings into the space

above the steam generator. They flow up to openings between -12

ft and -3 ft, and then into space above the quarter-round shafts.

Gases then flow down to the hinged louvers between elevation -23

ft and -35 ft. Gases then flow upward to fixed louvers between

elevation +15 ft and +25 ft, and escape to the atmosphere. The

vent path from the top of the steam generator to the atmosphere is

through a labyrinth to control radiation streaming. The minimum

cross section area in this vent path is 340 sq ft.

The response of the building was analyzed using preliminary

blow-down data for postulated events. Although DBE 10 is based on

a 13 sq in. helium leak, the analysis was conservatively performed

using a 30 sq in. break, conservatively assumed to occur at the

top of the reactor vessel. The building response was calculated

using FLUD, a Bechtel-proprietary subcompartment pressure

transient analysis code. This code uses small discrete time

increments and alternately calculates the equilibrium conditions

and flow between the compartments. The helium blow-down analysis

resulted in a peak pressure of 15.5 psia, or 0.8 psid.

A similar analysis was performed for a double-ended, guillotine

break of the 10 in. main feedwater line, conservatively assumed to

occur at the point where the feedwater line joins the steam

generator. Feedwater and steam isolation valves were assumed to

close within the specified time. The peak pressure calculated at

the worst compartment, near the bottom of the steam generator, was

19.6 psia, or 4.9 psid. A break in the main steam line was also

analyzed, assuming that a double-ended guillotine break occurred

at the point of connection between the steam generator and the

R 6-4-2 Am ndm nt 5



HTGR-86-024

line. The blow-down flowed into the steam generator compartment
and the adjacent quarter-round shaft. The peak pressure occurred

in the steam generator compartment, and was 22.2 psia, or 7.5

psid.

On the basis of this analysis, the RCCS panels and the Reactor
Building are designed to resist a 10 psid differential pressure

loading and will be capable of resisting, with margin,

pressurization from high energy line breaks.

Fission Product Retention

In the radiological analysis of DBE 10 (PSID Section 15.11), no

credit is taken for retention of fission products by the building

during the blowdown transient.

After te transient, the pressure is equaliled, and gases

containing airborne radionuclides are still in the building.

Plateout, settling and decay will occur during this time, and have
been included in the analysis described in the PSID.

Radionuclides will escape from the building due to diffusion at an

assumed rate corresponding to one building volume per day. If the

effects of plateout, settling and decay within the building are

neglected, and all airborne radionuclides are conservatively

assumed to be released at ground level at the completion of
blow-down, the radiological consequences are still below the PAG

Guidelines (5 rem thyroid, rem WB) at the site boundary (425

meters).
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R 6-5

Comment: DOE should discuss the conformance of the MHTGR nuclear island

with the intent of 10CFR50.49, "Environmental Qualification of
Electrical Equipment Important to Safety for Nuclear Power
Plants." While we anticipate the discussion will emphasize

"safety-related" equipment, the discussion should also include any
non-safety related equipment for which credit may be taken in the
PSID and the PRA. The discussion should specifically include the
degradation of equipment as could be caused by high energy line

breaks in the reactor building.

Response: The design of the MHTGR meets the intent of 10CFR50.49. All

"safety-related" electrical equipment will be qualified for the
conditions expected to occur in their plant location. This

equipment consists of the fl1owing MTGR systems and components:

o Essential Uninterruptable DC Power System

o Essential Uninterruptable AC Power System

o Plant Protection and Instrumentation System

o Electrical portions of power operated valves performing the

following function:

- Main steam and feedwater isolation

The MHTGR will also meet the intent of 10CFR50.49 for
post-accident monitoring equipment. No electrical equipment,

other than "safety-related" electrical equipment, has been
identified whose failure during any Licensing Basis Event could

prevent compliance with meeting the Top-Level Regulatory Criteria.
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The ess ntial uninterruptibl power systems and PPIS system are

located in areas of the plant which are unaffected by high energy

line breaks in the Reactor Building.
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R 6-6

.Comment: In response to Comment 15-5 DOE stated that the reactor and steam
generator supports and the reactor building would be designated
"safety-related.,, Discuss your position whether or not this
safety related designation is to apply to the case of total RCCS
failure. It is the staff's concern that the design bases for this
case may not adequately reflect the environmental conditions,

including consideration of the necessary performance requirements
for the concrete forming the cavity. These design bases should be
supported by the sensitivity study requested in Comment 15-4. At
present, the staff considers the consequences of conduction
cooldown without RCS operation as undefined and not necessarily

bounded by the D-l and DC-2 events described in the PRA.

Response: In accordance with DOE and recent NRC event selection criteria,

the design bases for "safety-related" components should include
those events having a frequency greater than 10O4 per plant
year. This would include events in the DOE Design Basis Region,
and in the NRC EC-II region. As shown in PSID Chapter 15, the
consequences of relying only on "safety-related" components during
these events are that 10CFR100 guidelines are met with margin. As
stated in Section G.2.6 of the PRA, events that include loss of
RCCS cooling are expected to occur at a mean frequency of less
than 2 x 0O7 per plant year. At this frequency, such events
are not reasonably included in the design basis for the MHTGR.

Passive features are provided in the MTGR to maintain the
temperatures of the "safety-related" reactor and steam-generator

vessel supports and reactor building within acceptable ranges over
a spectrum of Licensing Basis Events. As a result, the dose
limits of 10CFR100 are met with margin. One of the passive
features that is provided is the RCCS, which is a continuously
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operating, redundant structure. As such, it is highly reliable.

The RCCS is capable of removing sufficient heat even in the event

of up to 90% flow blockage.

The consequences of a conduction cooldown without RCCS are defined

and discussed in Section G.2 of the PRA. Temperatures for the

reactor vessel supports are shown to increase slowly (see PRA Fig.

G-9). Reactor vessel support temperatures remain within ASME

creep limits (800'F) for more than 10 days without RCCS cooling.

Even after 20 days without RCCS cooling, vessel support

temperatures are such that only insignificant creep is expected.

Similarly, the concrete temperatures at the base of the vessel

supports are such that compressive strength is retained. Since

both the vessel supports and the foundation concrete maintain

their integrity, the vessel geometry is expected to be

maintained. The radiological consequences offsite are shown to

remain well below the Protective Action Guidelines for sheltering.

The analyses in App. G (Section G.2) used better heat transfer

models and a more realistic decay heat compared with the D-1 and

DC-2 assessments. As a result, the vessel geometry is now

expected to be maintained, whereas for DC-1 and D-2 the vessel

was assumed to fail. Thus, the D-1 and DC-2 assessments are

bounding cases. The PRA descriptions of D-1 and D-2 will be

amended to indicate their conservatism relative to the more

realistic calculations given in Appendix G, Section G.2.
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R 6-7

Comment: Our independent studies estimate that concrete temperature in the

reactor silo could reach peak temperatures as high as 700'C in

several regions for the case of RCCS failure. In anticipation

that your response to Comment 6-6 will show that performance

requirements for concrete cannot be met by ordinary concretes,

discuss the options for resolving this concern. Because there is

likely to be uncertainty in the efficacy of concrete at these

temperatures, provide the effects of concrete failures on fuel

temperatures and pressure vessel integrity.

Response: As noted in the response to NRC Comment 15-4 and discussed further

in the response to NRC Comment 6-6, events such as conduction

cooldown without the RCCS are beyond the licensing basis for the

MHTGR. Additionally, the assessment provided in Appendix G of the

PRA, as augmented by the additional material provided in response

to NRC Comment 15-5, demonstrates that the residual risk due to

such events is insignificant. As a consequence, to include these

extremely rare events in the design bases for the MHTCR is

considered inappropriate. However, it is not anticipated that the

occurrence of elevated concrete temperatures over that limited

portion of the reactor silo walls adjacent to the reactor vessel

would result in catastrophic Reactor Building failure or in its

inability to support the reactor and steam generator vessels.
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R 6-8

Comment: In the safety analyses of depressurization events presented in the

PSID credit was taken for plate-out and settling of fission

products within the reactor building. The staff has not reviewed

the modeling for this credit, and has not discussed with DOE (1)

the nature of the "torturous path" that the reactor building

provides and (2) the research program related to plate-out and

settling to be performed as described in the RTDP. DOE is asked

to provide a summary of the reactor building's features that

contribute to its retention capability, indicate what retention

capability would exist for bounding Event Category III sequences,

and indicate whether the research program will include reactor

building environments consistent with the EC-IIls considered.

Response: The Reactor Building is designed to vent gases following a vessel

depressurization. The flow path followed by the gases if fully

described in the response to NRC Comment 6-4. The Reactor

Building enclosure, besides providing a controlled vent flow path,

also provides a means for holdup of radionuclides. This holdup or

delay results in a reduction in the radionuclides released to the

atmosphere. The features of the Reactor Building which contribute

to this reduction are the tortuous flow path and the building

surface area and large volurfe. The large volume included in the

vent flow path holds the radionuclides and delays their release to

the atmosphere following depressurization of the vessel. This

delay allows time for plate-out of volatile radionuclides (e.g.,

iodine) onto the large cool surfaces, gravitational settling of

particulates (e.g., cesium), and radioactive decay. All these

processes deplete the building's radioactive inventory, thereby

reducing the release to the atmosphere.

Since the Reactor Building provides a suitable enclosure for these

natural processes to occur, they are considered in the PSID
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Chapter 15 dose evaluations. However, as stated in response

R 15-1, the MTGR meets 10CFR100 with large margins for all As

and DBEs at the 95th dose percentile without accounting for

Reactor Building attenuation. Furthermore, the sheltering PAG

limit is also met at the median dose percentile during lower

probability EPBEs without accounting for Reactor Building

attenuation.

In the Regulatory Technology Development Plan (Ref. 1) programs

have been identified to confirm the existing fission product

transport models for the Reactor Building. Specifically, TDN 6-1

identifies the need for plateout and settling correlations and

validated transport models in the Reactor Building. The

technology programs consider Reactor Building conditions following

either a wet or dry conduction cooldown. Experiments are planned

to cover conditions typical of Design Basis Events that have

releases (DBE-7 and DBE-11) and Emergency Planning Basis Events

EPBE-1 through 3 (Ref. 2). The EPBE conditions will be studied

for the purpose of confirming greater margins.

References:

1. "Regulatory Technology Development Plan for the Standard Modular High

Temperature Gas-Cooled Reactor," DOE-HTGR-86-064, Rev. 1, August 1987.

2. "Emergency Planning Bases for the Standard Modular High-Temperature

Gas -Cooled Reactor," GA Technologies, Inc. , DOE-HTGR-87-001, Rev. 1,

August 1987.
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R 6-9

Comment: In the DC-2 event described in the PRA the reactor building is

assumed to be "sealed" after 100 hours. Such a capability is seen

as providing an important degree of added protection and accident

mitigation for the M4HTGR concept. Describe how this could be

accomplished and discuss whether this feature should be considered

by the staff in its review of MI-HTGR safety.

Response: The term "sealed" was intended to describe any ad hoc actions

taken during a DC-2 event to limit significant radionuclide

release from the Reactor Building. However, the PRA analysis of

the DC-2 category of events has been recognized as being overly

conservative. More recent analyses using better models and a more

realistic decay heat are described in Appendix G of the PRA

(Section G.2) for the depressurized conduction cooldown event

without HTS, SCS, and RCCS. In that analysis, consequences are

evaluated for a period of 30 days assuming no operator actions to

mitigate any releases. Radiological consequences remain low

(8.2 x 10 2 rem to the thyroid, 3.8 x 0-4 rem to the whole

body). It is likely that ad hoc actions would be taken to stop

the release of radionuclides from the Reactor Building, but they

have not been accounted for, nor are they necessary for safety.

The PRA will be amended to clarify the conservatisms in the

descriptions of DC-2.
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R 6-10

Comment: In Section 6.1.1.5 of the PSID, it is stated that there are dampers in the Reactor Building
which open to relieve the pressure pulse following a vessel or steamline break inside the
building. In Section 15.1.4.6, these dampers are assumed to close after the pressure pulse
to restrict the release of radioactivity from the building. However, these dampers are
assumed not to have a safety function in the MGR design and not to be safety-related.
The safety significance of these dampers should be discussed including the following:
(1) the effect of the dampers not opening for the double-ended rupture of the crossduct
vessel on the structure of the Reactor Building and the Reactor Cavity Cooling System,
(2) the effect of the dampers not closing after the pressure pulse on the release of
radioactivity from the building during the above crossduct vessel rupture, (3) the
minimum number of dampers that must operate correctly, (4) the effect of the dampers
not operating at the pressure differential of inch of water, and (5) the implications of
the dampers and isolation valves in the Nuclear Island portion of the HVAC subsystem
not functioning correctly during the accident to draw radioactivity from the Reactor
Building at a rate greater than 100 percent per day (e.g., the dampers do not close and
the HVAC subsystem draws air and radioactivity from the Reactor Building).

Resvonse: As previously documented in the Responses to NRC Comments R 15-7 and R 15-8 and
in Appendix to the MHTGR Probabilistic Risk Assessment (PRA), the catastrophic
failure of the cross vessel is a low probability event which, while lying beyond the
licensing basis for the MHTGR, was analyzed in the PRA to ascertain its contribution to
the residual risk posed by the MHTGR (Reference ). As detailed in Section G of the
PRA, several simplifying yet conservative assumptions were made in this analysis. First,
it was assumed that the damage incurred by the Reactor Cavity Cooling System (RCCS)
as a result of the pressure spike indicated on PRA Figure G-22 results in a complete loss
of its ability to remove decay heat, so that heat removal would only occur through radia-
tion and convection to the reactor cavity walls and then via conduction to the surrounding
earth. Additionally, it was assumed that the Reactor Building (RB) was damaged in such
a manner that it could make no contribution to radionuclide depletion (while still not
allowing decay heat removal through direct convective heat transfer from the reactor
vessel to the atmosphere). Thus, any radionucides released from the Vessel System were
modeled as being released directly to the environment Even under these conditions, the
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doses calculated for the cross vessel rupture event were shown by best estimate

calculations to be less than the EPA's sheltering Protective Action Guideline doses for

both whole body and thyroid exposure. While these assumptions were not explicitly

formulated to account for a failure of the RB dampers either to open or to close, they do

serve to envelope the impact of such failures on the outcome of this event. As a conse-

quence, while the effects of a damper failure in general, and one coincident with a cross

vessel rupture in particular, have not yet been analyzed for the MIHTGR, such a failure

is not considered to represent an appreciable addition to the low risk to public health and

safety posed by the MHTGR.

The functions of the RB dampers and their role in the building's retention of

radionucdides have previously been documented in PSID Sections 6.1.1 and 15.1.4.6 and

in the Responses to NRC Comments R 6-3, R 6-4, R 6-8, R 6-9 and R 15-1. In addition

to providing for a vent path which adequately limits the peak pressure attained during an

event which releases mass and energy into the RB, these dampers function to isolate the

silo portion of the building for environmental control purposes during normal operation

and to limit its leakage rate following an off-normal radionuclide release. The dampers

accomplish these functions through either passive means or dependence upon their

inherent characteristics, making their operation highly reliable.

The dampers are intended to provide a flow path to the atmosphere for the venting of the

steam released through a full separation double-ended guillotine break of the main steam

or main feedwater line or the helium released through a 13 sq in. primary coolant leak.

The cross-sectional area of this flow path must be sufficient to limit the peak pressure

attained in the most limiting of these events to less than the 10 psid RB and RCCS

design basis. As shown in PSID Figure R-6-4-1, two sets of dampers located in parallel

vent paths have been provided, each opening at a nominal internal RB pressure of psid

using only this pressure differential as the motive force. The resultant peak pressures,

previously documented in the Response to NRC Comment R 6-4, are reproduced here on

Table R 6-10-1. (R 64 provides an explanation as to why a 30 sq in. helium leak rather

than the design basis 13 sq in. opening was analyzed.) While these results reflect a

minimum flow area of 192 sq ft in the common portion of the vent path, the area

occupied by each set of dampers is approximately 630 sq ft. Although the detailed

design of the dampers has yet to be developed, the effective flow area of a single set of
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dampers can be expected to be at least as great as the minimum flow area of the overall

vent path. As a consequence, the damper sets are effectively redundant in their ability
to provide an adequate vent path. The safety classification of the dampers as may be
needed to ensure protection of the RCCS from over-pressure is being studied and will be

proposed at a later design stage.

The dampers' building isolation function is accomplished in a similarly reliable manner.

While the Response to NRC Comment R 6-3 did indicate that the dampers will be closed

through the establishment of a negative pressure in the RB silo using the Heating,
Ventilation and Air Conditioning (HVAC) system, this will oniy be the case at start up

following an extended shutdown. As discussed in Section 9.1.3.2 of the PSID, the silo
portion of the RB is normally isolated from the Nuclear Island (NI) HVAC system.

Environmental conditions during both power operation and pressurized shutdown are
maintained in the steam generator cavity and connecting spaces through the use of unit

coolers and in the reactor cavity by the RCCS. While provisions have been made to

purge both the steam generator and reactor cavities using the NI HVAC system, this is
only utilized during extended shutdowns when access to the cavities is required. While
in operation, the purge mode does establish a slightly negative pressure in the reactor and

steam generator cavities, which is maintained throughout the shutdown. The ducts
serving the silo portion of the RB are isolated prior to startup using manually (either
remotely or locally) operated valves or dampers, precluding the HVAC system fm being

able to draw air from the silo following a release event. (A revision to R 6-3 has been

prepared as part of Amendment I11.)

In all other instances, under the present design gravity will shut the dampers and keep

them closed, either during normal operation or following the initial blowdown of helium
or steam. While this serves to ensure with a high degree of confidence that the dampers

will reclose following a release event and, thus, at the 100% per day leakage rate

assumed in the PSID Chapter 15 analyses will not be exceeded, additional analysis will

be performed and will take into account developing information on fission product

retention and transport as applicable to conditions in the reactor and reactor building.

The Response to NRC Comment R 15-12 discusses the testing which is planned to
provide assurance that these depletion mechanisms have been appropriately modelled.
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References:

i. U.S. Department of Energy, "Probabilitistic Risk Assessment for the Standard Modular High
Temperature Gas-Cooled Reactor," DOE-HTGR-86-01 1, Rev. 5, April 1988.
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Table R 6-10-1
MHTGR Reactor Building

Pressure Response to Losses of
Fluid Boundary ntegrity

BREAK TYPE BUILDING RESPONSE]
AND SIZE ~~~PEAK PRESSURE LOCATIONJ

30 sq iL Helium Leak 0.8 pid Reactor Cavity

10 i Main FW Line 4.9 pid Below S Cavity

14 in. Main Stearn Line 7.5 pid S/G Cavity

RB & RCCS Design Basis Jf10.0 psid
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R 6-11

Comment: In reviewing the PSID, it is not certain that the effect of forces from a circumferential
break of the crossduct on the control rod drive housings was considered. Provide a
discussion on this effect to assure that there is no significant impact on the capability of
the control rods to shut down the reactor.

Resvonse: The cross vessel failure analysis in Appendix G of the PRA was perfonned to analyze
a challenge to the function of controlling a large chemical (air) attack on the core
graphite. The frequency of this accident was approximated as x 10-9 per year. This low
frequency of occurrence established the accident to be beyond the licensing basis.

Through a blowdown and structural analysis, the circumferential break of the cross vessel
was found to cause no significant reactor component damage and did not damage the
reactor vessel. (See also PRA Appendix G for a discussion on the pressure and
temperature transients, and the structural response of the core and upper plenum shroud
to the pressure differentials experienced during this event. Table G- I in the appendix
compares the predicted pressure differentials for various components inside the reactor
vessel versus their damnage limits. This analysis was perfomed with the RATSAM
computer program (Reference 1). This program is used to evaluate the transient thermal
and fluid flow behavior of the entire primary coolant loop during depressurization events.
The program has compared well against experimental depressurizations conducted in the
Calder Hall Stage I reactor scale model as discussed in Reference 1.) The large amount
of helium which is rapidly released from the ruptured cross vessel is predicted to flow
from the reactor cavity into the steam generator cavity. This flow is either through the
blowout panels located in the vent path at the bottom of the reactor cavity or around the
cross vessel itself. From the steam generator cavity, these gases escape to the atmosphere
through the above grade vent paths provided in the design (see R 6-10).
Figures R 6-1 1 -1 and R 6-1 1-2 (taken from R 64) show the primary coolant flow paths
during this event. The flows at the top of the reactor cavity, where the control rod drive
housings are located inside the vessel boundary, are of lower velocity and pose 
significant external threat (stresses due to these flows are significantly less than the yield
strength of the materials). In addition, the differential pressure between the reactor and
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the reactor cavity quickly decreases (in seconds) over the depressurization event, posing

no external threat to the vessel boundary.

During the cross vessel failure accident scenario, analysis of conditions within the reactor

vessel has shown that no upper plenum shroud yielding is expected and that core

geometry is maintained. So when the reactor is tripped on a low primary coolant
pressure signal the control rods that are either fully or partially withdrawn drop into the

core due to gravity. The depressurization is so rapid that by the time of control rod trip

initiation (time to low pressure signal and the sensor response time) the flows and

pressures are much smaller than their peak values so that during the period of control rod

insertion the vessel is essentially depressurized. The flexible control rods move inside

guide tubes that guide the control rods into the upper plenum elements. The lower guide
tubes have articulating joints which allow limited angular movements in all directions to

compensate for core movements and misalignments. Figure R 6-1 1-3 shows the control

rod assemblies. Analysis has also shown that the stresses (hoop and axial) experienced

by these guide tubes due to primary coolant flows and pressure differences during the

depressurization event are comparatively small (orders of magnitude smaller tha the
yield strength of the guide tubes) and have no significant impact on the functioning of

the guide tubes. The effect of vibration on the guide tubes is also minimal due to the
rapid decay time of the depressurizing flows. During this event the control rods drop into

the core in the direction of the pmary coolant core flows, so that the flows do not

hinder the gravity-aided control rod movements. The control rod drive mechanisms are

located at the top of the neutron control assemblies and have seals between the drive

mechanisms and the main body of the primary coolant (between the reactor vessel top

head and the upper plenum shroud). The location with small flows, the direction of the

flow, and the seals provide protection to the control rod drive mechanisms so that there

is no functional damage to the mechanisms during the depressurization scenario. In the

unlikely event that the reactor is not tripped with the control rods, there is an alternate

reserve shutdown system. Furthermore, if neither neutron control system is immediately

inserted, the reactor will shut itself down as a result of the core's strongly negative

temperature coefficient.
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References:

1. Deremer, R.K. and Shih, T., "RATSAM: A Computer Program to Analyze the Transient
Behavior of the H-TGR Primary Coolant System During Accidents," GA Technologies Report GA-
A13705, 1977.
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FIGURE R 6-1 1-1
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FIGURE R 6-11-2
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FIGURE R 6-11-3
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R 7.2-1

Comment: In 7.2.1.4 it should be clarified that the word "microprocessor"

in the PPIS is taken to mean programmed software.

Response: The PPIS uses digital microprocessor-based sensor data processing,
communication and logic which uses programmed software. All
software programs are simple and factory preprogrammed and
tested. For example the computer logic may be "burned in" on a
programmable read only memory. The microprocessors are not
intended to be "reprogrammed" in the field. No new development is
required. Only commercially proven microprocessor logic will be
used. The PPIS design will be kept as simple as possible to
provide reliable protective action.

R 7.2-1-1
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. R 7.2-2

Comment: It appears that the trip signal for "Primary Coolant Pressure Low"

(7.2.1.4.1) must either be bypassed (via a safety grade bypass on

the PPIS) or have its set point lowered at reactor startup in

order to startup the plant. The PSID should be revised

accordingly.

Response: We agree that with the present trip value (835 psia) and plant

transient analysis, this input would need an automatic "Operating

Bypass" to be removed as plant power is increased during startup.

Therefore, an automatic "Operating Bypass' will be added.

PSID Section 7.2.1.4.1, Table 7.2-2, and Figures 7.2-1 and 7.2-2

have been amended accordingly.

R 7.2-2-1
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R 7.2-3

Comment: The staff reserves its opinion until after its review of Chapter

15 and the PRA on whether trips d, e, f, and g given in Section

7.2.1.4.1 can be considered non-safety. However, for any

non-safety scramis agreed upon, IEEE 603 criteria will be required

to be met on those portions of the system common to the safety

related portions.

Response: A review of Chapter 15 and the PRA will conf irm that the above

listed trips are not "safety-related" insofar as their absence

would not lead to accidents whose consequence would exceed the

doses specified in 10CFR100.

We have chosen to apply IEEE-603 to meet the Top-Level Regulatory

Criteria. For any non-safety trips, IEEE-603 criteria will be met

by those portions of the system common to the "safety-related"

portions. Section 7.2.1.5.1 of the PSID has been amended to

address circuits that are not "safety-related".

R 7.2-3-1
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R 7.2-4

Comment: DOE will clarify whether the operating bypass (top, page 7.2-8) is

manual or automatic.

Response: The RSCE trip operating bypass is automatic. Section 7.2.1.4.1 of

the PSID has been amended accordingly.

R 7.2-4-1

Amendment 2



HTGR-86-024

R 7.2-5

Comment: DOE will clarify whether or not the setting of the high coolant

pressure scram prevents lifting of primary system relief valves.

Also, it should be clarified whether or not it is a design

requirement of this scram signal to preclude lifting of the

primary system relief valves.

Response: The high primary coolant pressure trip setting is a

'?safety-related" means of detecting a steam generator leak to

initiate reactor trip and steam generator isolation.

Accomplishment of these two actions assures that any release that

might occur is within 1CFR100 dose limits even if the relief

valve opens.

For thermally induced pressure transients, such as loss of

feedwater, control rod reactor trip failure or pressurized cooling

to the RCCS, analysis shows the pressure relief valve does not

lift.

To meet plant availability requirements, moisture inleakage from

the steam generator is detected by the moisture monitor which, in

turn, initiates reactor trip, main loop trip, steam generator

isolation, steam generator dump, and startup of the SCS. The high

moisture trip setpoint in conjunction with this response is

designed to preclude relief valve lifting for an equivalent leak

size to an offset steam generator tube rupture.

If for any reason the moisture monitors fail to initiate

protective action for plant availability requirements and the

"safety-related" high pressure setpoint is reached, the reactor

and main loop are tripped, the steam generator is isolated, and

the SS is started. While not a design requirement, the high

pressure trip is such that r lief valve lifting would not be

expected.

R 7.2-5-1
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Water ingress occurring concurrently with a loss of forced

-circulation is also not expected to cause relief valves to open.

However, this is not a requirement because even if the relief

valves lift, 1CFR100 dose limits are not exceeded. Relief valve

lifting under these conditions is the basis for the definition of

DBE-7.

In SRDCs 6, 7 and 8, steam generator leaks are modeled without

credit for the capability of dumping the steam generator

inventory. Consequently these SRDCs all have a complete steam

generator water inventory ingressing to the primary coolant

system. This large water ingress analyzed without forced cooling

always results in opening primary coolant relief valves,

regardless of the high pressure trip setpoint. As seen in PSID

Chapter 15, DBE-7 and SRDCs 6, 7 and 8 analyses show the doses

resulting from these primary coolant ventings fall well within

10CFR100 dose limits.

R 7.2-5-2
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R 7.2-6

Comment: In order to accept portions of the PPIS as non-safety related it

must be demonstrated that the safety protection system fails into

a safe condition as a result of failures in non-safety portions of

the PPIS. An acceptable approach would be to perform a failure

modes and effects analysis at the FSAR stage. DOE will document

that it recognizes this need for demonstration at the final design

stage. DOE should clarify the meaning of fails as is' on the top

of page 7.2-15.

Response: Failure modes and effects analysis of the Safety Protection

Subsystem will be performed at the final design stage. PSID

Section 7.2.1.5.1 is amended accordingly.

The meaning of "fail as is" is clarified in PSID Section 7.2.1.5.4

as amended.

R 7.2-6-1
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R 7.2-7

Comment: DOE will provide a table that identifies actuation logic (2 out of

4 or out of 2) for safety protection systems and demonstrate

that IEEE 603 is met, particularly that all operating bypasses of

the PPIS are automatically removed.

Response: PSID Section 7.2.1.4 has been amended to show the inclusion of new

Table 7.2-lA.

For discussion of operating bypasses, see the responses R 7.2-2,

R 7.2-8, and R 7.2-12.

R 7.2-7-1
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R 7.2-8

Comment: Emergency battery power is needed to burn through "fusible" links

which activate the reserve shutdown system. One of two fusible

links is needed for activation. The fusible links are to be

tested from manufacturers samples, on-line continuity, and when an

entire control rod unit is removed for periodic inspection. The

above should be documented.

Response: Samples of manufacturers batches of fusible links are tested prior

to installation. Statistical sampling techniques will be used.

Then, in order to remove statistical uncertainties, the triggering

of the Reserve Shutdown System Control Equipment will be effected

with a current many times greater than the melting current.

In-service continuity will be measured using trickle current.

Finally, inspection and testing of selected reserve shutdown

fusible links will be performed in the reactor service facility on

neutron control assemblies that are removed for periodic

surveillance.

PSID Section 4.3.4.1.2.3 has been amended accordingly.

R 7.2-8-1
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R 7.2-9

Comment: DOE will identify the location of the HVAC system and clarify how

loss of HVAC itself causes a reactor trip (Section 7.2.2). It is

to be determined how long instrument and electrical cabinets can

be reliably operated without restoration of HVAC.

Response: The sentence in question in PSID Section 7.2.1.5.1 was not

intended to imply that an automatic trip would occur on loss of

HVAC. If HVAC is not restored in a timely fashion, an orderly

module shutdown will occur. Section 7.2.1.5.1 of the PSID is

amended to delete the confusing reference to HVAC.

The Safety Protection Subsystem of the PPIS is qualified to

operate for at least one hour at the anticipated maximum

temperature of 40'C (104'F) described in Section 9.1.3.2.4.1 of

the PSID.
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R 7.2-10

Comment: DOE will reassess and document its position with respect to the

non-safety related status of the interlock system for the vessel

system pressure relief valves.

Response: The successful functioning of the primary coolant pressure relief

valves to limit over-stressing of the reactor vessel is required

to ensure that the dose limits of 10CFR100 are not exceeded.

Consequently, the relief valves have been identified as

safety-related.

In the MH-TGR, the large core heat capacity and single phase

gaseous coolant limits both the frequency and severity of

overpressure transients. Within the frequency range of the PRA,

only water ingress events with subsequent failures in mitigating

equipment have the potential to open the relief valves. However,

the assessed frequency of such events is below the design basis

region.

At this stage of the design, maintenance or other procedures that

would require block valve shutting and present the opportunity for

such inappropriate isolation of the relief valve trains have not

been defined. As a result, the likelihood of a significant

pressure transient coincident with both relief valves being

blocked, while thought to be very remote, has not been quantified,

and the need to classify these interlocks as safety-related" has

not been established. As the design progresses, this

classification will be re-examined.

R 7.2-10-1
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R 7.2-11

Comment: The safety status of the post accident monitoring system and

seismic monitoring system will be reassessed on the basis of

material to be presented under -S above and considerations of PRA

and Chapter 15 material.

Response: Post accident monitoring is not needed to meet 10CFR100 dose

criteria. The initial response of automatic "safety-related"

equipment and the inherent and passive features of the MHTGR are

sufficient to limit radioactive releases to within those allowed

by 1QCFRlOO. Therefore, post accident monitoring is not

"safety-related".

The Seismic Monitoring System (SMS) has no bearing, either

directly or indirectly, on the ability of the Standard MHTGR to

meet the Top-Level Regulatory Criteria and, therefore, to ensure

the protection of public health and safety following a seismic

event. That protection is ensured by the inherent characteristics

conferred upon the MHTGR by the manner in which it is designed and

constructed.

Instead, the sole function to be fulfilled by the SMS is one of

plant availability assurance and investment protection. As noted

in the Discussion portion of Regulatory Guide 1.12, the procedural

response following a seismic event is administratively

controlled. The operator does not need the SMS to tell him that

an earthquake has occurred and, therefore, that the seismic

capability of the plant has potentially been challenged. Rather,

the SMS permits him to determine whether he may continue to

operate, or if he must shutdown to confirm that the plant's design

basis has not been exceeded and, therefore, he may start back up.

Without a reliable SMS, such a determination or confirmation would

be difficult to mak , potentially resulting in unnecessary down

R 7.2-11-1
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time or closure of the plant. Nevertheless, this does not affect

the safety classification of the SMS.

R 7.2-11-2
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R 7.2-12

Comment: DOE will provide and clarify the discussion in Chapter 4 on the

operational role of the non-safety related inner control rods,

including whether or not they are needed for cold shutdown, that

the operating bypass is automatic, and that the rods can be driven

in from the control room if the trip signal does not function.

Response: The operating bypass on the inner control rods is automatic.

Section 7.2.3.4.1 of the PSID is amended to clarify this. The

Chapter 4 discussion on the operational role of the inner rods is

given in PSID Section 4.1.4.1.

A calculation of shutdown reactivity requirements shows that the

outer control rods have sufficient control worth to ensure long

term cold shutdown. This capability is further backed up by the

"safety-related" Reserve Shutdown Control Equipment. However,

because of the method of core operation in which the inner rods

are removed first to achieve cold critical and then low power

conditions the inner rods are used for normalcold shutdown. This

method of operation reduces the investment risk to the inner

control rods of possible exposure to elevated conduction cooldown

temperatures. The inner rods can be driven in by the operator

from the control room if this is required. These rods can also be

tripped by the operator from the Remote Shutdown Area through the

PPIS. Failure to insert the inner control rods will not diminish

the plant's capability to meet the Top Level Regulatory Criteria

during all LBE's.

R 7.2-12-1
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R 7.2-13

Comment: It will be necessary for NRC to review in detail postulated

accident SRDC-6 before it can agree that the steam generator

isolation and dump system is non-safety related. A related

concern, no provision for dump of the Shutdown Cooling System

(SCS), will also be studied.

Response: Steam generator isolation is classified as "safety-related".

Steam generator dump is not "safety-related.' The analysis for

SRDC-6, discussed PSID Section 15.13.6, shows that even should the

entire water inventory of the steam generator leak into the

primary coolant system, any resulting offsite doses would be

within the limits of OCFR100.

Regarding the lack of provision for dump of the shutdown cooling

heat exchanger, it should be noted that the primary coolant system

operating pressure during plant operation is greater than that of

the shutdown cooling water. Therefore, any leakage is of helium

into the water loop. In such a case the consequences are bounded

by those of SRDC-10. In the case that the leaking SCS heat

exchanger is isolated, the pressure on either side of the heat

exchanger tubes equilibrates and any water remaining in the

isolated section may ingress to the primary system. However, the

maximum water inventory of this component is significantly less

than that of the steam generator. Therefore, the safety analyses

of steam generator leaks, presented in the PSID Chapter 15, bound

the consequences of any water ingress from the SCS that would

occur following an isolation of a leaking SCS heat exchanger.

R 7.2-13-1
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R 7.2-14

Cormmt During the presentations of June 4 through 6, 1991 on the MHTGR design, it was stated
that the safety protection functions of the Plant Protection and Instrumentation System
(PPIS) are comparable to NRC Class-IE classification but are not in fact Class-lE.
These functions are in the Safety Protection Subsystem (SPS) of the PPIS and are
classified as safety-related" in Section 7.2 of the PSID; however, there are other
subsystems in the PPIS which are not classified as "safety-related". We request that you
explain and justify why the SPS and its safety functions are claimed to be "safety-related"
but stated to be only "comparable" to the Class-lE classification. In addition, discuss the
isolation between the SPS and the non-safety features of the PPIS.

Response: IEEE defined the term "Class-lE" in IEEE Standard 308 and IEEE Standard 603 as
follows: "e safety classification of the electric equipment and systems that are
essential to emergency reactor shutdown, containment isolation, reactor core cooling, and
containment and reactor heat removal, or otherwise essential in preventing significant

release of radioactive material to the environment."

To help clarify the use of the term Class-lE, the latest revision to IEEE Standard
603-1991 included the following clarifying footnote: "Users of this standard are advised

that 'Class-lE' is a functional term. Equipment and systems are to be classified Class-lE
only if they fulfill the function listed in the definition."

Since the functions given above are for LWRs, the MIHTGR program developed
corresponding functions required to meet lOCFRlOO doses during accidents. Equipment
relied on to perform these functions was classified as "safety-related.' Thus, the SPS was
classified as "safety-related" as it serves to perform the functions of controlling heat
generation and chemical attack. Further, to provide the requisite reliability, the decision
was made to design and fabricate the "safety-related" SPS to the codes and standards
generally associated with Class-IE equipment. However, as the design progresses and the
details of the application of these Class-lE codes and standards to the MHTGR are
reviewed, there may be exceptions taken to account for differences from the LWRs
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around which these standards have evolved. For this reason, the "comparable" term was
used even though no specific exceptions have been identified as necessary at this time.

The "safety-related" portions of the PPIS will meet the independence citeria of
paragraph 5.6, "Independence," of IEEE Standard 603. Those portions of the PPIS which
are classified as not "safety-related" w either be isolated from the "safety-related"
portions of the PPIS by isolation devices that are classified as part of the "safety-related"
portion of the system or the not "safety-related" portions w be treated as associated
circuits as defined by IEEE Standard 384.

R 7.2-14-2 Amendment 
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R 7.3-1

Comment: DOE will provide a table to illustrate the plant parameters that

are inputs to the control system and verify that the sensors are

independent of the PPIS.

Response: The NSSS Control Subsystem (NSSSCS) is the only part of the plant

control system that senses parameters also sensed by the PPIS.

The common parameters can be identified by comparing the list of

parameters required by the PPIS (PSID Table 7.2-3) and the NSSSCS

(Amended PSID Section 7.3-2-4, Table 7.3-4A), and are listed

below. However, separate sensors are used to measure these

parameters thus assuring independence of the protection function

from the control function.

List of parameters measured (by independent sensors) by both, the

NSSS Control Subsystem, and Plant Protection and Instrumentation

System:

Neutron Flux

Circulator Speed

Helium Mass Flow

Feedwater Flow

Helium Pressure

R 7.3-1-1 Amendment 6
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R 7.3-2

Comment: DOE will improve Figures 7.3-8, 7.3-10, 7.3-11 to clarify units

and interpretations.

Response: The PSID has been amended with revised Figures 7.3-8, 7.3-10, and

7.3-11 to clarify interpretation of the units.

R 7.3-2-1
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R. 7.4-1

Comment: Clarif ications will be provided on: (1) The meaning of the last

sentence of the first paragraph in Section 7.4.1.5.1, (2) Whether

the RMS provides a signal for automatic isolation of the helium

sample line (Section 7.4.1.5.2) and if so shouldn't it be

considered important to safety and designed for the SSE, and (3)

Whether software is involved for the microprocessor described on

page 7.4-9.

Response: (1) The last sentence of the first paragraph in Section 7.4.1.5.1

has been rewritten for clarification.

(2) As stated in Section 7.4.1.5.1, either the AIS or the RS

will provide a signal to automatically isolate the helium

sample line, depending upon the location of the leak. As

stated in Section 7.4.2.4.1, airborne activity monitors in

the RMS will be seismically qualified to a level commensurate

with the risk of any potential release as expressed in terms

of probability vs. consequence (i.e., "to meet specific

Standard MHTGR requirements"). However, given the low level

of plateout and circulating activity in the Standard MHTGR,

failure of the helium sample line poses no threat to

exceeding the limits associated with the DBE region (i.e.,

10CFRIOO); the consequences of such a failure will, in fact,

be well below the limits defining the AOO region (i.e.,

10CFR50, App. I, and 10CFR20) (See Section 11.6.5).

Therefore, based upon the results of probabilistic risk

analyses performed to date, the limited consequences and low

probability of a seismically-induced sample line failure

indicate that the RS airborne activity monitors involved

will not need to be seismically qualified. (Ref. 1)

(3) Software is involved for the RMS microprocessor.
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1. U. S. Department of Energy. Probabilistic Risk Assessment for the

Standard Modular High Temperature Gas-Cooled Reactor. DOE-HTGR-86-011,

Rev. 4, August 1987.
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R 7.4-2

Comment: DOE will review and consider whether the seismic monitoring system

will be in accord with Regulatory Guide 1.12, "Instrumentation for

Earthquakes."

Response: As stated in Section 3.7.4, the seismic instrumentation program is

consistent with Regulatory Guide 1.12, Rev. 1, with two

exceptions. These exceptions are discussed in detail in Section

3.7.4. Additionally, the remainder of the seismic sensing

instrumentation is located on a basis consistent with the intent

of the regulatory position of Regulatory Guide 1.12 while

acknowledging the basic differences in characteristics between the

MHTGR and LWRs. PSID Section 3.7.4 has been amended accordingly.

R 7.4-2-1

Amendment 2





HTGR-86-024

R 8.1-1

Comment: Based on the information in Chapter 8 of the PSID, the staff has identified in the PSER
(Section 8.1.5.B) the following capacity and duration concerns with respect to the
Essential Uninternuptible Power Supply (UPS) System and the Essential DC Power
System:

"... Because of the identified additional operator information and action needs, the staff
requires that adequate essential power must be available for periods substantially longer
than hour and that the design objectives for such power system should take guidance
from staff actions pertaining to Unresolved Safety Issue (USI) A-44, "Station Blackout"

Reponse Station Blackout as defined in 10 CFR 50.2 has been evaluated for the NMR as a
Design Basis Event& The results of that evaluation are provided in the PSID, Section
15.2. The evaluation shows that a specific coping time evaluation of the type specified
for light water reactors in 10 CFR 50.63 s not necessary since the coping capability of
the MHTGR of greater than 300 hours exceeds the maximum station blackout guidance
of Regulatory Guide 1.155, "Station Blackout". for light water reactors by a substantial
margun. DOE concludes that the MHTGR meets all current requirements in 10 CFR
50.63.

Post-accident monitoring equipment is to be powered from an ac bus associated with the
non-essential uninterruptible power supply (UPS) system (PSID Section 8.6). Further,
it is expected tha the plant communications will also be powered from this same ac bus.
The battery back-up for the source of power to the non-essential UPS assures that
monitoring equipment will be available in the event of a loss of the normal ac source due
to loss of offsite power and main tuxbine trip. As an added assurance of the continued
operability of this equipment, the current MHTGR electrical system design includes two
backup generators (see Figure 8.5-1) which, a capable of supplying both the essential
and the non-essential dc and UPS buses to power essential and non-essential loads.
These generators will be designed to sr automatically and to accept full load within 10
minutes of receipt of the start signal. The backup generators will be sized to supply the
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investment protecion loads, including essential and non-essential dc and UPS loads,

continuously.

Plant communications are described in Section 8.9 of HTGR-86-024. Plant in-house

communications will include the following separate, independent and diverse systems:

1. Private Automatic Exchange (PAX) - an on-site telephone system (employing self
contained battery backup).

2. Page - Party/Public Address (PP/PA) - normally supplied from a non-essential
UPS bus.

3. Sound Powered Phones - hardwired netwoik between critical areas of the plant
requiring no power to operate.

4. Hand Held Portable Radios - self contained battery powered transceivers that are
independent of all power sources except for periodic charging.

Plant-to-offsite communications will include the following separate, independent and

diverse systems:

1. Commercial Telephone Land Lines - leased lines for inter-company
communication and local commercial exchange service (powered from the phone
company switching center servicing them, including battery backup).

2. Plant-to-offsite Radio - operating on assigned company fequencies, including
stationary and mobile units.

3. Microwave
4. Power-Line Carrier (PLC)

The role of the MIHTGR operator in assuring adequate protection of public health and

safety has been addressed in the responses to NRC Comments R 0-29 and R G-30. In

these responses and in the response to NRC Comment R G-6(2) which describes the

times available before safety-related automatic trip actions are needed to mitigate the

consequences of any MHTGR DBEs or SRDCs, it was demonstrated that: within the

licensing basis of the MHTGR, no operator action and only a limited battery capability

is required to complete safety-related trip actions and ensure adequate protection of public

health and safety. Based on these responses to the NRC comments and the safety

analyses performed to date, the availability of the Essential power systems for a iimu

of one hour following a complete loss of ac power is sufficient to ensure tha the

hfTGR meets the applicable Regulatory Criteria for public safety.

In summary, dependable electrical supply is provided for operator monitoring and

communication and for automatic trip actions for public protection.
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R 8.2-1

Comment: Four Class E buses are located in a single location of the reactor service building and
each of the four can serve each of the four reactor modules. This sharing is in opposition
to Regulatory Guide 1.6, "Independence Between Redundant Standby (Onsite) Power
Sources and Between Their Distribution Systems" which prohibits such sharing. DOE
needs to ustify its Class E design and also illustrate how the E electrical systems are

to be isolated from non-lE electrical systems.

Resvonse: The Essential electrical system arrangement indicated to be of concern in the above
comment no longer exists in the MHTGR design Based upon additional analyses and
trade studies perfonmed in the course of further developing the MHRTGR design, the
provision of Essential dc and UPS power on a distributed, per-module basis has been
found to better meet all of the MHTR's Top-Level Regulatory Criteria and Utility/User
Requirements (References and 2). Therefore, each reactor module is now equipped
with a dedicated source both of Essential dc and of Essential UPS power, each consisting
of four independent and redundant channels and capable of supplying all of the associated
module's Essential electrical loads. With the exception of the batteiy room exhaust fans
powered from each Essential dc bus, only Essential loads are supplied from either the
Essential DC Power System or the Essential UPS System; the exhaust fan circuits ae
considered associated circuits in accordance with IE Standard 384. The requirements
of MEE 384 with regard to the minimum separation distance between redundant Essential
circuits and between Essential and other circuits are also met. This results in a highly
reliable design, which is part of a very reliable total electrical system with its redundant
onsite and offsite power sources. Sections 82 and 8.3 have been amended to reflect this
evolution in the design.

References:

1. Top-Level Regulatory Criteria for the Standard UMR, DOE-HTGR-85002, Revision 3,

September 1989

2. Utility/Users Requirement for the MfHTOR Plant CRA 86-002, Revision 6, October 1990
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R 8.2-2

-Comment: We understand that the Class E electrical system capacity is based upon being able to

activate the Reserve Shutdown System. Are there any other safety systems functions of

this system? Based on your response to Item G-5 above, is the one hour battery capacity

still adequate?

Repne In the hMR, only a few of the functions necessary to ensure that radionuclide releases

remain within the dose limits of OCFR100 requiire electrical power. In all cases, the

power requirement is small and is needed only for initial plant response to an upset

condition. Specifically, as shown in the Chapter 15 analyses of the Safety-Related

Design Conditions, the electrical power needs to meet 10CFRIOO requirements ae as

follows:

a) Power is needed by the SPS to sense any upset conditions and command (initiate)

appropriate remedial actions such as a reactor trip or main loop shutdown.

including stem generator isolation. These power requirements are shown in

PSI]) Table 8.2-1.

b) Power is needed to actuate the Reserve Shutdown Control Equipment, which

dumps boronated pellets into the core following a control rod insertion failure or

a large moisture ingress events. Ibis power requirement is shown in P511) Table

8.3-1.

Typically, the above actions are performed within minutes, as indicated in R G-6(2). As

discussed further in R 8.1-1, one hour of battery capacity is, therefore, more than

adequate to meet all of the above needs. Other standby power supplies are provided to

meet plant availability and investment protection requirements; however, these power

sources are not required to meet 1CFR 100 and a therefore not classified as "safety-

related."
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R 8.2-3

Comment: DOE will describe the seismic design requirements of the

electrical system.

Response: The Essential DC and Essential UPS Power Systems will be designed

and qualified to perform their intended function through an OBE or

SSE. The other electrical systems meet the design requirements

that are appropriate for the plant location; however, where

equipment and/or circuits are located in areas designed for OBE or

SSE, they are supported accordingly so as to prevent damage to

other "safety-related" systems through an OBE or SSE. PSID

Sections 8.2.4.2 and 8.3.4.2 have been amended accordingly.

R 8.2-3-1
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R 8.2-4

Comment: DOE will clarify the fifth paragraph in Section 8.2.4.1 regarding fault clearing.

Revne The fault clearing feature described in the fifth paragraph of Section 8.2.4.1 provides I
added reliability for the Essential bus, but it Is not required because of the four-channel

redundancy of the Essential buses. PSID Section 8.2.4.1 has been amended for

clarification.

The four channels do not rely on a common power supply. Each Essential UPSchne

(bus) has a nominal dc power supply and an alternate ac power supply. The alternate a

power supplies are ultimately fed from Unit switchgear buses fr two channelsan

Unit 2 switchgear buses for the remaining two channels. Each unit switchgear bus is also

provided with a backup generator.

The feature for fault clearing in branch circuits of the Essential UPS channels provides

for transferrig the channel supply from the current limiting static inverter to the alternate

ac power source, which has heavy current capacity to ensure fault clearance. Ten, it
transfers back to the inverter after fault clearing. The double transfer is accomplished

within milliseconds using a static transfer switch. The static transfer switch is part of the

Essential UPS System and is triggered only by faults in the channel that it serves.

Clearing the fault has the benefit of leaving the unfaulted branch circuits in the affected

channel fully operational
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R 8.2-5

Commient: DOE will give additional definition to the use of "as required" in

its description of the fire detection and protection system used

to preserve the integrity of Class E circuitry. (Page 8.2-5)

Response: The phrase "as required" has been deleted. All Essential cable

will meet the requirements of IEEE-383, and all Essential

switchboard-type wiring will be flame retardant. Redundant

essential cable systems will meet the separation requirements of

IEEE-384. All electrical penetrations through fire barrier walls

and floors will be sealed with fire stops rated at least

equivalent to that required for the barrier.

The early warning fire detectors, including heat, smoke and flame

detectors that are provided for alarm and annunciation, will meet

the requirements of NEPA 72E. The wiring will be Class A as

defined in NEPA 72D.

All indoor transformers will be dry type.. Emergency lighting

including access and egress routes will be provided. Equipment

and structures will be grounded and lightning protection will be

provided.

PSID Section 8.2.4.1 and 8.3.4.1 have been amended for additional

definition.

R 8.2-5-1
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R 9-1

Comment: DOE should document in the PSID, viewgraph material and

discussions pertaining to fuel handling and storage, particularly

material summarizing the features that assure subcriticality

during refueling and features to assure proper element

replacement.

Response: The core refueling procedure requires the removal of neutron

control assemblies for core access as briefly described in Section

9.1.1.1.1 of the PSID. Reactivity control during refueling is

further described in Section 9.1.1.1.4.5.4 of the PSID and

indicates that the refueling sequence is planned and monitored to

ensure that no more than two inner and two outer rods are out of

the core at any one time. A conservative criticality analysis for

MHTGR refueling conditions with two inner ad two outer control

rods removed indicates a maximum k eff of 0.965.

Several physical constraints and administrative controls inhibit

the removal of more than four rods during refueling. The

principal physical constraint is the limited access to the neutron

control assemblies when the fuel handling equipment support

structure and the reactor isolation valves are in position over

the reactor module. Other important physical features ensure that

the electrical cables to the rod drives cannot be reconnected with

a manual rewind tool or other locking devices in place.

Administrative controls include provisions for the total number of

rods disconnected being monitored by the Plant Control and Plant

Protection Systems. Other administrative controls assure that the

source range detectors remain operational during refueling as do 8

of the 12 reserve shutdown release mechanisms to detect any

increase in cre power and provide the capability to insert

additional shutdown material if necessary.
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A detailed response to NRC Comment R 4-14 provided in Amendment 3

described the features which ensure proper element placement.

These features are:

1. Element Inventory Control Circuitry

- Engraved serial and type numbers on all elements.

- Automatic element identification using video equipment and

character recognition software.

- Unique address for each potential element location either in

or out of core.

2. Independent Protection Equipment and Permanent Logic

- Acceptable characteristics for elements are identified for

each core address (i.e. , type number, weight, coolant holes,

etc.)

- Two independent switches check for presence of cooling holes

before permitting in-core placement.

- Video check for element type and serial number versus normal

operating instructions and permanent protective logic.

- Weight checks on all grapples versus normal operating

instructions and permanent protective logic.

3. Detailed Preplanning Required for Automatic Operation

4. Minimal Operator Actions During Core Refueling

The Fort St. Vrain refueling equipment uses comparable features to

assure proper placement of core elements during refueling and has

successfully complet d thre refuelings with no indication of

improper element placem nt.
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R 9-2

Comment: DOE should estimate the increase in dose for accident conditions

that might be caused by (1) the misplacement of a fuel element

with a reflector element (that would cause flow blockage for the

entire fuel column) and (2) the misplacement of the highest

fissile content fuel block in the highest flux location. DOE

should discuss the potential advantages of using a dissimilar

arrangement of dowel pins and sockets for fuel and reflector

blocks to positively prevent this occurrence.

Res~onse: The fuel handling machine device for detecting the presence of

coolant holes in a block precludes the possibility of misplacing a

side reflector block in a fuel element location. However, even if

such an error occurred, there would be no rapid structural damage

to any elements. There would be a rise in circulating activicv

over a period of hours, and if technical specification limits

were exceeded, a shutdown would be initiated to investigate the

reason for the rise before unsafe quantities of radionuclides

accumulated in the loop. The dose resulting from a subsequent

accident in which primary coolant is released would not be

significantly increased.

If, for any unforeseen reason, a fuel element should be placed in

the wrong radial or axial fuel zone, the consequences are not

detrimental to the performance of the reactor. The volume

fraction of a single fuel element in the core is 0.0015. Exchange

of the most reactive block in a region of high importance with the

least reactive block in a region of low importance will have no

noticeable effect on core reactivity.

one or two misplaced fuel elements are too small a perturbation to

cause either a gross radial or axial flux tilt. The radial zoning

employs three fissile zones, the maximum of which is designed to

produce 1.10 times core average power. New fuel, on the average,
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has a fissil macroscopic cross section that is 1.55 times greater

than old fuel at the beginning of an equilibrium reload. The

radial misplacement of two fuel elements at axial positions for

which they were intended would result in a misplaced fuel element

temperature of less than 1200'C, and there would be essentially no

consequence of such a misplacement.

An over-temperature in a misplaced element would also result if

new fuel from the top of the core, for which the axial fissile

zoning factor is 1.39 times core average, were placed into the

bottom zone (outlet end) for which the axial fissile zoning factor

is 0.46 times core average. These fissile zoning factors are

designed to produce axial power shape factors of 1.40 in the top

of the core and 0. 50 in the bottom of the core. In an unlikely

event in which the misplacement resulted in a maximum pin power

factor of 2.55, it is estimated that the fuel particle failure

fraction in the hottest pins, which comprise 10% of the pins in

the element, will be about 0.33%. The total release from the core

would therefore be equivalent to that from the failure of only 5.0

x 0- fraction of all fuel particles. This is appreciably less

than the design failure rate of 2.0 x 0O used for the plant

design.

In summary, these postulated element placement errors only result

in local overheating and potential failures in a small quantity of

affected fuel particle coatings. The proposed technical

specification limit on circulating loop activity requires plant

shutdown before unsafe quantities of radionuclides hay

accumulated in the loop.

If an element misplacement were made in a column normally

containing a channel for insertion of reserve shutdown material

then this would effectively reduce the number of available

channels from twelve to eleven. This should not pose any safety

problem since the reserve shutdown equipment is provided as a

backup to the normal control rod system and will still meet its
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basic requirements of providing diversity and meeting shutdown

margins with one inoperative channel.

To date no potential advantage has been identified for using a

dissimilar arrangement of dowel pins and sockets for various types

of fuel and reflector elements. This conclusion is based on the

above discussion of consequences of misplacement, as well as the

several checks against misplacement that are discussed in response 

R 4-14.
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R 9-3

Comment: DOE should document the basis for assuring subcriticality in the

spent fuel storage wells. Will subcritical multiplication

experiments be necessary to confirm calculations for storage of

the most reactive fuel elements (including fresh fuel in the spent

fuel storage wells)?

Response: At this conceptual design stage, the basis for ensuring

subcriticality in the MHTGR spent fuel storage wells is the

analysis previously performed for fuel elements designed for a

large (3000 MWt) commercial HTGR in the early 1970's. The

elements in that design were identical in size, shape, and

material properties to the MHTGR elements except that they

contained fully enriched uranium and thorium. The fissile loading

assumed in the analysis is twice that of an average MHTGR fuel

element. No problem arose in ensuring subcriticality.

A detailed criticality analysis of the MHTGR spent fuel storage

wells is planned for the preliminary design. In addition,

calculations based on similar methods were performed to design the

licensed FSV fuel handling and storage equipment, and the TRIGA

and HTGR fuel manufacturing and storage facilities. It should be

noted that the criticality analysis for the HEUl fuel indicates a

large subcriticality margin (i.e., the maximum calculated

multiplication factor, keff, is less than 0.90 under the most

reactive flooding conditions); thus no experimental confirmation

is necessary for the MHTGR application.
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R 9-4

Comment: DOE should identify (with comments as necessary) the Regulatory

Guides and SRP sections that may apply to the fuel handling

machine.

Response: Regulatory Guides relevant in whole or part have been added to

amended Table R G.3-4-2.
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R 9-5

Comment: DOE should describe the seismic design requirement of the Spent

Fuel Cooling Subsystem.

R sponse: The Spent Fuel Cooling Subsystem (SFCS) consists of the following

components:

o SFCS pumps

o SFCS heat exchangers

o Drain pump

o Piping, valves, fitting, instruments, and controls

o Diffusion headers

o Chemistry package

The SFCS is designed to b~e a highly reliable system with margin in

its cooling capability. The system contains redundant pumps, heat

exchangers, valves, etc. In addition, the storage wells, which

contain the spent fuel elements, are submerged in large pools of

water. This latter feature provides a passive backup cooling mode

to the SFCS. In this mode, the large inventory of water in the

spent fuel storage pools serves as a heat sink, and at least three

days of cooling is available before the entire mass of water in

the pools starts boiling. Following start of boiling, at least

five weeks is available to restore normal cooling mode or to

replenish water supply before the pools boil dry. However, even

on loss of all water, natural convection air cooling maintains the

fuel and metal below the allowable temperature.

The SFCS is therefore not relied upon to meet 1CFR100

requirements. The appropriate reliability and seismic

requirements will be determined based on PRA and investment

protection consideration.
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R 9-6

Comment: While the Fort St. Vrain Reactor Plant Cooling Water Subsystem

(RPCWS) is safety-related," DOE stated that the reliability of

the RPCWS f or the MHTGR Will be provided as needed."I Indicate

where a reliable RPCWS may be needed (such as to protect or to

maintain the availability of the HPS) and how the system will be

designed to provide this reliability (e.g. , type of electrical

power supply).

Response: A reliable RPCWS is not needed to assure safety, but is needed to

maintain plant availability by providing reliable cooling for the

components it serves; i.e. , the HPS coolers and compressors, main

circulator motors, moisture monitor compressors, and neutron

control assemblies. If loss of cooling for these components

results in exceeding technical specificat~on the affected reactor

module or modules will be shutdown if reqt'i~ed.

The RPCWS will be designed to provide the required reliability

through incorporation of some or all of the following features:

o Redundancy of Components

o Backup power supply

o Separate and independent RPCW`Ss for each module
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R 9-7

Comment: For a worst case" Helium Purification System (HPS) failure, DOE

should document the accident dose consequences given at the EAB

and estimate the worst case doses that could occur with respect to

meeting the limits of 1CFR20 and OCFR5O, Appendix I. Is there

any case of HPS failure that could cause habitability problems

related to operator access or occupancy of the remote shutdown

area? Describe the various possible failure modes of the HPS

including the effects of failures of the RPCWS and the liquid

nitrogen system. Include a description of the similarities and

differences between failure modes of the HPS for the MHTGR and the

Maximum Credible Accident for the HPS analyzed for Fort St. Vramn.

Response: Several components in the HPS contain activities which could be

released in an accident. The most significant potential source

for radioactivity release is the Low-Temperature Adsorber (LTA).

The HPS also delivers radioactivity to the Radioactive Gas Waste

System, where radioactive gas wastes are stored in three waste gas

surge tanks. Following semiannual regeneration of the HPS, a gas

waste surge tank will contain significant levels of activity. The

doses at the EAR from release of an LTA undecayed inventory and

release of a waste gas surge tank inventory have been estimated,

as discussed below.

In the event an LTA lost liquid nitrogen cooling and it developed

a leak or a connecting line broke, the noble gases adsorbed on the

LTA would be released over a period of time. Using steady-state

LTA activities and neglecting any delay (and decay) before

release, the dose at the EAR would be less than 1 x 10- rem

(whole body gamma). This is based on an atmospheric dispersion

factor of 1.2 x 0O s/zn3 (10% of Reg. Guide 1.4). Although

it is inappropriate to compare accidental releases with the annual

dose limits of 10CFR50, Appendix I, it can be seen that this dose

is within the 10CFR5O, Appendix I limit of 5 mrem/yr for gaseous

R 9-7-1 Amendment 5



HTGR-86-024/

releases. The whole body gamma dose at the location of the remote

shutdown area (as little as 50 ft away) is estimated to be less

than 8 x 10 2 rem, based on an atmosphere dispersion factor of

9.8 x 103 s/rn (10% of extrapolated Reg. Guide 1.4, including

building wake factor of 3). Although it is inappropriate to

compare this accidental dose with the annual dose limits of

IOCFR20, it can be seen that this dose is less than the 5 rem to

the whole body in any calendar year that is permitted in a

restricted area by 10CFR20.101.

In the event of a waste gas surge tank rupture, or a connecting

line break or valve failure, the inventory of the surge tank would

be released. The worst time for such a leak would be if a steam

generator leak occurs immediately following the regeneration of an

LTA and helium purification dryer. The surge tank inventory at

such a time could contain, in addition to the inventory due to

normal plant operation, the gaseous waste activity from the normal

regeneration of the HPS plus the steam generator dump tank

activity plus the gaseous waste activity from the regeneration of

two trains of the HPS (which would have processed steam-containing

primary coolant after the leak). Neglecting any delay (and decay)

before release, the whole body gamma dose at the EAB would be 2.4

x 0-3 rem or less. This is based on an atmospheric dispersion

factor of 1.2 x 0- s/rn3 (10% of Reg. Guide 1.4, including

building wake factor). Although it is inappropriate to compare

accidental releases with the annual dose limits of 10CFR50,

Appendix I, it can be seen that this dose is within the 10CFR50

Appendix I limit of 5 mrem/yr for gaseous releases. The whole

body gamma dose at the location of the remote shutdown area (about

50 ft away) is estimated to be 0.2 rem, based on an atmospheric

dispersion factor of 9.8 x 10 s/rn (10% of value

extrapolated from Reg. Guide 1.4, including building wake

factor). Although it is inappropriate to compare this accidental

dose with the annual limits of 10CFR20, it can be seen that this

dos is less than the 5 rem to the whole body in any calendar year

that is permitted in a restricted area by OCFR20.101.
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The basic HPS designs for the MHTGR and FSV are the same with the

exception of hydrogen removal equipment. In FSV, this is

accomplished via gettering on titanium sponge. In the MHTGR, the

hydrogen will be oxidized to water and removed via the train

dryer.

General types of enveloping failure modes of the HPS common to

both FSV and the MHTGR are described below:

1. Compressor Failure. Flow through train stops, purge flow to

circulators ceases, but is automatically resumed via

switch-over to the helium storage high-pressure supply

tanks. Primary coolant impurity levels would increase slowly

over a period of hours. No contained radionuclides in the

HPS would be released.

2. Liquid Nitrogen Flow to LTA is Lost. LTA would begin to warm

up, allowing adsorbed gases to desorb back into the

circulating helium stream, and then into the primary coolant

system. Increased levels of circulating activity would

develop over a period of hours. No releases would occur

outside the HPS. Restoration of ILN2 flow to the LTA would

allow cleanup to resume, with normal activity levels being

reached in 36 to 48 hours. Isolation of the HPS and venting

to gas waste via the regeneration section would prevent gross

contamination of the primary coolant. Vessel

depressurization and primary coolant cleanup can be effected

via the HPS of an adjacent module.

3. Loss of Cooling Water Flow to Purification Cooler. Helium

temperature entering the dryer downstream of the cooler would

increase. This would result in an alarm condition and would

require train isolation to prevent desorption of moisture and

CO2 from the dryer. Such desorbed impurities would be

carried downstream wher- they would freeze out on the

low-temperature exchanger upstream of th LTA. Sufficient
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quantities of moisture and CO2 accumulation would result in a

flow blockage and train shutdown. No releases outside the HPS

would occur and no damage to components would develop.

4. Line Break. This event would lead to vessel

depressurizatian. Consequences would be bounded by those of

DBE-10, described in PSID Section 15.11. None of the

radionuclides contained in the HPS adsorbers would be

released. Closure of train inlet or outlet valves would

terminate the leak. Failure of a line in the regeneration

section during regeneration would release the contained

inventory of the component being regenerated, plus that of

the interconnecting piping. Prompt depressurization of the

regeneration section to gas waste would minimize the release.

5. Cooler Leak. This lead would allow high-pressure helium into

the RPCWS, thus pressurizing that system. Under low-pressure

conditions the cooling water would enter the HPS and be

adsorbed in the downstream dryer. This would cause the need

for a premature dryer regeneration.

The Maximum Credible Accident analyzed for FSV involves a line

break which allows PCRV depressurization. The worst-case flow

path for this event bypasses all train components except the

high-temperature filter adsorber (HTFA). In MHTGR, a worst-case

line break would occur upstream of the HTFA, thus leading to a

vessel depressurization as in DE-10. The consequences of DBE-10

have been shown to be well below OCFR100 limits.
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O~R 9-8
Comment: DOE stated that the Nuclear Island Fire Protection System will

meet the intent of GDC 3, "Fire Protection," but that Appendix R

is intended for LWRs and not HTGRs. DOE further stated that

components will have "reliability as required" and that the design

will be updated and completed in preliminary and final design

phases. To aid our review in this area DOE should describe how

the HTGR safety functions can be performed given a nuclear island

fire without a safety grade fire protection system in order to

help support its statement that the fire protection system, is not

relied upon to meet 1CFR100 requirements.

Response: Three MHTGR safety functions needed to control radionuclide

release are: remove core heat, control chemical attack, and

control heat generation. Even if the Heat Transport System (HTS)

and Shutdown Cooling System (SCS) are not available to remove core

heat due to a Nuclear Island fire, the Reactor Cavity Cooling

System (RCCS) is available since it is not challenged by the fire

because of its unique passive design features.

For a loss of control of chemical attack to happen, a Nuclear

Island (NI) fire must first be coincidental with steam generator

tube rupture, and then the fire must cause the failure to close

steam and feedwater isolation valves. The probability of

simultaneous occurrence of all these events is beyond the design

basis. Likewise, a fire that could cause failure of vessels

allowing chemical attack by air is beyond the design basis.

The function to control heat generation is not challenged by a

Nuclear Island fire. The "safety-related"n Safety Protection

Subsystem (SPS) of the PPIS consists of four separate (redundant)

safety channels with two-out-of-four logic structure. This

feature renders complete failure unlikely. Even if a fir- w-re t

disable the Safety Protection Subsystem compl tely, the fail-safe
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design of the control rod drive mechanism will deenergize the

Control Rod Drive Mechanism (CRDM) on a loss of power and the

control rods will be dropped by gravity. If the NI fire causes a

preferential loss of power to HTS and SCS, but power to the CRDM

is maintained coincidental with a complete loss of the SPS (a

beyond design basis event), a failure to scram the reactor could

happen. Even in that situation, the negative temperature

coefficient of the fuel inherently shuts down the reactor. The

temperature of the fuel and other critical components are

maintained within acceptable limits. Thus the NI Fire Protection

Subsystem is not relied upon to meet 10CFRIOO requirements.
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R 9-9

Comment: THE PSID stated that the HVAC system does not perform any

10CFR100-related radionuclide control functions but that the

system will have the appropriate reliability to meet other

regulatory criteria. To aid our review in this area please

describe: (1) Why HVAC failure or improper operation does not

result in a part 100 release, (2) How the design relates to

meeting Appendix I and Part 20 requirements, (3) Why failure or

improper operation of the HVAC system does not impair any

equipment or procedure important to safety, and (4) the

requirements for filtration systems.

Response: (1) The MHTGR is design such that for licensing basis events, the

fission products are retained within the coated fuel

particles with sufficiently high reliability. To assure that

the fission products are contained within the coated fuel

particles sufficient to meet 1CFR100 requirements, the

following three functions must be achieved:

o Remove core heat

o Control chemical attack

o Control heat generation

HVAC system failure or improper operation does not affect the

ability to adequately perform the above functions:

o Even if the Heat Transport System (HTS) and Shutdown

Cooling System (SCS) are not available for removal of core

heat, the Reactor Cavity Cooling System (RCCS) will remove

decay heat. The RCCS is independent of and not affected

by HVAC system failure or improper operation.

o Control of chemical attack is mainly provided by the

reactor/steam generator vessels. Vessel integrity is
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independent of the HVAC system. A failure of the steam

and feedwater isolation valves to close caused by HVAC

failure or improper operation, simultaneous with a steam

generator tube rupture requiring isolation, is beyond the

design basis.

o Control of heat generation is provided by the reactor

control system and negative temperature coefficient. If a

failure of the HVAC resulted in a failure of Safety

Protection System (SPS) in the PPIS, the control rods

would insert by gravity on loss of power. If power to the

control rods was maintained coincidental with a failure of

the SCS (a beyond design basis event) then the negative

temperature coefficient would control heat generation

sufficiently to meet OCFRlOO requirements.

Based on the above the failure or improper operation of the

HVAC system would not result in a release in excess of

10CFRIOO.

(2) The Nuclear Island (NI) HVAC meets the requirements of

10CFR50 Appendix I (of f -site release) and 10CFR20

(occupational dose) by providing ventilation, dilution, and

filtration of air for plant spaces which contain potential

sources of airborne activity. The specific allocation of

allowable releases of airborne radioactivity to the various

release paths will be completed during preliminary and final

design phases. The NI HVAC will be designed to meet its

allocated requirements. The exhaust filtration system will

be sized appropriately to meet the allocated 1CFR50 Appendix

I requirements. The appropriate sizing of the supply fans

the proper configuration of the air flow (e.g., air flow from

low radioactive areas to high radioactive areas) will be

developed to ensure that the allocated requirements of

10CFR20 ar satisfied.
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(3) No OCFRlOO-related equipment or procedure relies on HVAC to

assure the performance of its safety function during any

design basis event. Analyses of DBEs do not assume

availability of HVAC. During normal operation, a loss or

malfunction of HVAC is alarmed in the Control Room. All

equipment of the Safety Protection Subsystem of the PPIS

continues to function within design temperature limits. The

reactor module is shutdown in an orderly fashion.

(4) The requirements for filtration systems are derived from

10CFR50 Appendix I limits for off-site releases. The

allocation of allowable releases via the HVAC system to meet

these requirements will be established during preliminary and

final design phases. Performance requirements are within

current design capabilities. HEPA filters are provided to

remove particulates. Carbon filters will be provided

downstream of these HEPA filters, if needed, to reE;-)ve

radioactive halogens; and in that case, HEPA filters will

also be provided downstream of carbon filters to remove

carbon particulates.
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R 9-10

Comment: The following items concerning the HVAC design should be

documented in the PSID: (1) the means to bring the chilled water

to below ambient temperatures, (2) a description of the closed

circuit cooling unit for normal cooling of the steam generator

cavity, and (3) the reason that the rad waste building has an HVAC

system separate from the main HVAC system.

Resvonse: (1) A freon-based refrigeration system is used to cool the

chilled water below ambient temperature

(2) The steam generator cavity uses a closed circuit cooling

system. Unit coolers draw air from the top of the cavity and

discharge the cooled air into the cavity at the bottom. The

unit coolers use chilled water to cool the air.

(3) Each of the Nuclear Island Buildings has its own HVAC

system. This is due in part to the distance between

buildings and differing HVAC requirements for each. ~There is

no single main HVAC system.
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R 9-11

Comment: DOE should document in the PSID that the helium storage and

transfer systems, the liquid nitrogen system, the decontamination

system and the hot service facility are not relied upon to meet

Part 100 requirements, do not initiate or aggravate any LBE, and

are system similar to those of Fort. St. Vramn.

Response: PSID Sections 9.1.2.2.1, 9.1.2.3.1, 9.1.2.5.1 and 9.1.2.6.1 have

been amended to respond to the comment.
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R 9-12

Comment: DOE should document discussion supporting the safety classification

of the lighting, communications and instrument and service air

systems as "not-safety related." NRC accepts DOE's commitment to

continue to review these systems as the design progresses. DOE

should document that the security system, including exterior

lighting, would be on an uninterrupted power supply system.

Repne The safety classifcation of Standard MHflTGR systems, structures, and

components is established according to the method described in PSID

Section 3.2.3.2. According to that method, the lighting

communications and instrument and service air systems are not

relied upon to meet 10CFR100 dose criteria. Therefore, they have

not been designated as "safety related." Section 8.10 has been

ame--.ded to provide a clearer description and evaluation of the

iigliting system.

As the design progresses, review will continue to ensure that a

consistent design basis is maintained.

The Security System, including exterior lighting, is supplied from

normal ac power sources backed-up by the backup generators. En

addition, a dedicated security backup generator is provided in case

the station ac power supply becomes unavailable. The electronic

portions of the security system is supported by a dedicated

Uninterruptible Power Supply (UPS) which is also backed up by the

dedicated backup generator. A normal power feed is required for

the UPS. Section 13.3.2 is revised to indicate this clarification.

R 9-12-1 Amendment 5



HTGR-86-024 6

R 9-13

Comment: DOE should demonstrate that failures of any auxiliary system(s),

as could be caused by a large earthquake, will not impair operator

access to the remote shutdown area or other plant locations where

actions pertaining to Part 100 releases may have to be performed.

The auxiliary systems of particular importance in this

demonstration are seen as HPS, the fire protection systems, the

HVAC, the lighting system, and the communication system.

Response: Analyses to date have not indicated that any operator action or

operator access to the remote shutdown area or any other plant

locations is required to meet the dose limits of 1CFR100 during

DBEs. Assessments of operator action will be continued. If these

assessments indicate additional auxiliary system reliability

requirements are necessary to allow operator access, then

appropriate requirements will be specified.

R 9-13-1 Amendment 5
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R 10-1

Comment: DOE stated that radiation monitors will be installed on the air

ejector and the condenser. DOE will document reasons why there is

to be no radiation monitoring for the steam vents and drains.

Response: The statement made that radiation monitors are located at the air

ejector discharge and the condenser outlet is correct. However,

because secondary pressure is greater than primary pressure during

all modes of operation except during certain limited periods of

startup or shutdown, contamination of the secondary coolant is

highly unlikely.

If the contamination should occur during power operation, steam

trap discharge is routed to the condenser, where any increased

activity levels will be detected on the previously-mentioned

detectors. The other steam vents and drains are only opened when

blowing down steam lines during startup. The contents of the

steam generator will be sampled prior to or during startup. if

sampling finds activity levels in excess of permissible

concentrations or to have increased significantly above normal,

the startup will be terminated, the source identified and

eliminated, and the contents of the steam generator routed to the

liquid radioactive waste system via the dump system.

Nevertheless, should startup with a contaminated steam generator

occur, the limits of 1CFR50 Appendix I will still not be

exceeded. Such an event is bounded by AOO-5, which results in

doses which are a small fraction of the limits of either OCFR50

Appendix I or 40 CFRi9O. Once heat up has proceeded to the point

where the secondary system pressure exceeds primary system

pressure, the event essentially becomes AOO-4 and any further

release is terminated.
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R 10-2

Commnent: The service water subsystem supplies cooling water to the reactor
plant cooling water system, the spent fuel cooling system, the
chilled water system and through a separate supply train to the
shutdown cooling system. DOE should document this overall
arrangement in a schematic diagram in the PSID.

Response: The PSID is amended to show an overall cooling water schematic in

Figure 9.1-23-A.
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R 10-3

Comment: DOE should document in the PSID material presented describing the

feedwater and steam isolation valves. DOE will address the common

mode failure potential of these valves at a later design stage.

Resx~onse: The feedwater and main steam isolation valves are "safety-related"

components which support steam generator isolation functions to

ensure 1CFR,100 design criteria for radionuclide control are met.

For details of the design description and design evaluation

pertinent to the "safety-related" design basis of these valves

refer to PSID section 5.2.

Demand for the feedwater and main steam isolation valves to

perform an isolation function is controlled by the Plant

Protection and Instrumentation Systemn. Steam generator isolation

is initiated in response to a main loop shutdown as described in

PSID Section 7.2. Review for common mode failures which could

potentially cause failure of these valves to perform the intended

isolation function will be performed as the detailed design

progresses.
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R 10-4

Comment: NRC will withhold udgment on the safety classification of the
steam and water dump system, in a manner consistent with Comment
5-29, until an evaluation is made of the accident analyses to be
presented by DOE in the review of PSID Chapter 15. Our evaluation
will also consider compliance with GDC 10, Reactor Design," and
GDC 11, "Reactor Inherent Protection," and the potential for
consequences beyond those analyzed in the PSID.

Response: The safety classification of Standard HTGR systems, structures,
and components is established according to the method described in
PSID Section 3.2.3.2. According to that method, the steam
generator dump is not relied upon to meet lCF'RlOO dose criteria.
Therefore, it has not been designated as "safety-related."

The analysis for SRDC-6, discussed in PSID Section 15.13.6, shows
that even should the entire water inventory of the steam generator
leak into the primary coolant system subsequent to steam generator
isolation, any resulting doses would be within the limits of

10CFR100.
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R 10-5

Comment: The description of startup and shutdown equipment and procedures

presented by view-graphs and in discussion at the June 18, 1987

meeting should be summarized and used to augment the material

given in Section 10.15 of the PSID.

Response: The following additional information is provided based on the

presentation to the NRC on June 18, 1987 on Section 10. 15 of the

PSID.

Since the Startup and Shutdown Subsystem does not perform any

10CFR100-related radionuclide control functions, it is not

"safety-related.'

The Startup and Shutdown (SU/SD) Subsystem serves to startup or

shutdown any reactor module or any turbine unit while the other

reactor modules and turbine(s) are in operation. This is

accomplished by having a separate startup/shutdown cycle in

addition to the power cycle.

The startup phase, from 0 percent to 25 percent power, or shutdown

phase, from 25 percent to 0 percent power, is accomplished by th

Startup and Shutdown Subsystem. The subsystem produces minimu

perturbation in the power cycle during transfer from startup t

normal operation and from normal operation to shutdown.

The SU/SD Subsystem delivers feedwater to the steam generator and

steam to the turbine at the specified temperature and pressure,

flow rate, and fluid chemistry. The subsystem consists of one

SU/SD feedpump, one SU/SD deaerator, four SU/SD tanks and

associated piping, valves, controls, and attemperators.

The SU/SD Subsystem is sized for sequential startup and shutd-wn

of the reactor modules. Should a simultaneous startup or shutdown
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of the reactor modules and turbines be required, th main

deaerators and feedpumps of the Main Steam and Feedwater

Subsystems will be used along with the SU/SD tanks.

The SU/SD Subsystem draws treated water downstream of the

condensate polishing demineralizer(s) and discharges it into the

SU/SD deaerator. The deaerator heats up the water to the desired

temperature and reduces the dissolved oxygen to meet the desired

limits. The deaerator storage tank is sized for 8 minutes storage

capacity at 25 percent SG rated flow to allow time for recovery

from condensate flow transients.

The SU/SD feedwater pump takes suction from the deaerator storag

tank and pressurizes the feedwater to the required pressure, then

discharges the feedwater into the SU/SD feedwater manifold. Th

SU/SD feedwater pump is a variable speed, 100-percent capacity,

660 gpm, motor-driven pump.

The SU/SD feedwater pump is provided with a recirculation line.

At low flow conditions, feedwater is recirculated to the deaerator

through a high pressure differential valve. A minimum flow

through the pump is maintained to protect the pump from

overheating and from hydraulic instability at low flow.

The SU/SD feedwater mainfold is connected to each of the SG

feedwater headers downstream of the feedwater block valve and

feeds each SG independently through an SU/SD control valve. The

SU/SD feedwater then passes through the SG to receive heat from

the primary coolant and is discharged, as water and/or steam, into

the SU/SD tank.

The SU/SD tanks are designed for 2500 psig and 690'F. Each tank

(3.5 feet ID x 20 feet) receives and separates steam and/or water

discharge from the associated S before redirecting the

steam/wat r to th main steam manifolds), SU/SD d aerator

auxiliary steam manifold, and/or condensers). The bottoms of the
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SU/SD tanks are 29 fe t - 6 inches above ground for gravity flow

to the condenser.

The SU/SD Subsystem is used to flush the SGs with water from the

condensate demineralizer. A vacuum deaerator achieves the desired

level of 10 ppb of oxygen concentration at 1800 F during the

flushing phase, prior to pressurization.

Pressurization to 2500 psig at a rate of 41.7 psi/mmn is initiated

by the SU/SD feedpump after the feedwater temperature reaches

1100F.

The steam used in the startup heatup process is from the auxiliary

boiler, auxiliary steam subsystem, and/or flashed steam generated

in the SU/SD tank. When flashed steam in the SU/SD tank is more

than required for the startup heatup, excess steam is directed to

the auxiliary steam manifold and/or condenser. The drains from

the SU/SD tank are discharged directly into the condenser. The

drain's heat energy is not recovered due to the temporary nature

of these drains and for simplicity of control and system

configuration.

On turbine startup from the main steam manifold operating at 2500

psig and 1005'F, the turbine inlet steam header is warmed up at a

rate of 100'F/hr by using the startup bypass valves. Excess

bypassed steam is used to warmup the turbine during rolling up to

synchronization. After synchronization and prior to initial

loading, the startup bypass steam is closed and the main steam

block valve is opened.

The three main SU/SD modes of operation are identified as follows:

1. Startup and shutdown one steam generator and one turbine.

2. Startup and shutdown one steam g nerator while the other SGs

and th two turbines are in operation.
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3. Startup and shutdown on urbine while the second turbine and

the SGs are in operation.

Figures 10-5-1, 10-5-2 and I0-5-3 show schematically the flow

paths for each of these modes.-

R 10-5-4 Amendment 6
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R 10-6

Comment: DOE should evaluate the potential for and consequences of 
thermal

shock of the steam generator as might be caused by improper

startup or shutdown operations or failures in equipment used in

the startup/shutdown sequences.

Response: Thermal shock of the steam generator can be characterized as

follows:

1) Introduction of hot helium flow into a cold steam generator

(i.e., hot startup).

2) Introduction of cold feedwater flow 
into a hot steam generator

(i.e., cold feedwater injection).

The consequences of these conditions on the steam generator

structural integrity for a few postulated cases were analyzed

during the concept development stage of the design process. The

postulated cases and the results of the evaluations were as

follows:

1) Hot Startup: The cases evaluated correspond to a postulated

improper hot startup beginning 50 hours into the pressurized

core conduction cooldown event when the 
helium at the reactor

core is at a very high temperature (1700'F) and the steam

generator is cold (230'F).

Two cases were analyzed: (1) 1% helium flow rate and 15%

feedwater flow rate, (2) 5% helium flow rate and 25% feedwater

f low rate. For these cases, 150 design duty cycles and AS14E

Service Level B were assumed in the analysis, even though the

duty cycle lists the pressurized conduction cooldown event 
as

ASME service level C with a design number of occurrences of

1. The effect of these transients on th cyclic fatigue life

R 10-6-1 Amendment 6



GCRA 86-024/4i

of the t am generator tubes and the outer and inner shrouds

was calculated to be insignificant. Due to high axial thermal

gradients, there exists the possibility of excessive

deformation of the shrouds (mainly the floating shrouds) at

the hot end of the bundle, that could affect the performance

of the adjoining components such as helical tubes or seals,

following the hot startup condition.

The effect of such improper startup on the cyclic fatigue life

of the steam tubesheet could be more significant and may
affect the detailed design from an investment protection point

of view. No safety concern resulting from improper startup

has been identified.

2) Cold Feedwater Injection: The effect of injection of cold

feedwater into the steam generator that is at a higher

temperature as a part of shutdown/restart sequencing of the

module was also examined.

The specific case evaluated was for a 200'F feedwater being

injected into a 300'F steam generator (i.e. , A T - 100'F).

The results indicated no adverse effects on the steam

generator components for 150 cold feed injections. It was

concluded that a A T of 100'F is tolerable and that a higher

limit is probable.

The potential for and consequences of thermal shock of the steam

generator is a subject that will be addressed further during the

preliminary design phases. The Heat Transport System (HTS)

combined with the Plant Control, Data and Instrumentation System

(PCDIS), and Plant Protection and Instrumentation System (PPIS)

provide the necessary controls and mitigating action for the steam

generator during these events. The analysis which has been

performed regarding this problem gives confidence that the steam

generator design will meet the requirements without difficulty.
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R 11-1

Comment: The PSID states that as the design progresses, appropriate
evaluations will be made of release sources outside the reactor
building. While this plan is acceptable in general, we request
that the following discussions be provided at this time with
respect to failures in the radwaste system: (1) Could failure of
any portion of the radwaste system and in particular the waste gas
surge tank prevent operator access to the remote shutdown area or
other plant locations for which access is required to releases
below Part 100 guidelines? (2) Section 11.3.5.1.4 of the PSID
suggests that the radionuclide inventory in the waste gas surge
tanks will be limited so that if the contents of one such
component are released, the maximum individual- offsite dose will
not exceed dose limits specified in OCFR20. Are the radioactive
waste treatment components going to be sized to achieve such dose
limits, or is this to be accomplished by administrative controls?

Response: (1) Radwaste system failure would not prevent operator access to
the remote shutdown area. See response R 9-7.

(2) Administrative controls are used in the design to control
radioactive gas inventory and releases so that the maximum
individual offsite dose will not exceed the limits specified
in 1CFR20. The use of tank size as a means to meet OCFR20
dose limits will be evaluated as the design progresses.
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R 11-2

Comment: If the Reactor Building Ventilation System is to be shared among

all four modules (PSID Section 11.3.1), what provision is made to

limit the impact on the other 3 modules if there is a

contaminating event in one module?

Response: As shown in PSID Figure 9.1-43, the Reactor Building HVAC is not

shared among all four modules. Two modules share one train and

the other two modules share a second train of HVAC equipment. if

there is a contaminating event in one module, it does not affect

the other module because air flow is once-through from low

radioactive areas to progressively higher radioactive areas and

eventually to exhaust. This configuration is followed in every

module even though two modules share one train of HVAC equipment.

Exhausts and intakes will be separated to minimize recirculation

of airborne activity in exhaust air.
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R 11-3

Comment: DOE will describe how Fort St. Vrain experience has been used in
the design of the radwaste system and in estimating the amount of
tritium to be released. How will the disposal of tritiated water

be controlled in the MHTGR?

Resvonse: The detailed engineering of the radwaste system will incorporate

experience from FSV operation. The fundamental radwaste system
design at the conceptual state has been developed based primarily
on source term information contained in PSID Section 11.1 as well
as the FSV radwaste experience to date.

The Fort St. Vramn design provided for gettering of tritiun on
titanium sponge. The MHTGR utilizes an oxidizer unit such as used
successfully at Peach Bottom 1, AVR, and THTR to convert tritium
to triti;,,ted water. This, in turn will minimize the release of
gaseous tritium. The production of tritium relative to FSV
experience will also be reduced by the use of magnetic bearings
instead of water lubricated bearings on the main circulator.

The disposal of tritiated water is as follows:

Highly tritiated liquid waste is treated in the Solid Radioactive

Waste System.

Liquid tritiated waste is discharged to the cooling tower blowdown

system.

The small amounts of gaseous tritiated waste is released with the

gaseous radwaste exhaust stream.

A monitoring program and appropriate technical specifications will
be used to ensure that tritium release levels are within 10CFR20,
Appendix B, Table II for liquids and gases.

R 11-3-1 Amendment 5



HTGR-86-024K

R 11-4

L1met: DOE will document in the PSID, material presented on how the AARA
principle is being applied to the MHTGR.

Response: The MHTGR design meets the Top-Level Regulatory Criteria as set
forth in the Top-Level Regulatory Criteria document (Ref. 1) and
PSID Section 3.1.1. These criteria include both the numerical
dose limits set by 1CFR50, Appendix I, and those set by
40CFR190. For a multi-reactor MHTGR site, the maximum allowable
dose to an individual outside the site boundary will be the lower
of the limit established by the adoption of OCFR50 Appendix I,
based on the releases from an individual reactor module, including
the allocation from shared facilities; or the limit established by
4OCFR190, based on releases from the four or more HTGR modules and
any other contributing nuclear fuel cycle-related sources.

En addition, the MTGR will also meet the intent of the ALARA
principle stated in 1CFR50, Appendix I. However, l0CFR50,
Appendix I, is specific to Light Water Reactors, and excludes
other types of nuclear facilities. Therefore, the cost-benefit
guidelines in Appendix I will be reviewed, and specific guidelines
appropriate to the MHTGR proposed. Nonetheless, the MHTGR's
emphasis on retaining radionuclides at the source already results
in normal operation releases sufficiently low that they should
fall below these cost/benefit guidelines.

Reference:

1. U.S. Department of Energy, Top-Level Regualtory Criteria for the Standard
MHTGR, HTGR-85-002, Rev. 2, October 1986.
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R 11-5

Comment: DOE will clarify (by the use of a table if convenient), the

various release requirements (e.g., PA~s, 1CFR100, 10CFR20,

40CFR190, 10CFR50, Appendix I) that are used to back calculate

ndesign" criteria which limit the release of fission products from

the core during normal operation. This clarification will include

identification of any credit for use of the primary system

boundary, secondary system pathways and the reactor building in

computing certain of the design criteria.

Response: All top-level regulatory requirements (including 1CFR100, 1CFR50

Appendix I, 10CFR20, etc.) and user requirements related to

radionuclide control were considered in the derivation of the

radionuclide design criteria give in PSID Section 11.1. As

discussed in Section 11.1.3.1, certain of these dose-related

requirements proved to be more constraining on the fuel design

than others. Specifically, in the case of the fission gases,

including the iodine isotopes, the most constraining requirement

is to meet the thyroid PAG limit at the 425-in EAB. In the case of

the fission metals, including the cesium and silver isotopes, the

most constraining requirement is to limit the occupational

exposure to < 10% of 1CFR 20. Both of these bounding limits are

user requirements rather than regulatory requirements. Since the

fuel and core are designed to meet these more stringent user

requirements, there is added margin for compliance with the

regulatory requirements; for example, the PAG thyroid dose limit

of 5 rem is a factor of 60 lower than the 1CFR100 limit of 300

rem. The design process is further described below.

As discussed in response R 4-8, the subject radionuclide design

criteria were derived by functional analysis at the start of

conceptual design and prior to the detailed safety analyses

presented in PSID Section 15. Iodine r lease limits from the

plant were d rived from the thyroid PAG limit at the EAB with
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Regulatory Guide 1.4 weather and Regulatory Guide 1.109 breathing

rates. In turn, 'design" limits on primary circuit plateout

activity were derived assuming a very conservative 5% liftoff of

plateout activity and no attenuation by the Reactor Building

during a rapid depressurization transient. Finally, the "design

iodine release limit from the core was derived from this limit on

total primary circuit iodine plateout.

As discussed in Section 11.1.3.3, this limit on iodine release

from the core effectively establishes limits on the release of Kr,

Br, Se, Xe, and Te isotopes as well because the release

characteristics of these gaseous nuclides from HTGR fuel are

interdependent as have been determined experimentally (Ref. 1).

Likewise, the limit on SR-90 release from the core is also

practically established by the iodine release limits because the

release of the former is dominated by the release of its Kr-90

precursor.

As described in Section 11.1.3.1, the limits on fission metal

release from the core were derived from the user requirement to

limit occupational exposures to <10% of lOCFR20. Comprehensive

occupational exposure assessments for the MHTGR were not available

at the start of conceptual design so engineering judgment and past

experience with the 2240 MW(t) HTGR-SC/C were used to set th

metal release criteria. On this basis, it was assumed that the

occupational exposure goals would be met if the "Maximum Expected"

and Design" ga-m dose rates around the primary circuit due to

plateout after 40 years of plant operation were e, 100 mR/h and 1

R/h, respectively. Limits on fission metal plateout (e.g., Cs and

Ag isotopes) were then derived from these dose rate limits

assuming the plateout distributions and the mix" of fission

metals released from the core in the MHTGR would be similar to

that calculated for the 2240 MW(t) HTGR-SC/C.

The cor release limits for other fission metals which have been

shown by previous analyses to be insignificant contributors to

R 11-5-2 Amendm nt 6
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both occupational and offsite doses are determin d by analogy to

the dominant radionuclides discussed above. 
(Ref. 2)

The first group of metals, As, Rb, Cd and Cs, has boiling points in

the range of 885 to 1043'K. In addition to the approximately equal

relative volatility, the diffusion behavior of these elements in

the fuel particle kernel, coatings and graphite are similar. Based

on these similarities, As, Rb and Cd are assumed to have the same

release fractions as Cs. The second group of metals, Eu, Sb, Ba,

Sm and Sr, has boiling points in the range of 1630 to 1943
0K. This

group of elements exhibits similar diffusive behavior, and as a

group is assumed to have the same release 
fraction as Sr.

To summarize, provisional radionuclide design criteria 
were defined

by functional analysis at the start of conceptual design. The

design has evolved since that time, including a better definition

of the LBEs, and some of the original assumptions are now obsolete

(see R 4-8). Nevertheless, subsequent detailed analyses based upon

these radionuclide design criteria (and the attendant fuel design

which was based upon them) have demonstrated compliance with PAG

dose limits at the EAB. Therefore, these radionuclide design

criteria (and the attendant fuel product specifications) are

adequate. The fuel and core design process is iterative, and these

criteria and specifications will be reviewed at the beginning of

preliminary design and optimized as appropriate.

References:

1. H-aire, M. 3., and D. W. McEachern, "Gaseous Radioactivity Levels in the

Primary Coolant of an HTGR," GA Report GA-A12946 (GA-LTR-14). General

Atomic, October 1, 1974.

2. Alberstein, D. , P. D. Smith and M. J. Haire, "Metallic Fission Product

Release from the HTGR Cor ," GA Report GA-A13258 (GA-LTR-20), May 15,

1975.
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R 11-6

Comment: DOE will clarify the assumptions used in determining the "maximum

expected" criteria from the design criteria. (As given in the

PSID, page 11.1-6, these assumptions were a factor of 4 for gas

releases and a factor of 10 for metal releases).

Response: The relationship between "maximum expected" criteria and "design"

criteria as described in PSID Section 11.1.3.1, are correctly

stated in the NRC comment.

The design" criteria are determined by establishing the maximum

inventories of radioactive nuclides in the primary circuit that

would enable the plant to meet the long-term site boundary dose

criteria as set by Protective Action Guidelines (AGs) .

Calculations are performed by starting at the site boundary and

making engineering judgments of the attenuation factor for each

plant barrier affecting the transport of fission products. The

criteria are selected to yield a probability of 95% (95%

confidence) that a dose at the site boundary would not exceed the

PAG limit.

The maximum expected" criteria are established by dividing the

"design" values of fission product inventories outside the core by

a factor of 4 for fission gas release and a factor of 10 for

metallic fission product release. These factors were selected by

comparing predicted releases from observed releases in Peach

Bottom-1, Fort St. Vrain, and numerous fuel irradiation capsule

tests.

The evaluations of conceptual design reactor conditions indicat

that conservative (95% confidence) and nominal (50% confidence)

calculations are well within the "design" and maximum expected"

criteria, respectively.
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R 11-7

Comment: DOE should document the view-graphs showing Key Fuel Performanc

Requirements" and Key Fuel Products Specifications" and discuss

the quantitative relationships to the design" and maximum

expected" radionuclide criteria.

Restonse: The information provided in the subject viewgraphs is given in

Table 4.2-4 in the PSID. Viewgraphs presented at the meeting are

included here as Tables R 11-7-1 and R 11-7-2.

The radionuclide design criteria given in PSID Section 11.1

establish the allowable limits on radionuclide release from the

core during normal operation and As. The core and fuel are

designed such that these release limits are satisfied. In order

to quantify the fuel design requirements, limits on inservice fuel

coating failure are established, and the required as-manufactured

fuel attributes (initial defect limits and heavy metal

contamination in the fuel product specifications) are, in turn,

derived from these inservice fuel failure limits taking into

account the service conditions (e.g. , fuel temperatures, fuel

residence times, etc.) predicted for the MHTGR core design.

Initially, engineering judgment and past experience with the 2240

MW(t) HTGR-SC/C were used to set these provisional limits. Simply

stated, the core release criteria for the MHTGR, on a Ci/MW(t)

basis, are an order of magnitude lower than the release criteria

for the 2240 W(t) HTGR-SC/C; therefore, the allowable inservice

failure limits and allowable as-manufactured coating defects were

reduced by an order of magnitude. As described in PSID Section

4.2.5.2.2.1, detailed fuel performance analyses using core-survey

computer codes embodying fuel failure and fission product

transport models are used to define the limits on fuel particle

coating failure and the as-manufactured fuel attribut s in order

to determine compliance with the curie release limits given in

R 11-7-1 Am ndment 6



GCRA 86-02 b

PSID Section 11.1. The inservice failure limits and fuel product

specification allowables were used in the detailed performance

analyses presented in PSID Section 4.2.5.2.2 (normal operation)

and Chapter 15 (accidents).

A subsequent analysis using fuel performance predictions based on

test data confirm that the fission product release predictions of

the PSID are conservative. The specified inservice failure limits

and fuel product specifications assure compliance with the

radionuclide design criteria given in PSID Section 11.1 and the

PAC dose limits at the EAB. The fuel and core design process is

iterative, and the performance limits and specifications will b

reviewed throughout the design program and optimized as additional

test data become available.
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TABLE R 11-7-1

KEY FUEL PERFORMANCE REQUIREMENTS

Confidence Level

Parameter P >50% P >95%

o In-service Failure Fraction (Normal) <5.0 x 105 <2.0 x 0-4

o Incremental Failure During Accident •[1.5 x 0-4 •[6.0 x 0-4
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TABLE R 11-7-2

KEY FUEL PRODUCT SPECIFICATIONS

Confidence Level

Parameter P > 5% P >95%

o Missing Buffer Fraction <5.0 x 105 <2.0 x -

o SiC Coating Defect Fraction <5.0 x 10-5 <1.0 x -

o Heavy-Metal Contamination Fraction <1.0 x 0O5 <2.0 x 0-5

o Total Fraction Heavy-Metal Outside SiC <6.0 x 10- <1.2 x -

(Contamination Plus SiC Defects)

R 17-7-4 Amendm nt 6
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R 11-8

Comment: DOE committed to use appropriate administrative controls to

monitor fuel operational performance. Describe the techniques

that will be used to determine levels of circulating activity and

plateout of controlling isotopes. Will post irradiation

examination be routinely used to monitor fuel particle coating

performance?

Response: A number of different analytical techniques have been developed to

measure the circulating and plateout activity of radionuclides in

the primary coolant circuits of gas-cooled reactors. Specific

designs have been qualified in Peach Bottom 1, FSV, AVR, THTR,

Dragon and in C02 -cooled reactors. The MHTGR analytical

instrumentation for measuring primary circuit activities will be

specified and designed on the basis of this considerable

experience.

The specification of the MHTGR instrumentation for measuring

primary circuit activities is still at the conceptual design

stage. It is planned that the MHTGR will include fully qualified

and demonstrated techniques to provide (1) a continuous activity

monitor to measure the specific total gamma plus beta activity in

the primary coolant, (2) a grab-sample system for measuring the

individual gaseous radionuclides in the primary coolant, and (3) a

plateout probe for measuring the core release rates of condensable

radionuclides including the iodines and fission metals.

These instruments are expected to be similar to the devices used

-in FSV (Ref. 1) with the exception that the plateout probe design

will be improved. The FSV probe design will be modified to permit

isokinetic sampling of the helium coolant and continuous

measurement of the mass flow rate through the probe; these

functions were accomplished with th Peach Bottom 1 plateout

probes.
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The details of the routin MHTGR core surveillance programs have
not yet been developed. However, on the basis of Peach Bottom 
and FSV experience, the most reliable means of assuring inservice
particle coating integrity is the systematic measurement of the
circulating and plateout activities in the primary circuit. The
need for destructive PIE of selected fuel elements is not
compulsory. Techniques developed at FSV for meteorology and gamma
scanning measurements on fuel elements during refueling operations
may be used to confirm the overall integrity of the particles.

References: 

1. "Fort St. Vrain Nuclear Generating Station, Final Safety Analysis
Report," Public Service Company of Colorado, Docket 50-267 (1969).
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R 11-9

Comment: Two of the view-graphs presented described inventories or release

fractions of Kr-88, -131, Sr-90 and Cs-137 and no other

isotopes. DOE should justify by quantitative examples that these

are the isotopic species that control dose estimates (i.e.,

"Radionuclides with Safety Significance") and that other species

are of secondary importance at the PSID stage of safety review.

Response: The four key radionuclides were included in the viewgraphs only as

an attempt to simplify the oral presentation. When dose

assessments are made, all the radionuclides listed in Tables

11.1-1 through 11.1-3 in the PSID are considered.

The four aforementioned nuclides were chosen for presentation

purposes because they are the dominant contributors to offsite

doses during normal operation and/or LBEs. They are also

illustrative of broad classes of radionuclides. The release and

transport of Kr-88 in the MHTGR is representative of the

distribution of all the noble gasies. The distribution of -131 is

important because it is the major contributor to the thyroid

dose. The distribution of Sr-90 is important because it is the

major contributor to the bone dose, and is representative of the

distribution of other Sr isotopes, and of Ba, Eu and Sm. The

distribution of Cs-137 is representative of the distribution of

the other Cs isotopes and, as discussed in response to R 11-5, of

the isotopes of As, Rb, and Cd as well.

The distribution of Cs-137 in the reactor is similar to that of

.Ag-110, except that a larger fraction of the latter may be

released from the core (a quantitative comparison is given in PSID

Section 11.1.3.3). Ag-110m is an insignificant contributor to

offsite doses, but it may be a significant contributor to

maintenance d s rates at certain locations in th primary c olant

circuit (e.g., superheat r tubesheet). Ag-110m release from the
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core was explicitly evaluated during conceptual design and is

discussed in PSID Section 4.2.5.2.2.

R 11-9-2 Amendm nt 6
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R 12-1

CoMMenlt: DOE should clarify if the occupational exposure dose assessment
for 151 also includes doses from inservice testing. If the dose
estimate does not, then doses resulting from testing should be
provided in Table 12.4-1 of the PSID.

RAsponse; The occupational dose assessment for 151 does include doses from
inservice testing, and PSID Section 12.4.1.3 has been amended to
reflect this. However, as a consequence of the limited number of.
active components relied upon by the MHTGR to meet the limits of10CF?,100, and because the location of those that are relied upon
is generally in low radiation areas, inservice testing is only a
small contributor to the total occupational dose.
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R 12-2

fQOjnmt: DOE should document in the PSID a description of the related andunrelated aspects of Fort St. Wrain experience used in making the
MHTGR occupational dose assessment.

Res ose: As discussed in Section 12.4.2 of the PSID, two methods were used
to estimate occupational radiation exposures, depending on thework category. For preventive and corrective maintenance and 151,doses were estimated using an area-by-area, task-by-task method.
For the other three work categories -- routine operations, waste
processing, and refueling - - a time-averaging method was employed
which estimates the amount of time workers typically spend indifferent radiation zones while engaged in these activities.

In determining exposures using the first method, equivalent
occupancy times for each task were developed based on the assessed
task manpower, duration, and frequency. (Refs. 1, 2) These
assessments incorporated Fort St. Vrain (FSV) experience eitherdirectly, where the equipment and associated tasks are very
similar to that at FSV, or indirectly, where FSV experience hasresulted in equipment modifications intended to simplify orfacilitate maintenance, repair, or ISI. Specific areas which
contribute significantly to the overall dose and where FSVexperience is applicable, either directly or indirectly, include:
main circulator maintenance and removal, primary relief valve
maintenance, helium purification equipment maintenance, andcontrol rod drive mechanism maintenance. Significant areas inwhich there is no relevant FSV experience include steel reactor,
steam generator, and crossduct vessel ISI, hot duct removal andinspection, shutdown circulator and heat exchanger removal andmaintenance (though the relevant requirements can be extrapolated
to a certain extent from main circulator experience), and RCCS
maintenance and ISI.
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For the categories estimated using the time-averaging methodology,only the FSV refueling experience is directly relevant. For theother two categories, FSV experience was factored in with relevantLWJR experience in making the dose estimate.

References:

1. GA Technologies, Inc., (GA). MHTGR Nuclear Island Steam Supply SystemMaitaiabiityAssessment. 
HTGR-86..0

5 3 . GA, San Diego, CA, June 1986.
2. GA Technologies, Inc., (GA). Nuclear Island ISI/Surveillance 

AssessmentModular HihTmprtr 
Gas-Cooled Reactor. GA, San Diego, CA, May1986.
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R 13-1

Comment: DOE reiterated its position that the emergency plan for the MHTGR

would not require for the public outside the plant site boundary,
rapid notification, sheltering, or evacuation. We cautioned that
the current bases for the NRC's emergency planning requirements
contain non-mechanistic elements which could be difficult to

remove. It was also noted that 10CFR50.47b(2) states that "the

size of the Emergency Planning Zones also may be determined on a

case-by-case basis for gas cooled nuclear reactors ... 1

Response: DOE's position on emergency planning is described in Ref. 1, and

is based on consideration of a spectrum of accidents encompassing

any radiological release with a mean frequency greater than 5 x

107 per plant year. Emergency Planning Zones for the MHTGR are
set at distances beyond which emergency actions would not be
required. This approach is consistent with and more conservative

than that of NUREG-0396.

DOE notes the NRC caution relative to nonmechanistic elements of

the current emergency planning bases. DOE continues to believe

that the rationale for nonmechanistic elements of the emergency

planning bses for current plants should not be applied to the
MHTGR. For example, the requirements for offsite emergency

planning may arise from a desire to provide extra protection in
compensation for perceived uncertainty about the complicated

response characteristics of a complex design. Such concerns

should not exist for the simpler, passively safe MHTGR, which does

not depend on operator action to meet these objectives and is

insensitive to operator error.

DOE further recognizes that such nonznechanistic elements may be
beyond NRC's control. However, DOE expects NRC to make a

technical evaluation of the capability of th HTCR design to meet
the Pr tective Acti n Guid s for plume exposure at the Exclusion

R 13-1-1 Amendment 5



HTGR-86-024

Ar a B undary, to so note in the Licensability Statement, and to

conclude that this should be the technical basis for the plume

exposure Emergency Planning Zone.

Reference_:

1. U.S. Department of Energy. Emergency Planning Bases for the Standard

Modular High-Temperature Gas-Cooled Reactor. DOE-HTGR-87-001, Rev. 1,

August 1987.
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R 13-2

~n~~±~: Of concern to the staff in its review of Chapter 13, Section
l3-.-2_.l,-- Philosophy of -P-i-ant Operati-onal Ct-rol, -i-show th1Ee HTG
meets GDC 13, Instrumentation and Control, " and GDC 19, Control
Room." We request DOE to support and/or augment its discussions
of GDCs given in Amendment 1 as follows: (1) Describe the design
process used to relate the general goals and top-level criteria of
the design into the man-machine interface design requirements
for: (a) the control room; (b) the remote shutdown panel; and (c)
the PPIS equipment room. For each of these man-machine
interfaces, identify the functions allocated to human operators.
Justify any exceptions taken from the requirements of CDC 19. (2)
Describe in detail the role of operators to mitigate failures in
plant systems and to mitigate the consequences of accidents. In
describing the role of the operator, identify the features of the
man-machine interfaces that respond to the requirements of DC 13.

-ise these topics will be addressed as part of the July 15 and 16, 1987
meeting with the NRC concerning the PRA and the Emergency Planning
Bases Report, including a discussion of the role of the operator
of the Standard MHTGR.
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R 13-3

rcomment: NRC will prepare a special letter to DOE on plant security. This

letter will contain identification of designers' and owners'

responsib.ilitesat the current stage of review, what_ortions of __ __

discussions and submittals should be restricted from public

disclosure, and certain matters of a technical nature. A limited

meeting may be held with DOE prior to the issuance of the letter.

Res~onse: Program will respond on receiving the special letter from NRC.
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R 13-4

Comm~ent: Technical Specifications and other administrative controls will in

general not be described or reviewed at the PSID stage of review.

At later review stages submittals should be in a format to address

the applicability of the SRP.

asone Technical Specifications and other administrative controls were

not included in the PSID because they are, in general, more

appropriately taken up at a later stage in the review.

With regard to the Standard Review Plans, DOE reiterates- the

recommendation given in response G.3-4 that the NRC develop an

MHTGR Standard Review Plan as part of the Application Phase of the

Licensing Plan for the MHTGR.

Consistent with the overall programmatic approach to the MIHTGR, it

Ls DOE's intent to systematically develop a set of technical

specifications directly related to the functions and operations

required to meet the op-Level Regulatory Criteria. These dose

and release criteria cover normal operation, transients, design

basis events, and emergency planning basis events.
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R 13-5

Comment: A description is needed of the design features that would ake the

MHTGR more inherently safe from radiological sabotage and less

dependent upon physical security systems for protection against

such sabotage.

Response: The MHTGR is more inherently safe from radiological sabotage and

less dependent upon physical security systems for protection
against such sabotage due to its inherent safety features. These

features include (1) the large negative temperature coefficient,

which causes the nuclear reaction to terminate as the fuel heats

up; (2) the high temperature stability of the reactor core and
fuel, which results in the retention of fission products in coated

particles; (3) the small thermal rating of each module, which

limits the amount of afterheat; (4) the slow heatup rate of the

massive graphite core; and (5) the core geometry, which provides

for removal of afterheat passively by conduction and radiation to
the multiple Reactor Cavity Cooling System passages. No active

system actions are necessary to mitigate radiological releases.

The MHTGR design is, therefore, less vulnerable to disruption in

electrical power, water supplies, or other services.

There is no need for operator actions to maintain the plant in a
safe condition, and the plant is also insensitive to operator

errors. In addition, time, generally days to weeks, is available

to take corrective actions if required. The control room has no
10CFRl00-related functions. Releases remain well below 1CFR100
levels, and even below Protective Action Guidelines, even if
automatic controls and redundant and diverse cooling systems fail,
as evidenced by the releases calculated for the Design Basis
Events and the Safety-Related Design Conditions analyzed in PSID

Chapter 15.
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R 13-6

Comment: Sections 13.3.1.2 through 13.3.1.8 paraphrase 10 CFR 73.55 (b)
through (h), respectively, except for sections 13.3.1.5, Detection

Aids, and 13.3.1.7, Testing and Maintenance, which do not. Why

were these sections treated differently?

Response: PSID Sections 13.3.1.5, Detection Aids, and 13.3.1.7, Testing and

Maintenance are revised to paraphrase 1CFR73.55.
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R 13-7

Comment: It is argued in section 1.3.2 that "the passive safety

characteristics and slow response of the modular design provide a

basis for not designating the control building as 'safety

related.'" Section 13.3.1.3 states that the reactor control room

will be in the less secure Energy Conversion Area rather than in

the Nuclear Island, yet states that it is to be bullet resistant.

Should the bullet resistant requirement of 10 CFR 73.55(d) be

retained if the control room is not vital for this reactor?

Resp~onse: Section 13.3.1.3 is revised to delete the statement: "The walls,

doors, ceiling, floor, and any windows in the walls and in th

doors of the reactor control room shall be bullet-resistant.'
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R 13-8

Comment: References to "industrial sabotage" should be replaced with

"radiological sabotage," which is defined in 10 CFR 73.2(p).

Response: All references to "industrial sabotage" are revised to read

"radiological sabotage."
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R 13-9

Comment: Section 13.3.2, Interface with Nuclear Island, states that the

plant security system is supported by a dedicated security

Uninterruptable Power Supply (UPS) which is backed up with a

dedicated backup generator. Figure 6.2-12, Operations Center

Plan, indicates these are within the protected area portion of the

Operations Center.

a) Confirm that this equipment will be within vital areas within

the protected area.

b) Will exterior lighting needed for security alarm assessment be

supported by this security UPS or will security lighting be

vulnerable to cutting off off-site transmission lines?

Section 8.10.1.1, Lighting System, does not show exterior

lighting to be on emergency power.

c) Will the potential for electromagnetic interference (EMI)

between Nuclear Island systems and security alarms on doors

within the Nuclear Island be considered in design

specifications?

Response: The plant security system is supplied from normal ac power sources

backed-up by the station backup generators, and a dedicated

security backup generator. The electronic portions of the plant

security system are supported by a dedicated security

Uninterruptible Power Supply (UPS) which is also backed up by the

station backup generator and the dedicated security backup

.-generators.

a) The dedicated security backup generator and the dedicated

security UPS are located within vital areas within the

protected area.
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R 13-10

Comment: Section 13.3.1.3 states that access to vital equipment requires

passage through at least two physical barriers. Confirm that this

does not mean two fences but rather that at least the vital area

barriers will meet the definition of 10 CFR 73.2(f)(2).

Response: *The design meets the requirements of OCFR73.2(f) for vital area

barriers. Item (2) of this subsection (walls, ceilings, floors,

etc.) is the preferred method of providing physical barriers for

vital areas. However, this does not preclude the use of fences or

other physical obstructions, where necessary, which meet th

requirements of items (1) and (3) of subsection 10CFR73.2(f).
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R 13-11

Comment: One of the lessons learned about protected area access control

stations is the desirability of a designated place, segregated

from personnel and package traffic, to conduct pat-down searches

when necessary. The preliminary design in Figure 6.2-12 may not

be adequate in this regard.

Response: The space required to conduct pat-down searches will be assessed

in the preliminary design phase of the MHTGR.
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R 13-12

.Comment: IOCFR73.55(d)(8) discusses access to reactor containment wher

paragraph 8 of Section 13.3.14 discusses access to "the reactor

area."

a) Define "reactor area." Does this mean the Reactor Building

described in Section 6.1.1?

b) Discuss whether the Reactor Building (or reactor area)

structure would provide protection of its vital equipment

equivalent to that provided by containment buildings at PWRs

and drywells at BWRs, giving particular attention to vent

openings.

Resv~onse: a) The reactor area is the reactor building and is described in

Section 6.1.1.1.

b) Since the reactor areas are below ground and the

superstructure provides no visual clues to the precise reactor

locations, the arrangement of the Nuclear Island provides a

superior degree of physical protection. It is anticipated

that vent openings can be designed with barriers as necessary

to meet the objectives of physical 
security.
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R 13-13

Comment: As promised at the May 28, 1987 meeting with DOE and its contractors,
the following are additions to the list of NRC documents the
contractor should consider to be applicable to MHTGR physical

security:

a) Regulations:

10CFR50.34(d) and (e) - security plans;

10CFR73.1(a)(1) - design basis threat;

10CFR73.2 - definitions;

10CFR73.21 - protection of safeguards information;

10CFR73.70 - records;

10CFR73.71 - reports;

10CFR73 Appendix B - security personnel;

10CFR73 Appendix C - contingency plans.

b) Regulatory Guides:

5.7 - entry/exit control for Protected Areas, Vital Areas;

5.12 - use of locks;

5.44 - perimeter intrusion alarm systems;

5.65 - vital area barriers and emergency access to vital areas.

c) Review Guidelines:

9 - compensatory measures for intrusion detection hardware

outage;

10 - power supply to security lighting;

13 - vital areas lacking two barrier protection;

15 - package search;

16 - protective measures for central and secondary alarm

stations;

17 - definition of vital areas;

18 - protected area control function in bullet resistant

structure;

20 - explosives search.
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d) NUREG Reports:

0178 - closed-circuit television systems;

CR-0509 - emergency power supplies;

0794 - protection of unclassified safeguards information;

0908 - acceptance criteria for evaluation of security plans;

CR-1142 - remote response mechanisms;

CR-1327 - security lighting planning;

CR-1467 - CAS/SAS work station design;

CR-1468 - design concepts for independence of CAS and SAS

Resnonse: The NRC documents indicated above will be considered for

applicability to MHTGR physical security during the preliminary

design phase.
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R 13-14

Comment: DOE should incorporate into the PSID the new material presented at
the meeting supporting its conclusions that the role of the
operator is limited to non-safety actions and that the control
room and remote shutdown areas are not safety related. The
responsibilities of licensed operators as distinguished from other

plant operating personnel, including management, should be
discussed. DOE should also identify the major human factors

principles to be applied in determining the licensed operators
role and how success in performing this role can be assured.

Response: The analysis of design basis events discussed in Chapter 15 shows
that operator actions are not required during any design basis
event to meet 10CFR100 requirements. Also, results of the
probabilistic risk assessment show that 10CFR100 requirements are

satisfied regardless of any improper operator actions that were
analyzed. Therefore, it has been concluded that for the events
analyzed, the ability of the MHTGR to meet 1CFR100 requirements

is independent of operator actions.

The Integrated Approach (IA) was used to make design selections to
assign actions to the operator. A summary of how the Integrated

Approach leads from functions and requirements to design

selections is shown in Figure R 13-14-1. In Goal 1, "Plant

Operation," the operator was assigned the role to supervise and
assist in plant control. The control room operator receives

direction from the utility dispatcher, releases hold points,

monitors plant performance, and makes discretionary load
allocation to reactor modules and turbines. The roving operator

monitors for proper execution and performance of local control

functions and lines up auxiliary and support systems to facilitate

operation, startup, shutdown and maintenance activities. This is
summarized in Table R 13-14-1. In Goal 2, "Plant Protection," the

operator was assigned the role to monitor plant parameters,

monitor malfunctions and perform discretionary contr 1. The
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control room operator monitors the plant protection and performs

discretionary control. The roving operator performs surveillance,

maintenance, discretionary protection monitoring and manual backup

protection actions from the Remote Shutdown Area. This is

summarized in Table R 13-14-2. In oal 3, Radionuclide Rel ase

Control," a prime requirement is that this function be completed

without operator action and that inappropriate operator action not

prevent passive features from meeting the functional requirements

of this goal. This is summarized in Table R 13-14-3. In Goal 4,

"Emergency Preparedness," the operator was assigned the role of

communicating with authorities and the public. This is summarized

in Table R 13-14-4. In smary, the role of the operator is

limited only to non-safety actions such as normal operation,

investment protection, monitoring and reporting.

The plant operator interfaces, the control room and the remote

shutdown area are not classified "safety-related" because the

MHTGR can meet l0CFR100 requirements independently of any operator

actions, and the Integrated Approach has not assigned any

"safety-related" role to the operator.

The principal distinction between the responsibilities of licensed

operating personnel and the responsibilities of non-licensed

operating personnel is that licensed operating personnel are the

only personnel permitted to manipulate apparatus and mechanisms

which can directly affect the reactivity and power level of a

reactor. Manipulation of apparatus and mechanisms which affect

other nuclear-related chemical or physical processes by

non-licensed personnel is permitted only with the knowledge and

consent of licensed operating personnel.

The Integrated Approach design process consists of requirements

development, design selection and design verification/validation

activities addressing safety, economics, operation, maintenance,

construction and installation. One particular set of activities

in the IA design process develops and verifies operator roles

(tasks) and evaluates operator p rformanc in th se rol s. These
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activities include functional analysis, plant operations analysis,

function allocation, task analysis, d veloping static and dynamic

mockups of operator-machine interfaces, and training and testing

operators using simulation. Completing these activities is an

iterative process including formal design reviews which

collectively accounts for the following major human factors

principles:

a) Workload

- mental (cognitive)

- physical

b) Information Needs

- outputs to the operator

- inputs from the operator

c) Ergonomics

- physical interfaces with the controls

- workspace an-1 environment

d) Performance

- task response time, accuracy and repeatability

- interaction with other plant personnel

e) Training (via simulation)

- plant operation

- maintaining skills and performance levels

The design activities of the IA systematically assure that

operator roles can be successfully performed. Functional analysis

identifies detailed functions and requirements of available

resources (i.e., humans, equipment, components and structures)

needed to meet top-level functions and design requirements. it

also identifies the analyses (e.g., plant operations analysis)

that need to be performed n order to identify and substantiate

these detailed functions and requirements. Plant operations

analysis evaluates sets of functions and their order of execution

to determine how plant mission success is to be achieved.

Function allocation assigns functions to the operators (and other

r sources) based on quantitative requirements from functional

analysis (e.g., reliability) and objective critria (human
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engineering related). Task analysis identifies where, when and

how the op rat rs p rform th ir allocated functions (tasks) and

what the operators use to perform these functions (i.e. , specific

controls and displays). Mockups of operator interfaces and

interactive simulation facilitate static and dynamic analyses of

control room operations, respectively. These activities culminate

in detailed plant operating procedures, a shift operator staffing

organization (crew structure) and control room design

specifications which are verified and validated through formal

design reviews.
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TABLE R 13-14-1

SUMMARY OF GOAL 1 (PLANT OPERATION) REQUIREMENTS,

FUNCTIONS, AND DESIGN SELECTIONS

Automatic System Operator

Reguirements Function Design Selection Function Design Selection

Single Control Control PCDIS Supervise Two control room

Room Plant -Central Control plant operators

Room control,

startup,

Individual Allocate -Modular distributed shutdown, -Direction from

Module and load to subsystem and power Utility

Turbine Auto- modules operation Dispatcher

matic Operation and -PSCS

turbines -'Hold Point'

-Local control release

workstations

Operate plant Control -Plant perfor-

within individual mance monitoring

operating reactor

range modules and -Discretionary

including turbines load allocation

startup, to modules and

shutdown, and turbines

load alloca-

tion

Local control Assist in Roving Operators

plant -Surveillance

control -Maintenance

-Preparations

for maintenanc

-Selected off-

line system

actions (under

control room

c rdination)
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TABLE R 13-14-2

SUMMARY OF REQUIREMENTS, FUNCTIONS, AND DESIGN SELECTIONS

ADDED TO MEET OAL 2 (PLANT PROTECTION) REQUIREMENTS

Automatic System Operator

Reauirements Function Desian Selection Function Design Selection

Plant Protect Independent, auto- Monitor Control room

availability plant matic PPIS parameters operator

>80% investment -Remote Shutdown -Plant protec-

Area (RSA) tion monitoring

Monitor -Discretionary

Forced outage -Sense malfunction control

<10% parameters

- Initiate Perform Roving operator

Long forced protective discre- -Surveillanc.

outage <1% action tionary -Maintenance

-Display control -Discretionary

information protection

monitoring in

Independence RSA

between -Discretionary

protection manual backup

and control protective

actions in RSA

Maintain plant

conditions

within equip-

ment damage

thresholds

Plant control from

control room except

for events that

render control room

uninhabitabl or

the control

inoperable
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TABLE R 13-14-3

SUMMOARY OF REQUIREMENTS, FUNCTIONS, AND DESIGN SELECTIONS

ADDED TO MEET GOAL 3 (RADIONUCLIDE RELEASE CONTROL) REQUIREMENTS

Automatic Ss temn Operator

Requirements Function Design Selection Fnctio Design Selection

Top level Maintain Automatic reserve None None

regulatory control of shutdown initiation

criteria for- release of

MHTGR LE's radio-

nuclides

-Maintain

control of

FAG limits at heat generation

plant boundary
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TABLE R 13-14-4

SUMMARY OF REQUIREMENTS, FUNCTIONS, AND DESIGN SELECTIONS

ADDED TO MEET GOAL 4 (EMERGENCY PREPAREDNESS) REQUIREMENTS

Automatic System Onerator

Requirements Function Design Selection Function Design Selection

Communications --- --- Communicate Use diverse

with government off-site communication

authorities with autho- systems

rities and

public
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R 13-15

Comment: DOE stated that the development of a fully automatic control system

should be considered an applications technology" rather than a

"developmental technology." In order to support its position that

the Regulatory Technology Development Plan need not include

automatic control as a development item, DOE will provide a summary

discussion of the status of automatic control in both the U.S. and

foreign nuclear power industries, and the scope of the program to

implement automatic control for the MHTGR.

Response: The process used in the MHTGR program to determine whether the need

exists to conduct a technology development program for a particular

component or system is discussed in Section 4 of the Regulatory

Technology Development Plan (RTDP). In summary, the basis for

including a technology development program within the RTDP requires

that: a) one or more design assumptions made in the design process

by the designer require experimental validation, and b) the

technology development task be - associated with the limiting

radionuclide doses to the levels allowed by the Top-Level

Regulatory Criteria. In the design of the fully automatic control

system, the designer made no assumptions that required experimental

validation. The designer configured existing state-of-the-art,

commercially available equipment, components and subsystems to

perform the necessary functions. This is an application of

existing technology, and most importantly, the control system is

not associated with limiting radionuclide doses.

The following paragraphs discuss pertinent nuclear experience which

dates back to the early 70's.

Domestic Nuclear Experience with Automatic Controls

A digital reactor protection system has been in operation at

Arkansas Nucl ar On - Unit 2 (ANO-2) for five yars. Three other

such systems are in operation at Southern California Edison's
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San-Onofre Units 2 and 3 and at Louisiana Power and Light's

Waterf rd Unit 3. The three nuclear units at Arizona Public

Service's Palo-Verde Station also employ similar systems. These

systems represent the use of automated (computer-based)

controllers for applications much more critical than plant control

for the Standard MHTGR.

Most of the domestic Light Water Reactor (LWR) plants and HTGR

plants have automatic control for main power generation systems

(e.g., turbines, recirculation flow and feedwater) and auxiliary

systems (e.g., steam bypass) within the 25-100% power range. The

Fort Saint Vrain (FSV) HTGR plant in Colorado has varying levels

of automatic control (primarily semi-automatic) for steam

temperature, main and bypass steam pressure, feedwater, throttle

pressure and water turbine startup.

A program has been underway at the Charles Stark Draper

Laboratories (CSDL) to design, fabricate and test fault tolerant

computers for several critical military and nuclear industry

applications. One of the applications involves a quad-redundant,

fault-tolerant reactor controller called the Full Authority Fault

Tolerant Reactor Control System (FAFTRCS). This system is planned

for installation and use by Argonne National Laboratory (ANL) at

the EBR-II facility in Idaho. A functionally similar but

triple-redundant computer system has been under test and licensing

since 1983 for the KNK II fast breeder reactor in Karlsruhe,

Federal Republic of Germany.

Foreign Nuclear Experience with Automatic Controls

In the United Kingdom, the Central Electricity Generating Board

(CEGB), the South o Scotland Electricity Board (SSEB) and the

National Nuclear Corporation (NNC) have extensive experience with

automatic (computer) control systems including operation of

multiple-unit Magnox and AGR nuclear plants from a single control

room. Thirty-eight units currently use distributed, digital

control syst ms; (32 coal-fir d, 4 oil-fir d and 2 nucl ar). Eight
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AGR plants are scheduled to be retrofitted with these systems.

Aut matic c ntrol is used for safety protection, neutron flux,

control rods, vessel outlet temperature, coolant flaws and

pressures, circulators and boilers and post-trip sequencing

operations. The operator is not required to take any action

during the first thirty minutes following a challenge to plant

safety. Any automatic control loop can be overridden by the

operator but interlocks are used to preclude erroneous operator

action. For routine operations, conventional sequence control

technology (used in programmable controllers) is sufficient for

starting up and shutting down reactors.

There are sixteen (16) CANDU nuclear power units in operation and

eleven (11) CANDU units under construction (not counting 3 small

units in India and Pakistan). Twenty-two of these units are in

Canada and five units are in other countries. All of these units

use dual-redundant computer systems for Direct Digital Control

(DDC). For many of these units (e.g., the 4-unit Bruce Station),

the reactors cannot be controlled manually due to the complexity

of the neutron flux control characteristics.

Four nuclear power plants went into operation in Finland between

1977 and 1982; Loviisa 1 and 2 owned by Imatran Voima power

company and Olkiluoto 1 and 2 owned by Teollisuuden Voima power

company. Digital, automated controls have been applied to some

limited applications in these plants. However, based on research

over the past few years at the Technical Research Center of

Finland (VTT) in cooperation with the OECD Halden Project, systems

similar to the more extensively automated control systems used in

Finland's Joensuu and Rauhalahti peat-fuelled, district heating

power plants will be used in nuclear power plants scheduled for

operation in the 199C's.

The world's first commercial LWR automatic startup-and-control

system is in operation at Unit 1 of Japan's Onagawa Nuclear Power

Station (524 MWe BWR) operated by Tokyo Electric Power Company

(TEPCO). The syst m is a factory fabricated and tested system for
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automatic startup and control of turbine-generator EHC and reactor

recirculation flow to rated power. The design is undergoing

expansion to facilitate automatic plant shutdown and rod control.

Automated, digital control systems are used in many Japanese PWR

plants. These systems are chemical, volume and radwaste disposal

control systems. As of 1985, there were 23 PWRs in Japan (13

operating, 5 under construction and 5 under design). Th

automated systems have been used in two of the plants in operation

and all five of the plants under construction. The Japanese PWR

utilities plan to apply similar systems for nearly every control

system of the five plants under design. These plants have a

1990's schedule of operation.

Scope of the Program to Implement Automatic Control for the MHTGR

The plan for the implementation of automatic control for the MHTGR

will focus on the design, qualification and testing. of hardware

and software for the most vital plant control functions, operator

interfaces and operator activities. The scope of the plan covers

the following:

a) Requirements Analysis

b) Design Definition

c) Prototype Hardware and Software Implementation, Test and

Qualification (using simulation)

d) Prediction of Plant and Control System Performance

e) Control System Performance Evaluation and Modification

f) Hardware and Software Procurement Specification and

Operations and Maintenance Specification (including training)
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R 13-16

Comment: We have discussed the number of operators required for normal and accident conditions
as a result of passive safety systems, automated control, and a slow core heatup time for
the MHTGR. Discuss the studies and analyses you winl use to justify your proposed
staffing levels and a schedule of when we could expect further information and details
on this subject. Identify, if you can at this time, any deviation from the methods or
acceptance criteria of the Electric Power Research Institute report NP-3659, "Human
Factors Guide for Nuclear Power Plant Control Room Development."

Response: The MHTGR proposed staffing level is a program goal primarily based upon the
currently allocated role of the operator, which is considered comparable to experience in
multiple-unit fossil plants and process facilities. The MHTGR plant possesses passive
safety features, automated control, and a slow core heatup time which will enable the
plant to be operated safely by the proposed staffing level. These plant features support

a design basis which requires no operator action to ensure the health and safety of the
public during off-normal events. During normal operations, the plant's automated, CRT-
based, distributed control system will allow the plant operators to monitor automated
plant processes. The operators' involvement in normal plant evolutions (e.g., startup,
normal operating, shutdown, refueling) will include evaluating the plant performance and
making adjustments to the plant operating conditions, initiating and interacting with the
plant status at hold points, releasing permissives, monitoring plant maintenance and
testing, etc. The operators involvement in off-normal events, including the MHTGR
Design Basis Events (DBEs) and Safety Related Design Conditions (SRDCs), will include
plant shutdown, protection system performance monitoring, manual initiation of automatic
protection actions, if needed, post-accident monitoring, initiation of plant recovery actions,
communication with onsite and offsite personnel, and investment protection. (See R G-29
on Role of the Operator and PSID Sections 7.2, 7.3. 1, and 13.2 and Responses to NRC
Comments R G-5, R G-6(5), R G-12.C, and R 13-14.)

Electric Power Research Institute Report NP-3659, "Human Factors Guide for Nuclear
Power Plant Control Room Development" has as its stated purpose (page v) to

"..provide a framework for systematically applying human factors principles and criteria
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throughout the development of a nuclear power plant control room. [It] presents
guidelines for conducting human factors planning, analysis, design, and analysis efforts."

The methods and guidance of Report NP-3 659 have been and are being considered in the
development of the MHTGR HFE Requirements and HFE Plan. The basic standard
widely used throughout industry and being applied in conducting human engineering for
the MHTGR is IEEE Standard 1023 (Reference 1) The MIHTGR Program considers the
use of IEEE Standard 1023 as consistent with the guidelines described in EPRI NP-3659.
We can not identify at this time any deviations in the MHTGR H-IFE program from the
methods or acceptance criteria of NP-3659 and view NP-3659 as one source of
appropriate information and guidance to be used in development of the MHTGR design.

The ITGR Program has established requirements for HFE implementation within the
framework of the Program's design development process. The requirements and
implementing instructions include all of the typical HFE program attributes and
characteristics which represent a thorough approach to design development

A structured series of human factors analyses is being integrated into the MHTGR design
process. The results of these analyses will be a major factor in determining final plant
operator staffing levels, other crew-related issues, and Operator Interface configurations.
Analyses which will be performed include function allocation, function and task analyses,
link analysis, and workload evaluations. Because of the passive design features of the
MHTGR safety systems, the operators' role is expected to be much less complex as has
been the case at conventional LWRs. Similarly, the relative simplicity of MHTGR plant
systems implies that the human factors analyses will likely be less complex for the
MHTGR plant design than those previously performed for conventional LWRs.

The studies and analyses to be used to justify the staffing levels proposed for the
MHTGR plant reflect the application of the organizational methods and acceptance
criteria contained in IEEE Standard 1023. These are described in a MHTGR Human
Factors Engineering Program Requirements document presently under development. Also
under development is an HIFE Program Plan, which will provide implementing
instructions for the specific human engineering efforts needed to complete the HIFE
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program requirements. The program requirements and instnuctions are not scheduled for
completion until later in the program.

The studies and analyses identified in IEEE Standard 1023 have been evaluated and
implemented within the MHTGR program design development process. The MHTGR
Program is taking maximum advantage of existing engineering efforts where these efforts
fulfill certain HFE requirements, and is instituting specific human engineering efforts to
complete its commitment and coverage of required H-FE activities. In this manner, the
MHTGR Program is incorporating consideration of HFE design aspects fully within the
normal design development process.

The MHTGR requirements and plan documents detail the approach to conducting HFE.
This approach will either substantiate achievement of the MHTGR goals or will identify
aspects of the design which do not support human operator performance at the proposed
staffing level. The schedule for completion of the studies and analyses is consistent with
the design development schedule of the MHTGR.

References:

1. IEEE Standard 1023, "IEEE Guide For The Application Of Human Factor's Engineering To
Systems, Equipment and Facilities Of Nuclear Power Generating Stations," by the Institute of
Electrical and Electronic Engineers, New York, NY, 1988.
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R 13-17

Comment: The control moom is a portion of the operations center that is located at the interfaces
between the nuclear island, the energy-conversion area and the non-protected portion of
the plant site. It is the staff's position that the control room and equipment associated
with its function be considered as a vital area for security purposes and be located within
the nuclear islaind.

Response: 10 CFR §73.2 defines a "vital area" to mean "any area which contains vital equipment,"
where "vital equipment" is defined as "any equipment, system, device, or material, the
failure, destruction, or release of which could directly or indirectly endanger the public
health and safety by exposure to radiation. Equipment or systems which would be
required to function to protect public health and safety following such failure, destruction,
or release a also considered to be vital." The role of the MHTGR's control room
operators and of the equipment available to them has been addressed in R G-29 and
R G-30. Neither the operators nor the control room and its equipment meet either of the
definitions for vital equipment" The MHTGR has been designed to be insensitive to
operator error or maloperation. Further, the control room operators a not required to
perform any function or take any action following the initiation of any transient to ensure
that the guideline doses of 10 CFR 100 are not exceeded.

Nevertheless, the control room operators will be afforded a secure operating environment,
as they fulfill an important investment protection role in the response to off-normal
events. The control room is located on the second floor of the operations center within
the controlled access portion of the building and, therefore, within the protected area.
(The nuclear island and the protected area a largely but not entirely congruent; while
the operations center is located in the energy conversion area, a portion of it falls within
the protected area.) The doors shown on Figure 6.2-13 as allowing access from the
control room and computer equipment room into areas of the operations center not
included within the portion under ful access control are for emergency egress purposes
only. These doors will be of sufficient strength and will be appropriately locked and
alarmed to assure the inviolability of the control room.
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Additionally, sould unauthorized forced access to or destruction of the operations center
or control oom in fact occur, the inherent characteristics, passive safety features, and
large safety margins of the NMR afford the owner/operator an extended period of time
in which to respond to and neutralize the threat and to effect damage assessment,
mitigation, and recovery actions from either the remote shutdown area or the Plant
Protection and Instrumentation Cabinets n the reactor building, both located within the
nuclear island portion of the protected area.
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R 15-1

Comment: Describe the role of the reactor building and any other "barriers"
used in meeting thyroid PAG doses (95 percent confidence) for DBEs
and EPBEs. This response should be coordinated with the response to
Comment 6-4 and 11-5.

Response: The MHTGR meets thyroid dose limits at the EAB for all Licensing
Basis Events (LBEs) with at least 50% confidence assuming no Reactor
Building attenuation, as shown in Table R 15-1-1. However,
attenuation in the Reactor Building allows the sheltering PAG to be
met with 95% confidence. During periods when radionuclides are
rapidly released from the pressure vessel, retention of radionuclides
in the Reactor Building is dominated by the mass transfer mechanism
of plateout onto cool building surfaces (including steam condensation
during moisture ingress events). When vessel release is slow (after
depressurization), the Reactor Building allows further attenuation of
radionuclide releases by the additional mechanisms of radioactive
decay within the building volume, and gravitational settling.
Thyroid PAG doses are dominated by the release of iodine
radionuclides. The major reduction and retention mechanisms for
iodine in the building are decay and the mass transfer processes of
plateout and steam condensation.

In all the DBEs and EPBEs with an offsite dose, the vessel barrier is
breached. Nevertheless, as shown in Table R 15-1-2, the presence of
the pressure vessels enables the thyroid doses at the EAB to remain
below the sheltering PAG for all DBEs and EPBEs. During periods of
rapid vessel depressurization, the vessels provide no attenuation of
-.radionuclide release. When vessel release is slow, e.g. , due to
thermal expansion or hydrostatic displacement of helium, the vessels
simply provide a volume to receive fission products released from the
core. Radioactive decay is the only attenuation mechanism that is
considered for radionuclides that are released into the vessels.
Plateout on vessel surfaces and gravitational settling inside the
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vessels are cons rvatively n glect d. When cr temp ratures begin

to cool, vessel release stops in the absence of mechanisms to

transport gases out of the vessel.

All the available barriers and holdup mechanisms discussed above are

considered in the PSID Chapter 15 and EPBR analyses of the EAB

thyroid doses and the uncertainties in those doses. The presence of

the vessel and Reactor Building retention barriers enables the

thyroid doses of all the DBEs and EPBEs to meet the sheltering PAG

with a 95% confidence at the EAB.
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TABLE R 15-1-1

MHTGR MEETS THYROID DOSE LIMITS DURING ALL LEs ASSUMING NO REACTOR

BUILDING ATTENUATION (PAGs MET CONSERVATIVELY FOR ALL LEs

WITH REACTOR BUILDING)

10CFRIOO SHELTERING PAG

MEDAN. Q DOSE 95% DOSEMEINDS 95DO

AOO MEETS MEETS MEETS MEETS

DEE MEETS MEETS MEETS MEETS

W4/REACTOR

BLDG. FOR

DBE- 11

EPBE MEETS MEETS MEETS MEETS

W/REACTOR

BLDG.
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TABLE R 15-1-2

MHTGR MEETS THYROID DOSES DURING ALL 
LBEs BUT ONE ASSUMING NO ATTENUATION

DUE TO VESSEL OR REACTOR BUILDING (AGs 
MET CONSERVATIVELY FOR ALL

LBEs WITH VESSEL AND REACTOR BUILDING)

10CFR100 SHELTERING FAG

MEDIAN DOSE 95% DOSE MEDIAN DOSE 95% DOSE

AOO MEETS M4EETS MEETS MEETS

DBE MEETS MEETS MEETSMET
W/VESSEL

& REACTOR

BLDG. FOR

DBE-11

EPBE MEETS MEETS MEETSMET

W/VESSEL Wj/VESSEL

FOR EPBE-3 & REACTOR

BLDG.
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R 15-2

Comment: DOE will supply more detailed information supporting its

conclusion that combustible gas mixtures are not formed as a

consequence of SRDC-7. The information should include the rate,

quantity and concentration of combustibles emanating from the open

relief valve, arguments supporting the judgement that subsequent

mixing with the building atmosphere always falls within the

incombustible regions of the helium diluents or air, and that

pockets of combustible gas mixtures do not accumulate.

Response: The quantities of primary coolant species emanating from the open

relief valve for SRDC-7 are given in Table R 15-2-1. The

concentrations of these species in the blowdown gases are in th

same proportions as the total releases. As described in the PSID,

the valve opens from 370 to 393 seconds, closes, and is assumed to

then fail open on the second relieve at .83 hours. The bulk of

the gases enter the Reactor Building over a period of about 6

minutes as the primary coolant depressurizes through the failed

relief valve.

The relief valves are located at the top of the steam generator.

Thus the flow initially enters the compartment above the steam

generator. Because of the energetic flow during the relief and

subsequent blowdown, there will be efficient mixing in the Reactor

Building.

Furthermore, because the gases are hot relative to the Reactor

Building atmosphere, they will rise and exhaust through the

Reactor Building louvers. Therefore, the potential for the

formation of local pockets of gases is small. The potential for

such pockets to be combustible is negligible. Local pockets of

gases are combustible only under very restrictive mixture

conditions. Flammability in the presenc of air requires a

minimum enrichment of combustible gases of 5.9% by volum (at
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300'F). Wh n diluents (h lium plus steam) ar present in the

mixture, an even greater proportion of combustible gases is

required for the mixture to be flammable. When the gases in Table

R 15-2-1 are released to the Reactor Building and mix perfectly

with the air, the combustible H2 and CO species represent only

3.5% by volume of the mixture.

Even if local combustible pockets did form near an operable source

of ignition, any resultant burning would be slow, would release

small amounts of energy, and would produce an insignificant effect

on radionuclide release. The Reactor Cavity Cooling System would

not be adversely affected, especially since the hot gases are more

likely to exhaust through the Reactor Building louvers than to

pass into the reactor vessel cavity.
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TABLE R 15-2-1

RELEASE FROM RELIEF VALVE TO REACTOR BUILDING FOR SRDC-7

MASS RELEASED TO FRACTION OF

REACTOR BUILDING RELEASE BY

SPECIES (lb)~ VOLUME

He 6174 0.794

H20 5591 0.160

H2 91 0.023

co 1268 0.023
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R 15-3

Comment: In some of the accidents described in Chapter 15 core temperatures

reach levels where metals that clad and support the absorber

materials of the control rods would loose their functions. Could

a rearrangement of absorber materials result in a recriticality

accident that could result in even higher core temperatures?

Response: No rearrangement of absorber material which could raise the

potential for recriticality of the core will occur. In the

bounding event for elevated temperature, the outer control rods

rest on the lower reflector. Because of the relatively small

clearance between the steel absorber canisters and the control rod

channel, the canisters remain stacked. As a result, the neutron

absorber compacts remain in position for this low frequency

event. Further, the reserve shutdown material is available as an

alternative if needed. Therefore, the function to control heat

generation will be maintained.
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R 15-4

Comment: We have reviewed material provided in Appendix G of the PRA study

that addresses complete failure of the RCS. For this severe
event, DOE should provide a sensitivity analysis similar to that

requested in Comment 5-40 for the RCCS. This study should be
augmented to include such modeling factors as the thermal resis-

tance of the RCCS panel itself, convection currents in front and

behind the panel, emissivities of both sides of the panel and the
cavity surface, methods for modeling cavity and vessel geometry in
two and three dimensions, time dependent consequences of failure

to depressurize the vessel, and soil conditions external to the

reactor cavity.

Response: Appendix G of the PRA discusses events that are beyond the licens-

ing basis for the MHTGR. The purpose of investigating these is
to assess if there are any events with large consequences, or
so-called consequence "cliffs." The Appendix G assessments which
evaluate nominal fission product release and offsite doses do not

find a consequence "scliff"s even though very rare and severe events
are evaluated. These assessments support the PRA conclusions that
the MHTGR behaves in a benign manner with limited offsite releases
during even extremely unlikely events, and that public risk is
dominated by more likely events. The residual risk due to events

beyond the licensing basis is insignificant.

At this stage in the design, emphasis has been placed on quan-
tifying the Licensing Basis Events (LBEs) including uncertainty

assessments of frequency and consequence. Extending these rigor-

ous assessment techniques, that include sensitivity studies, to
extremely rate events that are not within the licensing basis is

considered unwarranted.
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It is expected that a sensitivity study would show results similar

to those discussed in R 5-40. Specifically, fuel temperatures

will be most sensitive to uncertainties in graphite thermal con-

ductivity and gap resistances, whereas vessel temperatures will be

most sensitive to uncertainties in the emissivities of the reactor

vessel outer surface and the RCCS panel surface. None of these

sensitivities is expected to be significant.

The results of an event with loss of all forced cooling and with

RCCS failure along with failure to depressurize the vessel is not

explicitly discussed in Appendix G. However, loss of all forced

cooling coincident with acomplete failure of the RCCS is a highly

improbable event since it presumes failure of three independent

and diverse cooling systems. For the RCCS, failure requires com-

plete flow blockage of this entirely passive system, as less than

1OZ of the RCCS flow area is required to maintain the reactor ves-

sel at acceptable temperatures. The additional assumption that

primary coolant pressure is maintained further reduces the likeli-

hood of such an event.

If partial restoration of main loop cooling, the Shutdown Cooling

System, or RCCS cooling is effected, or if vessel depressurization

is accomplished within a few days, then there is no vessel fail-

ure. However, if the accident is allowed to proceed, then the

reactor vessel will progressively yield and fail in a ductile

manner due to the strength loss at high temperature while internal

pressure is maintained at near the relief valve setpoint. Such

failure results in a rapid depressurization.

A large vessel failure that involved the brittle guillotine rup-

ture of the crossduct with an area of 21 ft2 and a rupture time of

0.2 sec was reported in Appendix G of the HTGR PA. The event

included subsequent failure of the RCCS. This crossduct rupture

event is representative of other large vessel failure accidents,
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including a pressurized conduction cooldown without RCCS, and
bounds the event described above.

Even in this bounding event, the radionuclide release is only from
heavy metal contamination and from a small fraction of initially
failed fuel. The fuel temperatures are such that the intact fuel
particles continue to maintain their integrity. The estimated
nominal offsite doses are within 1CFR100 and PAG limits as shown

in Appendix G of the RA.
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R 15-5

Comment: The Appendix G calculations for RCS failure are made on the basis

that there are no structural failures other than the RCCS or the
cross duct. Other failures that coincide or follow these failures

that might result in further elevation of fuel or vessel
temperatures should be discussed qualitatively and
quantitatively. These might include local or gross vessel
failures from over temperature and changes in geometry which could
affect heat transfer within and exterior to the vessel, as might
be caused by earthquake, after shock, and additional over
heating. Furthermore, concrete failure, particularly above the
vessel, either from earthquake or over heating, should be

considered from the standpoint of causing additional structural
failures, combustible gas generation, or significant changes in
the heat transport mechanisms in the reactor cavity. Also, DOE

should indicate whether it plans to commit to design the reactor

cavity, vessel support, and any other critical structural items to
the same integrity standards as the RCCS itself.

Response: In Appendix G of Ref. 1, accidents with complete RCS failure are
presented. Additional consequential failures which could have a
significant effect on offsite doses are also discussed in Appendix
G depending on the accident scenario. For example, for the

depressurized conduction cooldown event without HTS, SS, and

RCCS, DOE has discussed the following additional failure

possibilities:

1) reactor vessel (some creep deformation after 10 days)

2) vessel support (integrity maintained)

3) core support (integrity maintained)

4) control rods (absorber material rearrangem nt insignificant)
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5) graphite blocks (structural loss negligible).

For the crossduct vessel failure, DOE has assumed complete RS

failure and has discussed the following additional failure

possibilities:

1) components inside reactor vessel (integrity and core geometry

maintained)

2) graphite blocks (structural damage occurs very slowly, effect

on doses included in Appendix G)

3) reactor building (effect of damage on doses included in

Appendix )

The crossduct vessel failure was selected as representative of

catastrophic vessel failure since a break in this location allows

both hot and cold legs of the core to be opened to the air,

providing a pathway for natural circulation of air through the

core, and providing a continuous mechanism for transport of

radionuclides to the reactor building. Since the flow rate of air

through the core is controlled by coolant channel size, rather

than vessel break size, and since the Appendix doses are based

on the assumption of a damaged reactor building, it is not

conceivable that falling concrete could make the doses

significantly worse.

Appendix has identified no credible mechanisms that would

provide the conditions for failure of the core support structures,

even considering accelerations up to 20 g. Therefore, core

geometry changes have not been considered.

DOE has discussed in the PSID which systems, structures, and

components are "safety-related." The RCCS, the reactor and steam

generator vessels and their supports, and the reactor building are

R 15-5-2 Amendment 8



HTGR-86 -024

designated "safety-related." DOE expects that the reactor
building and vessel supports will be designed to the same
integrity standards as the RS.

Reference:

1. GA Technologies, Inc. (GA). Probabilistic Risk Assessment for the
Standard Modular High-Temperature Gas-Cooled Reactor. DOE-HTGR-86-011l
Rev. 4, August 1987.
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R 15-6

Comment: En Appendix G, consequences of the various severe events explored

are presented in reference to the silicon carbide coating

degradation temperature of 2000'C. Explain why this parameter was

chosen, in lieu of the 1600'C value used elsewhere in the PSID,

and describe the safety consequences, including time dependent

off-site doses, if this limit is exceeded.

Response: A temperature of 2000'C has been shown on core temperature vs.

time viewgraphs and figures presented to the NRC to illustrate

when intact fuel would begin to exhibit a rapidly increased rate

of SiC coating thermal decomposition. This illustrative "limit"

was not used in the design process or for event consequence

analysis. SiC coating failure by thermal effects is a

time-at-temperature phenomenon. Therefore, SiC coating failure

during off-normal events by thermal effects is calculated based on

time-at-temperature fuel performance models. At 20000C the time

to failure is much less than at 1600'C. SiC coating failure is

negligible for the exposure times calculated during off-normal

events discussed in the PSID and the PRA because temperatures do

not significantly exceed 1600'C. Most of the fission product

release during thermal transients is due to fission product

release from fuel which has as-manufactured defects. Fuel

performance models used in the PSID have been given to the NRC

(Ref. 1).

Reference:

I. GA Technologies, Inc. (GA). US/FRG Accident Condition Fuel Performance

Models. HTGR-85-107, Rev. 1, December 1985.
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R 15-7

Comment: The staff has concluded that, for plant designs with long response

times and the capability to withstand many low probability events,

it might be possible to develop mechanistic bases for site
suitability source terms (SSSTs) rather than following the

customary approach of postulating non-mechanistic source terms.
We anticipate that such SSSTs would be developed by best estimate

calculations of releases in terms of a time-history that reflects

the unique features of the fuel and the MTGR design. This

time-history approach should also define the extent of accidents

which need to be considered and/or certain end-of-sequence reactor

states at times when it is clearly evident that additional fuel
failure and fission product release is not credible. Therefore,

development of mechanistic SSSTs requires that all credible event

initiators and sequences are identified or bounded and that there

is margin to other less likely scenarios that could lead to

releases larger than those from the accident envelope considered.

The staff believes that to achieve this end the approach initiated

in Appendix G to the PRA document should be continued and expanded

in accordance with the guidelines given below.

The staff suggests that DOE perform a best estimate analysis of

the releases from the following set of Bounding Event Sequences

(BESs). These BESs are intended to be a bounding spectrum of

initiators and sequences to account for uncertainties in design,

failure probabilities, R&D program results, reduced operating

experience, and to provide conservatisms to account for the shift

in emphasis from accident mitigation to accident

protection/prevention and to limit the reliance on non-safety

grade equipment. They address the following key event

categories: reactivity insertion, heat removal, loss of coolant,

chemical attack, low probability seismic and other external events

(flood, fire, wind, aircraft). The time-history of off-site doses

should be evaluated over the full course of the event presented
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for th-e 2 hour and maximum dose (including the time at which it

occurs) at the site boundary and the 30 day dose at the LPZ.

BES-1 Inadvertent withdrawal of all control rods-w/o scram for

36 hours (one-module)

• W/forced cooling

• W/RCCS cooling only (pressurized + depressurized)

BES-2 36 hour station blackout (all modules) w/failure to scram

in one module.

* pressurized + depressurized

BES-3 Loss of forced cooling plus RCS for 36 hours (one

module):

• with scram (pressurized + depressurized)

* without scram (pressurized + depressurized)

BES-4 S.G. tube rupture (all tubes) with failure to isolate or

dump S.G. + failure to scram (one module):

* with forced circulation cooling (depressurized)

* w/o forced circulation cooling (depressurized)

BES-5 Large He leak (one module):

* Double ended guillotine break of cross duct with

failure to scram (assume RCCS failed)

BES-6 External events consistent with those imposed on LWRs

Refinement or adjustment of these events may be desirable after

further discussions with DOE and should reflect DOE's progress n

assessing low probability accident potentials.
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The staff developed the above list from four separate

considerations, which are: (1) events that have occurred or

nearly occurred over the entire history of nuclear reactor

technology, (2) events that take into account the MHTGR's design

emphasis on accident prevention as opposed to mitigation, thus

significantly reducing the effects of mitigation uncertainties in

the analysis, (3) events that test the MTGR's passive and

inherent safety features, as opposed to complications developing

from numerous active safety systems and erroneous human actions

and (4) events that assume worst case failure of non-safety grade

systems.

Res~onse: DOE agrees that a mechanistic basis for determining site

suitability is appropriate. DOE also agrees that uncertainties

should be accounted for and believes that this should be done in a

structured manner that provides meaningful conservatism. A

logical approach to demonstrating the safety of the MHTGR has been

presented to the NRC in the numerous presentations and

communications over the past year. DOE believes this mechanistic

approach is both adequate to show site suitability for the M4HTGR

and consistent with current regulations.

We note, however, that the proposed basis from which NRC suggests

site suitability source terms (SSSTs) be selected appears to be

inconsistent with the wording and intent of 1CFR100. In a

footnote to 1FR100, the SSST is stated as being based on fission

product release(s) "that would result in potential hazards not

exceeded by those from any accident considered credible." DOE

does not believe that selecting SSSTs by considering arbitrarily

postulated bounding event sequences irrespective of their

frequencies was the intent of 10CFR100.

Additionally regarding the staff developed list of "bounding event

sequences," DOE believes the likelihood of all of these accident
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scenarios is orders of magnitude below that currently associated

with the definition of the site suitability source term. In

particular, a review of the derivation of TID-14844 and the

"maximum credible" safe shutdown earthquake does not show any

precedent for including such low frequency events in establishing

site suitability.

DOE is also concerned about the four considerations used by NRC

staff in deriving these event sequences. Item (1) shows an

attempt to establish a level of credibility in selecting event

sequences, although without acknowledging important physical

differences in the MHTGR that may limit the applicability of

operating experiences. The remainder of the considerations,

especially Item (3), appears to ignore accident likelihood as a

consideration and instead establish a reactor concept-specific

framework for jidging safety. We believe that the application of

engineering judgement has a proper place, but should be aided and

constrained by underlying probabilities.

The use of such bounding site suitability source terms would

impose on the MHTGR a design basis far beyond that ever used or

proposed for any reactor concept. This extreme approach appears

to go far beyond the intent of 1FR100, the NRC's Severe Accident

Policy Statement (Ref. 1), and the NRC's Safety oals (Ref. 2).

Furthermore, unless such extremely remote events as catastrophic

vessel failure are included for all reactors, this approach is

inconsistent with the concept of using generically applicable

criteria for accident selection.

We understand that the bounding event approach as the basis for an

SSST could possibly become institutionalized and then become a

benchmark against which future design evaluations are measured.

Selection of events that would in effect form the design basis for

the MHTGR in this manner undercuts the motivation for developm nt

of advanced concepts that can offer significant enhancement of
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safety margins. By attempting to arbitrarily determine the limits
of the machine's capabilities and then to use these limits as the
design basis for the MTCR, the NRC effectively precludes the
designer from taking advantage of the innovative safety
characteristics of the MHTGR to help optimize the remainder of the
plant design and offset economy of scale cost penalty associated

with a small plant.

Realistic consequence assessments of all the LBEs have been

provided in the PSID and the Emergency Planning Basis Report (Ref.

3). Consequence assessments of several event sequences beyond the
licensing basis are provided in Appendix of the PRA (Ref. 4).
Before consequences are assessed for the entire list of BESs, DOE
proposes that NRC give further consideration to the methodology

used to develop the list of BESs in view of the above comments.

That the MTGR Licensing Basis Events (LBEs) are considered to
form a firmer basis for determining site suitability and safety
than that proposed by the NRC is based on the fact that the MTCR

LBEs are:

1) Logically chosen, following a structured method to consider a
wide spectrum of events (within the framework of a safety risk

assessment),

2) Encompassing, by including a mix of accident phenomena

including both short and long term releases and accidents with

and without chemical attack,

3) Bounding, by considering all conceivably credible accidents

including those not expected to occur in the life of 100 MTCR

plants,

4) Conservative, by including statistical accounting of

uncertainties in calculations,
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5) Based upon a method that already provides enhanced safety

margins, consistent with NRC's Advanced Reactor Policy.

Although evaluations of BESs could be used to confirm that there

is no significant consequence "cliff" just below the cutoff

frequency for LBEs (5 x 0O7 per year), an event should be

included in site suitability considerations only if its frequency

of occurrence, including uncertainties, is found to be greater

than the cutoff frequency for LBEs.

Additional discussion of the NRC's Boun ding Event Sequences is

given in response to Comment R 15-8. In this later response,

quantitative frequency and offsite consequence estimates are

provided for a revised set of BESs.

References:

1. U.S. Nuclear Regulatory Commission. Policy Statement on Severe Reactor

Accidents Regarding Future Designs and Existing Plants. Federal

Register, Vol. 50, No 153, p. 32138, August 8, 1985.

2. U.S. Nuclear Regulatory Commission. Safety Goals for the Operation of

Nuclear Power Plants; Policy Statement. Federal Register, Vol. 51, No.

149, p 28044, August 4, 1986.

3. GA Technologies, Inc. (GA). Emergency Planning Basis for the Standard

Modular High-Temperature Gas-Cooled Reactor. DOE Report DOE-HTGR-87-001,

Revision 1, August 1987.

4. GA Technologies, Inc. (GA). Probabilistic Risk Assessment of the

Standard Modular HTGR Plant. DOE Report DOE-HTGR-86-11, Revision 4,

August 1987.
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R 15-8

Comment: On the basis of a position paper being developed to obtain

Commission guidance on key safety issues, the staff has reformu-

lated its bounding event criteria. This formulation has been

generalized for advanced reactor designs but remains basically the

same for HTGRs, as expressed in Conmment 15-7, with the exception

that 36 hour time durations have been replaced by "x" hours. In

performing the requested examination of the bounding events DOE

has the option of assuming failure of safety grade equipment for

a period of time consistent with previous experience (unless a

lesser time can be justified) or it can use longer times to demon-

strate MHTGR safety margins. We need to finalize the bounding

events for the MHTGR, based on the above, and request DOE be

prepared to discuss this at the meeting.

In addition, we would like to call attention to our letter of

January 4, 1988 to Francis X. Gavigan from Bill M. Morris where it

was stated: "While further consideration is and will continue to

be given to the methodology, our ability to make a licensability

determination on the MHTGR is impacted by the lack of information

on the response of the plant to what we consider are bounding

events which should be evaluated at this stage of the design." We

have yet to receive the requested information and request that you

be prepared to discuss these events at the meeting.

Response: Introduction

An assessment of the "Bounding Event Sequences" (BESs) postulated

for the MTGR by the NRC staff (Ref. 1) is provided in the fol-

lowing sections. This assessment includes a discussion of the

classification of each BES relative to DOE and NRC event selection

criteria based on the estimated likelihood of the postulated

sequence. The assessment also includes offsite consequences for
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the BESs. Where an event sequence corresponding to a BES has

previously been evaluated and submitted to the NRC, appropriate

reference to either the PSID, EPBR and/or the PRA is made.

Regardless of whether previous submittals exist, the overview

includes a best estimate of offsite consequence for each of the

BESs. This response supplements the previously submitted response

to NRC Comment 15-7 on the MHTGR Preliminary Safety Information

Document (PSID).

Background

The MHTGR's unique design stems in large part from a safety phi-

losophy centered on retaining radionuclides within the coated fuel

particles with minimal reliance on active systems or operator

intervention. The motivation for this philosophy is that by con-

taining the radionuclides at their source (i.e., the fuel parti-

cles), the reliance on and challenges to other barriers is

reduced. This dramatically simplifies the proof of containment

and enhances confidence in the concept's safety since the issues

associated with the fuel particle integrity under accident con-

ditions can be experimentally demonstrated. Chapter 15 of the

PSID documents how this safety philosophy has been successfully

implemented in the MHTGR design.

PSID Section 15.1 shows that even if all the radionuclides outside

the intact coated particles are released to the environment, con-

servatively calculated doses at the Exclusion Area Boundary (EAB)

will meet 1CFR100 dose guidelines with margin. Therefore, any

event that does not result in the release of radionuclides from

the intact coated particles will have consequences within 1CFR100

limits. It follows that the only events of concern relative to

10CFR100 are those events that pose a challenge to the retention

of the radionuclides within the intact coated particles. The

remainder of PSID Chapter 15 shows that for a spectrum of events
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bounding any credible challenge to the coated particles expected
in the lifetime of several hundred MHTGR plants, no particle
degradation would occur. Therefore, the MHTGR PSID, consistent
with the stated intent of 1CFRIOO and the conceptual state of the
design, establishes the site suitability of the MHTGR.

In a manner parallel to that used in Section 15.1 of the PSID, it
can be shown that the retention provided by intact fuel is suffi-
cient to meet the PAGs at the plant EAB. In the Emergency Plan-
ning Basis Report (Ref. 2), also submitted to the NRC, a second
set of accident scenarios is described and proposed as the basis
for emergency planning. These events are even less likely than
those contained in the PSID and encompass MHTGR accident scenarios

having the extremely remote probabilities characteristic of
"severe accidents." The EPBR shows that for these extreme events
not expected in the lifetime of several hundred MHTGR plants, no
particle coating degradation would occur.

Finally, a Probabilistic Risk Assessment (PRA) of the MHTGR
(Ref. 3) was submitted to the NRC. A major objective of the PRA
is to discuss the consequences and public risk contribution of
other still less probable accidents which fall below the range of
likelihood commonly thought of as being within the licensing or
design basis and to thus quantify the "residual risk."

Selection of Licensing Basis Events

The event scenarios contained within these documents were methodi-

cally derived in a logical, documented and reproducible fashion
providing assurance that the events analyzed and discussed are
both complete and appropriate. Specifics of this methodology are
documented (Ref. 4 and 5). Subsequently, the NRC staff has pro-
posed event selection criteria (Ref. 6). A summary comparison of
the NRC and DOE selection criteria is made in Figure R 15-8-1.
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At the upper most portion of the figure, DOE's Anticipated

Operational Occurrence Region and NRC's EC-I, there is good

agreement in the specification and use of the region. Generally

good agreement is also noted in the second region, DOE's Design

Basis Region and NRC's EC-II. There is agreement seen in the

specification and use of the region. General agreement is also

seen in the third region on the figure, DOE's Emergency Planning

Region and NRC's EC-III. Again, there is good agreement seen in

specification and reasonable agreement in the region's use. The

lower most region in the figure, NRC's EC-IV, corresponds to the

region DOE considers beyond the licensing basis and considered in

the PRA to show low residual risk. DOE believes there is suffi-

cient convergence in selection criteria to proceed to agreement on

the Licensing Basis Events.

Evaluation of NRC's Bounding Event Sequences

The NRC staff, in PSID Comment R 15-7, proposed a list of

"Bounding Event Sequences" (BESs), which bound the consequences

of the EC-III events. Each of the BESs cited in Comment R 15-7 as

revised in Reference 1 is discussed below. Those that have been

previously described in one of the three aforementioned documents

are reviewed and more extensive discussions referenced. Those

that have not been described, because of their negligible likeli-

hood, are discussed in the spirit of complementing the PRA dis-

cussion of "rare events" contained in Appendix G. The ultimate

focus in each of these discussions is on the event's potential to

cause fuel particle coating failure and therefore a significant

increase in the otherwise small or moderate releases and offsite

consequences typifying MHTGR accideits (i.e., the potential for a

consequence "cliff").
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BES-1 INADVERTENT WITHDRAWAL OF ALL CONTROL RODS WITHOUT SCRAM

FOR 36 HOURS (ONE MODULE).

A) With forced cooling

B) Pressurized with RCCS cooling only

C) Depressurized with RCCS cooling only

Initiation of this event requires postulating a failure in the
control system that allows either the physically impossible with-
drawal of all 24 outer control rods by power supplies sized to
operate only 3 rod drives at a time or sequential withdrawal of
one rod bank at a time. The expected plant response to a rod
withdrawal is a reactor trip with control rods. A coincident

failure of this trip subsequent to the rod withdrawal, as postu-
lated in BES-1, is not expected to occur in a plant lifetime
(requiring failures of the "safety-related" neutron flux to mass
flow, high steam generator inlet temperature and high pressure
trips or failures of multiple scram contactors or control rod
drives). Nevertheless, it is of sufficient likelihood that it
might occur in the lifetime of a large number of plants. There-
fore, it is included in the design basis (DBE 2) and is discussed

in PSID Section 15.3.

As described in Section 15.3 of the PSID, the anticipated plant
response to such an unlikely sequence of failures (rod withdrawal
and failure to scram) would be to insert the reserve shutdown
material. BES-1 assumes this diverse and redundant "safety-
related" means of shutdown also fails. Thus the BES requires the
additional failure of either the high neutron flux to circulator
speed and high pressure trips or multiple failures in releasing
the contents of the reserve shutdown hoppers. Beyond the failure
of these automatic, "safety-related" systems, failure of the
operator to take any mitigating actions for 36 hours must also be
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assumed for this BES to occur. The frequency of such an occur-

rence, as depicted in Figure R 15-8-2, is estimated to be less

than 1 x 10O9 per plant year and therefore outside the scope of

the MHTGR PRA and NRC's category EC-IV. A simple combination of

the above events, accounting for common mode failure, gives an

estimate of 2 x 10-10.

Because of the expectation of a high pressure trip of the main

loop or operator intervention to terminate continued forced

cooling, those sequences with RCCS cooling only (BES-lB and

BES-1C) are the more likely of the possible BES-1 sequences.

Further failures or errors, such as a coincident breach in the

primary coolant boundary or continued operation of the forced

cooling systems, are even less likely as shown in Figure R 15-8-2.

BES-1A, 36 HOUR ROD WITHDRAWAL WITH CONTINUED FORCED COOLING

Assuming continued forced cooling, heat generation exceeds heat

removal in the unrodded core until the resultant temperature rise

is sufficient to compensate for the approximately 3% reactivity

worth of the withdrawn rods. The accompanying core outlet tem-

perature increase is such that steam generator tube failure might

be thermally induced. In any event, forced circulation cannot

be maintained for any extended period of time and is ultimately

lost due to either a control system response to the resultant

moisture ingress pressure transient or by thermal failure of the

circulator.

Depending upon the exact course of the events, several possi-

bilities exist. With early termination of cooling or successful

steam generator dump and isolation following tube failure, no

primary coolant venting (pressure relief) occurs and there is no

offsite dose. Relief valve venting that could occur with a later

termination of forced circulation would result in only a small
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offsite dose (comparable to that reported in PSID Section 15.8 for
DBE-7) if the relief valve successfully reseats. Finally, primary
coolant depressurization could occur as a result of the relief

valves failing to reseat.

The maximum core temperatures during the first 20 hours of the
transient is 12700C. While typically only five of the 24 outer
control rods or four of the 12 reserve shutdown mechanisms must
operate to overcome xenon decay and maintain the reactor shut-
down, BES-1 assumes no control material insertion for the first
36 hours. Therefore, between 20 and 36 hours (at which time the
reactor is shut down) the peak core temperature slowly increases
an additional 6000C to compensate for the decaying xenon. The
low temperatures experienced during the first 20 hours and the
short duration of higher temperatures experienced between 20 and
36 hours ensure insignificant degradation of intact fuel

particles.

Since depressurization is prerequisite to an offsite dose, the
case of relief valve lifting and failure to reseat formed the
basis in evaluating the consequence of BES-1A. The maximum water
that can physically be held in the core is about 63 kg, resulting

in a additional 0.5% reactivity. The reactivity effect of this
water would be compensated for by a further increase in core
temperature of less than 1000C. A best estimate calculation

results in a 36-hour and 30-day EAB doses to the thyroid of about

2.3 Rem. This bounding dose results from radionuclide release due
to the hydrolysis of all initially failed fuel particles, release
of all heavy metal contamination, release of all circulating
activity, and steam-induced vaporization of the plated-out

activity.
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BES-1B, 36 HOUR ROD WITHDRAWAL WITH RCCS COOLING ONLY

(PRESSURIZED)

As mentioned, the more likely sequences in BES-1 are those in

which forced circulation is promptly terminated. While these

events are also of low likelihood they have been included in

Appendix G of the PA. As described in Section G.1.2, the reac-

tivity affect accompanying the temperature transient occurring in

these event sequences reduce core heat generation to a few per-

cent. After about 20 hours, core temperatures rise further, com-

pensating for the decaying xenon. The primary coolant boundary

would be expected to remain closed since pressure remains below

the relief valve setpoint and vessel temperatures are below

failure limits. Therefore, no radionuclide release to the

environment would be expected.

BES-IC, 36 HOUR ROD WITHDRAWAL WITH RCCS COOLING ONLY

(DEPRESSURIZED)

As shown in Figure R 15-8-2, operator intervention to depressurize

the primary coolant to the helium storage system using the helium

purification system is the most likely response to the failures

assumed in BES-1. This action would serve to preclude any spuri-

ous relief valve lifting, limit vessel stresses during the tran-

sient and better confine the thermal transient to the refractory

core. It would also prevent any release of radionuclides. Thus

neither BES-1B (pressurized) nor BES-1C (depressurized) are

expected to result in any offsite doses.

If, however, the primary coolant boundary were unexpectedly opened

(due to relief valve opening and failure to reseat) and the cool-

ant depressurized, the 36-hour and 30-day EAB doses to the thyroid

would be about 0.1 and 0.13 Rem, respectively. This results from

thermal-induced release of a fraction of the radionuclides in
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initially defective fuel particles, release of all heavy metal

contamination, release of all circulating activity, and release of
an insignificant amount of plated-out activity. The maximum fuel

temperature reached during this transient is less than 150000 and

there is therefore no degradation of intact fuel particles.

It has been shown above that none of the sequences contained

within BES-1 are within the frequency ranges specified by NRC or
DOE for selecting Licensing Basis Events.[

BES-2 STATION BLACKOUT (ALL MODULES) FOR 16 HOURS.

A) Pressurized

B) Depressurized

BES-2A, PRESSURIZED

A 16-hour station blackout is not expected in the life of a plant.
Nevertheless, it is of sufficient likelihood (somewhat less than

1 x 14 per plant year as shown in Figure R 15-8-3) to have been
included in the MHTGR design basis (DBE-1), and is discussed in
the PSID Section 15.2. Following the "fail-safe" insertion of
control rods, the plant is designed for a totally passive

response, remaining pressurized and rejecting heat to the RCS

for as long as necessary.

Following a loss of the electrically driven main helium circulator

and failure to start the Shutdown Cooling System, core tempera-
tures rise during the pressurized conduction cooldown. As dis-

cussed in PSID Section 15.2, the primary coolant pressure tran-

sient in such a scenario remains well below the relief valve

setpoint, so no radionuclide release occur.
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BES-2B, DEPRESSURIZED

A coincident loss of primary coolant pressure would require a

spurious relief valve opening with failure to reseat. Accounting

for these possibilities, the frequency of a depressurized event is

estimated in Figure R 15-8-3 to be on the order of 1 x 10-7 per

plant year.

Because forced cooling is assumed to be restored after 16 hours,

the 36-hour and 30-day EAB doses to the thyroid are identical and

estimated to be about 0.04 Rem. This dose is consistent with the

early release described for SRDC-11 and reported in the PSID

Section 15. 13. 12. While SRDC-11 is not initiated by a station

blackout, the SRDC does include a loss of forced cooling with a

primary coolant leak. Furthermore, the release in SRDC-11 is

somewhat larger than in this BES due to the assumed restoration of

forced cooling at 16 hours in the BES. The small release that

occurs results entirely from radionuclides that are outside of the

intact coated fuel particles.

It has been shown above that the sequences contained within BES-2

are generally within the frequency ranges specified by NRC and DOE

for selecting Licensing Basis Events, though DOE wuld classify

BES-lB as falling in the fourth region. Furthermore, best

estimate doses at the EAB for these sequences are seen to be

within the sheltering PAGs.

BES-3 LOSS OF FORCED COOLING PLUS RCCS FOR 36 HOURS (ONE MODULE).

A) Pressurized (RCCS 25% unblocked after 36 hours)

B) Depressurized (RCCS 25% unblocked after 36 hours)

R 15-8-10
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BES-3A, PRESSURIZED LOSS OF COOLING PLUS RCCS FOR 36 HOURS

This event can only be initiated by the failure of two indepen-

dent forced cooling loops, the normally operating main loop and
the Shutdown Cooling System. Because such an event is expected to
occur in a plant lifetime it has been included within the
licensing basis of the MHTGR and categorized as AOO-2. The plant
response to these failures is described in PSID Section 11.6. A
simultaneous complete failure of the passive, continuously

operating, safety-related," RCCS must also occur. Subsequent

failure to restore any one of the three cooling modes in less than

36 hours is very unlikely.

With the RCCS inoperative and anticipating the higher vessel

temperatures which follow long-term conduction cooldown to the
earth, the plant staff would be expected to take action to pump

down the primary coolant inventory to storage using the helium
purification system. Thus, a 36-hour pressurized conduction cool-
down without the RCCS assumes an additional failure to pump down.
Ignoring external events, this unlikely event is estimated to
have a f requency of about 2 x 10-8 per year as shown in Figure

R 15-8-4, and falls within the scope of the MHTGR PRA (beyond

licensing basis) and within NRC's category EC-IV.

With the RCS 25% unblocked after 36 hours, the pressure remains

below the relief valve setpoint and the vessel temperature remains

below 850'F. Thus the primary coolant boundary would remain pres-
surized and no radionuclides would be released to the environment.

BES-3B, DEPRESSURIZED LOSS OF COOLING PLUS RCCS FOR 36 HOURS

As described above, the most likely response to a complete and
indefinite loss of all cooling systems is pump down of the primary
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coolant to helium storage. This sequence can be seen in Figure

R 15-8-4 to have an estimated frequency of occurrence of approxi-

mately 2 x 0-7 per plant year. It is described in the MHTGR BRA

and falls within NRC's category EC-III. Since the primary coolant

boundary remains intact throughout the transient, there is no

release or offsite dose associated with this depressurized

sequence.

If pumpdown is unsuccessful, the sequence reverts to that

described in BES-3A. For any offsite dose to occur in BES-3,

additional failures need to be assumed. The most likely mechanism

available for radionuclide release is a spurious relief valve

opening with failure of the valve to reseat. Given the occurrence

of a pressurized conduction cooldown, the probability of these two

additional failures is estimated to be about 0.2% and, as seen in

the figure, the sequence frequency is approximately 4 x iO-10 per

plant year. This case, outside the range of the MHTGR BRA and

NRC's Event Categories ( x 10- 9 per plant year), results in

36-hour and 30-day EAB doses to the thyroid of about 0.07 Rem.

Maximum core temperature in this case are less than 1400'C and the

offsite dose results entirely from the release of radionuclides

that were initially outside of the intact coated fuel particles.

Note that during the 36 hours of interest, failure of the RCCS has

no significant affect on the course of the accident. Similar

results are predicted during the first 36 hours of a conduction

cooldown with RCCS cooling in PSID Section 15.13.11. Beyond

36 hours the RCCS is assumed to be 25Z unblocked. The RCCS has

previously been shown to provide sufficient flow with up to 90%

flow blockage. Thus 75% flow blockage (25% unblocked) is suffi-

cient to allow over 50% of the RCCS flow and is more than adequate

to limit both core and vessel temperatures.

R 15-8-12

Amendment 9



HTGR-86-024

It has been shown above that BES-3A is within the frequency ranges

specif ied by NRC and DOE for selecting Licensing Basis Events.

BES-3B is included in the somewhat wider frequency range specified

by NRC. Furthermore, best estimate doses at the EAB for both

sequences are seen to be within the sheltering PAGs.

BES-4 STEAM GENERATOR TUBE RUPTURE (25% TUBES) WITH FAILURE TO

ISOLATE OR DUMP.

A) With forced circulation cooling (depressurized)

B) Without forced circulation cooling (depressurized)

Prerequisite to initiation of this BES is a precursor event of

such catastrophic proportions as to result in failure of approxi-

mately 90 steam generator tubes. Failure of this magnitude has

never occurred in the history of the nuclear industry. Never-

theless, analysis of an equally remote 30 tube failure is provided

in Appendix G.3.1 of the PRA. Subsequent failure to isolate or
dump involves the failure of the high moisture and "safety-

related" high pressure main loop trips or failure of the redundant

valves available to perform these functions. It also assumes

failure to manually intervene in a timely manner. As seen in
Figure R 15-8-5, the likelihood of these failures is estimated to

be much less than 1 x 10-8 per plant year and is very likely tied

to the frequency of an extremely unlikely external event.

The success or failure of automatic systems to terminate continued

ingress have only a short-term impact on the ultimate consequences

of this accident. The magnitude of the failure is such that
continued operation of the main steam, feedwater and condensate

systems is precluded due to the loss of nearly 100% feed flow
through the unisolated leaking steam generator. One or more
relief valve ventings would occur following the ingress and the
primary coolant depressurization might occur either through a
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failure of the relief valves to reseat or later leakage through

the unisolated steam generator and through the shutdown main steam

system.

BES-4A LARGE WATER INGRESS WITH FORCED CIRCULATION COOLING

With continued forced cooling utilizing the SS, the core is

cooled down in a timely manner and radionuclide release is limited

to~l~at attributable to hydrolysis of exposed UC2, circulating and

plated-out activity. While it assumes a much larger steam

generator failure and greater ingress, the BES-4A transient is

similar to that for EPBE-2 described in the EPBR Section 7.

Estimated offsite 36-hour and 30-day doses are 2.2 Rem to the

thyroid.

BES-4B, LARGE WATER INGRESS WITHOUT FORCED CIRCULATION COOLING

Offsite consequence in this case are only slightly larger than in

BES-4A. Predicted 36-hour and 30-day thyroid doses are approxi-

mately 2.2 Rem. The very small difference in dose is attributable

to the slow thermal transient due to the conduction cooldown in

sequence B. Throughout the transient the maximum core tempera-

tures reached are less than 1500'C and there is no degradation of

intact coated fuel particles.

It has been shown above that none of the sequences contained

within BES-4 are within the frequency ranges specified by NRC or

DOE for selecting Licensing Basis Events.
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BES-5 RAPID DEPRESSURIZATION (ONE MODULE): DOUBLE ENDED

GUILLOTINE BREAK OF CROSSDUCT VESSEL WITH FAILURE TO SCRAM

(ASSUME RCCS FAILED FOR 36 HOURS AND 25% UNBLOCKED

THEREAFTER).

To initiate such an event, a catastrophic rupture of the Class 1,

"safety-related" vessels must be postulated. Such a f ailure is

estimated to be less likely than 1 x 10-8 per plant year. Never-

theless, it has been evaluated in Appendix G of the PRA. Pressure

forces within the reactor vessel have been evaluated and no core

or component disruption is expected. As a result, insertion of at

least the approximately 4 control rods or reserve shutdown chan-

nels required to compensate for later xenon decay is likely. As

seen in Figure R 15-8-6, large uncertainty and common cause fail-

ure have been accounted for in estimating the likelihood of shut-

down. Consequential partial blockage of the RCCS is a distinct

possibility as cavity pressures exceed the RCCS design value.

However, total and complete blockage is extremely unlikely. As

shown in Figure R 15-8-6, the assessed likelihood of BES-5 is less

than 3 x iO-11, placing it well outside the scope of the MHTGR PRA

and the NRC's category EC-IV.

Following the rapid primary coolant blowdown, core temperatures

begin a slow rise typical of a depressurized conduction cooldown

due to the loss of forced cooling. This temperature increase

along with the MHTGRs negative temperature coefficient is more

than adequate to maintain the core subcritical for up to 36 hours

despite the postulated failure to insert control material (control

rods or reserve shutdown material).

Air access to the ruptured crossduct vessel results in air being

drawn through the hot core resulting in some limited graphite

oxidation. For the purpose of this analysis two cases were

considered.
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BES-5A, UNLIMITED AIR WITH SHUTDOWN AT 36 HOURS

In the first case, air supply is not assumed to be limiting; how-

ever, a minimum amount of control poisons (approximately 4 rods or

reserve shutdown channels) are assumed to be inserted at 36 hours.

In this case the transport of air through the ruptured crossduct

and core results i a 36-hour and 30-day EAB doses to the thyroid

of about 2 and 2.6 Rem, respectively. The maximum core tempera-

ture reached during this transient is ess than 1600'C and no

release from intact particles is predicted. This dose results

entirely from the release of radionuclides that were initially

outside of intact coated fuel particles.

It is worth noting that while the large air ingress in this

accident results in larger doses than other conduction cooldowns,

the primary impact of the air is enhanced transport of radio-

nuclides. Graphite oxidation is not self sustaining. In f act,

the additional heat generation caused by the graphite oxidation

does not significantly increase the temperatures associated with

the conduction cooldown without RCCS. Furthermore, the graphite

oxidation reaction does not challenge the inventory of radio-

nuclides within intact coated fuel particles. These conclusions

regarding maximum consequences are not strongly sensitive to

assumptions in the vessel break location. While more fortuitous

assumptions on break location will result in little or no air

circulation, the maximum air flow possible is limited by core

resistance [coolant passages 11.4 m (38 ft) long and 16 mm

(0.625 in.) in diameter] and similar consequence conclusions are

reached regardless of the air inlet and outlet locations.

BES-5B, GAS EGRESS TERMINATED AT 72 HOURS AND NO SHUTDOWN

In the second case, the assumed unrestricted egress of gas from

the Reactor Building terminated after 72 hours. However, no
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insertion of control material is assumed. This results in
increasing core temperatures beyond 36 hours to compensate for
decaying xenon. Despite this increase, no significant release of
radionuclides from intact particles is predicted and 36-hour and
30-day thyroid doses are limited to 2 and 2.5 Rem, respectively.

It has been shown above that none of the sequences contained
within BES-5 are within the frequency ranges specified by NRC or
DOE for selecting Licensing Basis Events.

BES-6 EXTERNAL EVENTS CONSISTENT WITH THOSE IMPOSED ON LWRS.

The MHTGR will be designed to a broad spectrum of external events
encompassing 85% of the U.S. sites. The external event considered
thus far in the greatest detail is the seismic event. The MHTGR
is conservatively designed for a 0.3-g SSE. Large seismic events
(ground acceleration > SSE) are quite unlikely and generally not
considered in the licensing basis of LWRs. Neiertheless, as can
be seen in Figure R 15-8-7 and consistent with the MHTGR event
selection criteria, such events have been considered for the MHTGR
and encompass the range of accidents considered for LWRs.

Seismic event analyses submitted to the NRC include those for
DBE-5 (SSE) in PSID Section 15.6 and EPBE-3 described in Ref. 2.
Frequencies and doses for these events are summarized in Table
R 15-8-1. Discussion of seismic events is also provide in the PRA
Section C.3.

The sequences mentioned above for BES-6 are, by definition, within
the frequency ranges specified by NRC or DOE for selecting
Licensing Basis Events. As described in the referenced documents,
doses at the EAB are shown to be within the sheltering AGs.
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Summary

As discussed above, none of the NRC's proposed BESs show a signif-

icant "consequence cliff" in the MHTGRs safety profile. All of

these postulated accidents, despite their low likelihood and

severity, result in a slowly progressing transient characteristic

of the MHTGR with only limited offsite consequence. Specifically

and as summarized in Table R 15-8-1, in no BES does the best

estimate dose exceed the PAGs for sheltering.

Since the intact coated fuel particles contain over 99.99% of the

radionuclide inventory and since the retention capability of the

ceramic coated particles is essentially only temperature depen-

dent, a cursory assessment of the residual risk of the events

discussed above can be easily made by determining the core tem-

perature response. In all the above events, core temperatures

remain below the point at which radionuclides are released from

intact coated fuel particles. The consequences of these events

can therefore be bounded by the release of the very small inven-

tory outside the intact coated particles which results in doses

well within those specified in 10CFR100. Since the frequency of

these events are generally less than 10-6 per plant year, the

residual risk is negligible. In this way the MHTGR truly caps

the safety consequences to the public from off-normal events.

References: 1. Letter, Bill M. Morris (NRC) to David Nulton (DOE),

Enclosure 5 - Revised List of Bounding Event Sequences

2. Emergency Planning Bases for the Standard Modular High

Temperature Gas-Cooled Reactor, DOE-HTGR-87-001 Rev. 1,

August 1987.

3. Probabilistic Risk Assessment for the Standard Modular High

Temperature Gas-Cooled Reactor, DOE-HTGR-86-011 Rev. 4,

August 1987.
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4. Bridging Methods for Standard HTGR Licensing Bases, HTGR-86-

039 Rev. 2, February 1986.

5. Licensing Basis Events for the Standard MHTGR, DOE-HTGR-86-

034 Rev. 1, February 1987.

6. RES Staff Presentation to the ACRS, Presented By Thomas L.

King, February 11, 1986.
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TABLE R 15-8-1

SUMMARY OF NRC'S BOUNDING EVENT SEQUENCES

Thyroid Dose at EAB Whole Body Dose at EAB

Classification Assessed (Rem) (Rem)

Frequency Closest Equiv.

NRC BES DOE NRC (Per Plant Year) 36-hr 30-day 36-hr 30-day MHTGR Documentation

BES-l(a)

BES-lA .. (b -- 2 x 10-12 2.3 2.3 0.011 0.011 PRA App. G.1.2

BES-1B - 2 x lo-11 None None None None PRA App. G.1.2

BES-IC - 4 x 10-13 0.1 0.13 4 x 14 4 x 14 PRA App. G.1.2

BES-2

BES-2A DBE EC-III 5 x1iO5 None None None None PSID Section 15.2

BES-2B -- EC-III 1 x 10O 0.04 0.04 2 x 14 2 x 14 PSID Section 15.13.11

BES -3

BES-3A EPBE EC-III 2 x 107 None None None None PRA App. C.2.7

BES-3B - 4 x 10-10 0.07 0.07 3 x 0-4 3 x 10O4 PRA App. G.2

BES -4

BES-4A <-- 2 x10-11 2.2 2.2 0.011 0.011 PRA App. G.3.2

BES-4B <-- 8 x 10-11 2.2 2.2 0.011 .0.011 PRA App. G.3.1

BES-5

BES-5A --- 1 x 10-11 2.2 2.6 7 x 10O3 9 x 10O3 PRA App. G.4

BES-5B <-- 3 x 10-11 2.0 2.5 7 x 10-3 9 x 10-3 BRA App. G.4

BES-6

BES-6A DBE EC-II 1 x 10-4 None None None None PSID Section 15.6

BES-6B EPBE EC-III 7 x10O7 0.19 0.22 1 x 10O3 1 x 10O3 EPBR Section 7
(EPBE-3)

(a)See description on next page.

(b)Denotes sequences outside of selection criteria categories.
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TABLE R 15-8-1 (Continued)

BES-1 Inadvertent withdrawal of all control rods without scram for 36 hours

A With forced cooling

B Without forced cooling - pressurized

C Without forced cooling - depressurized

BES-2 Station blackout for 16 hours

A Pressurized

B Depressurized

BES-3 Loss of forced cooling plus RCCS for 36 hours

A Pressurized

B Depressurized

BES-4 Steam generator rupture (25Z of tubes) with failure to isolate or dump

A With forced cooling (depressurized)

B Without forced cooling (depressurized)

BES-5 Rapid depressurization (one module) - double-ended guillotine break of crossduct vessel with failure to scram
and RCCS failure

A Partial control insertion after 36 hours

B Gas egress from Reactor Building terminated after 72 hours

BES-6 External events consistent with those imposed on LWRs

A Safe Shutdown Earthquake

B Beyond SSE
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R 15-9

Co mme nt: Carbon dioxide and to a lesser extent carbon monoxide would
diminish radiation heat transport, depending on their
concentrations, if present in the regions between the core barrel
and the inner surface of the reactor vessel or between the outer
vessel surface and the RCCS cooling panels. Provide as a function
of time for moderate cases of moisture ingress (SRDC-6, for
example) and for BES-4 and BES-5 the amount of C 2 and CO that
could be present in these regions and the consequences with
respect to maximum fuel and vessel temperatures. These results
should include pressurized and depressurized conditions.

Response: During the SRDC-6 transient, moisture enters the pressure vessels
and chemically reacts with graphite, resulting in generation of
carbon monoxide gas in the vessels. The vessels remain
pressurized for 0.8 hr and then depressurize through the relief
valve to the Reactor Building (steam generator vessel region) and
subsequently to the atmosphere through the louvers (see Fig. R
6-4-1 for the vent flow path) . Carbon monoxide that may enter the
region outside the reactor vessel can diminish the radiative heat
transfer from the vessel to the RCCS panels. For SRDC-6, the
partial pressure of CO in the reactor vessel region is estimated
to be -0.09 atm after vessel depressurization, assuming perfect
mixing of the gases released from the Reactor Building. The CO in
the vessel and Reactor Building is assumed to react over time with
02 from the Reactor Building air to form C 2. Carbon dioxide
has a larger effect on radiative heat transfer than CO. The
effect of 0.09 atm of C 2 in the vessel and Reactor Buildin~g is
to reduce the radiative heat transfer, resulting in a 5C ( 0'F)
increase in the maximum vessel temperature and a much smaller
change in fuel temperatures. Emissivities for this estimate were
obtained from Holman (Ref. 1).
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Under pressurized conditions in the reactor vessel during the 0.8
hours before depressurization, the partial pressure of O reaches
about 7.2 atm. The presence of CO in the vessel results in
increased core recirculation flow and decreased radiative heat
transfer. The effect of O will therefore be to spread the heat
more uniformly over the vessel surface under pressurized
conditions with a small decrease in peak vessel temperature of

For BES-4 and BES-5, a bounding calculation which assumes the
Reactor Building to be completely filled with CO2 would give the
maximum reduction in radiative heat transfer. Assuming the
partial pressure of CO2 in the Reactor Building to be atm and
using emissivities from Ref. 1 for this higher C02 pressure
indicates a bounding increase of less than 14'C (250F) in the peak
vessel temperature and a much smaller change in fuel temperatures.

It should be noted that water vapor, which may be present during
SRDC-6 and BES-4, has a greater effect on radiative heat transfer
than does carbon dioxide. For SRDC-6, the partial pressure of
H2 0 in the reactor vessel and Reactor Building after vessel
depressurization is 0.03 atm. This amount of water vapor will
reduce radiative heat transfer, so that the maximum vessel
temperature increases W4C (250 F) and fuel temperatures change
much less.

The effect of water vapor during the pressurized portion of SRDC-6
is to reduce vessel temperatures by 3C (50F). During that time,
the 5.6 atm of H20 produce an insignificant effect on fuel
temperatures.

A bounding calculation that assumes the Reactor Building to be
completely filled with H20 gives the maximum reduction in
readiative heat transfer. An assumed atm partial pressure of
H20 indicates a bounding increase of less than 50'C (90'F) in

R 15-9-2 Am~endment 9



HTGR- 86-024

the peak vessel temperature and an insignificant increase in fuel

temperature.

References:

1. J. P. Holman, "Heat Transfer," published by McGraw-Hill Book Co., 4th

edition, 1976.
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R 15-10

Comment: The graphite fires and significant releases of radiation that
occurred in the Windscale reactor in England in 1957 and during
the course of the Chernobyl accident in 1986 led to substantial
investigations into the nature of graphite fires in nuclear
reactors and the conditions necessary to sustain combustion. DOE
should assess potentials for a graphite fire in the MHTGR making
use of the information developed in these investigations. Two
documents that summarize this information and provide important

references are: NUREG (Draft) 1251, "Implications of the Accident

at Chernobyl for Safety Regulation of Commercial Nuclear Power
Plants in the United States,'" and NUREG/CR-4981, "A Safety
Assessment of the Use of Graphite in Nuclear Reactors licensed by
the U.S. NRC," (Schweitzer et al., BNL, September 1987). In using
NUREG/CR-4981 consideration should be given to the fact that data
for sustained combustion do not appear to be available for
graphite at temperatures above 800'C. Also include in your
graphite fire study considerations of the reactor building

including its "sealed" state as discussed in Comment 6-8.

Response: The potential for and consequences of air ingress leading to
air-graphite reaction has been a consideration in the design
evolution of the MTGR. The passive and engineered features of
the MTGR design ensure that the potential for air ingress is
remote, and that releases of radionuclides due to elevated
temperatures resulting from air-graphite reaction are small.

Throughout the development of the MHTGR design careful
consideration has been given to the potential for air ingress in
the gas-cooled reactor. The potential for graphite oxidation was
recognized early in the development of MTGRs, resulting in a
philosophy which utilizes passive design features in order to
preclude and limit air ingress consequences. Air is precluded
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from contact with the core by the steel pressure vessels, which

are designed to ASME lass 1 standards and have a minimal number

of penetrations. Multiple failures in the vessels would be

required to allow air to displace the lighter chemically inert

helium coolant. Even then the potential air supply is limited by

the volume of the Reactor Building and the limited leakage into

that volume.

Redundant cooling systems are provided that mitigate the effects

of air ingress by keeping core temperatures low enough that the

oxidation of graphite by air is insignificant. Even without

forced cooling, heat can be removed passively by radiation and

conduction such that damage to fuel particles is precluded. The

rate at which air can pass through the core without forced cooling

is limited by the flow resistance of the coolant channels, which

have a diameter of 16 mm (0.625 in) and a height of 11.4 m (38

ft). Any air that enters the primary coolant must react with the

graphite fuel element and the fuel matrix before it can chemically

attack the embedded refractory-coated particles. The fuel element

graphite is a nuclear grade that reacts slowly with air. The

nuclear-grade graphite has a low porosity and a high purity, such

that catalysts of the air-graphite reaction are not present. When

nuclear-grade graphite oxidizes, no ash forms to inhibit heat

transfer from the surface.

Assessments have been made of the releases of radionuclides due to

elevated temperatures resulting from air-graphite reaction.

Air-graphite reaction was assessed in the PSID for DBE-10 and -11

(and SRDC-10 and -11), and found to produce a negligible effect on

radionuclide releases. In these cases the amount of air available

to react is limited to one vessel volume. Once that amount

displaces the lighter helium coolant and reacts with graphite,

there is no mechanism to supply additional air. The heat added by

the exothermic reaction of this air with graphite is insignificant

when compared with radioactive decay heat, and has a negligible
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effect on core temperatures. Moreover, the amount of carbon
monoxide produced is below the threshold of flammability, so there
is no chance of a carbon monoxide fire or explosion damaging the

Reactor Building and admitting more air.

As a more severe example, an extremely unlikely crossduct vessel
failure is evaluated in PRA Appendix (Section G.4). The
location of this failure allows both the hot and cold legs of the
core to be opened to air, and provides a pathway for natural

circulation of air throughout the core. It is assumed that the

resultant rapid depressurization of the pressure vessels damages

both of the forced core cooling systems, the reactor cavity
cooling panels, and the Reactor Building. Thus, decay heat is

removed from the core by conduction and radiation to the
surroundings, and the amount of oxygen available to react with the

core graphite is not limited by the Reactor Building volume.

Following a hypothetical crossduct vessel failure, the amount of
graphite oxidation due to air ingress depends on the core
temperatures and the natural convection air ingress rate. The
natural convection is limited by the flow resistance of the small
coolant channels. The resulting core oxidation is slow: less

than 2% of the total graphite would be oxidized after a whole
month of continuous air ingress. Thus, ample time is available to
terminate the air ingress before significant structural damage to
the core occurs. Core temperatures would be unaffected by the
exothermic heat of reaction of air and graphite, which is
insignificant when compared with decay heat. Assuming no ad hoc
operator actions were taken to limit the air ingress and minimize

offsite doses, a person at the exclusion area boundary
continuously for 30 days following the event would receive a

thyroid dose of 2.5 Rem and a whole body gamma dose of about 0.009
Rem. These consequences are still well within the 10CFR100 dose

limits and do not exceed the PAGs for sheltering.
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The results of these analyses are consistent with the conclusions

of NUREG/CR-4981. In the case where temperatures are high enough,

i.e., above 500'C (9320F), to support an observable oxidation

rate, the supply of oxygen becomes the limiting parameter rather

than the temperature-dependent oxidation rate. The supply of

oxygen to the core is limited, as discussed above, to one reactor

vessel volume, or by the volume of the Reactor Building. In the

extremely unlikely case that the Reactor Building is damaged, the

supply of oxygen to the core is inherently limited by the natural

convection air flow rate through the small coolant channels.

Furthermore, the supply of oxygen to the graphite surface is

limited by the mass transfer coefficient into the boundary layer

of the air flow stream. As a result, the amount of air available

to react with graphite is never sufficient to generate enough heat

of reaction to elevate core temperatures significantly above those

that result due to the generation of radioactive decay heat.

Thus, the oxidation of graphite by air will not cause elevated

temperatures or additional radionuclide r-elease, and

self-sustained burning is not possible.

Multiple vessel failures are much less likely than the DOE and NRC

cutoff frequencies for event evaluation. That is, they are below

the NRC EC-IV range. However, an assessment has been made for the

MH-TGR consistent with the NUREG-1251 considerations. Failures

both at the top and bottom of the reactor vessel would cause a

chimney effect for sustained air ingress. Again, the flow

resistance of the small core coolant channels limits the natural

convection flow of air through the core, the graphite oxidation

rate is slow, and the rate of exothermic heat generation is

insignificant when compared with decay heat. Thus, core

temperatures would be unaffected, and self-sustained graphite

burning would not occur. Doses would be only slightly higher than

those shown previously for the catastrophic crossduct vessel

failure. Assuming ad hoc actions were taken to stop the graphite

oxidation after about 72 hours, a person at the exclusion area
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boundary for 30 days would receive a thyroid dose of 2.7 Rem and a
whole body gamma dose of 0.018 Rem. Thus, doses would be well
within IOCFR100 limits, and would not exceed the PAGs for

sheltering.
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R 15-11

Comment: DOE should describe the MTGR regarding the following criteria

with respect to enhanced safety:

A. Enhanced safety characteristics and margins from: (1) long

response time, (2) reduced potential for operator error, (3)

capability to retain fission products, (4) highly reliable

safety systems (passive/inherent characteristics) , (5)

simplification (system/analysis).

B. Potential improvements in safety are to be considered when the

margins are small or when large improvements in safety can be

realized with reasonable cost. In particular, documentation

regarding the addition of a containment building is requested.

C. Demonstrate enhanced safety/margins via testing on a

first-of-a-kind plant.

This description should be done in comparison to current

generation LWRs, such as the ABWR.

Response: A. The simplified inherent characteristics and passive design

features of the MHTGR have been ombined in a design

configuration with enhanced safety and margin, consistent with

the NRC's policy statement on the Regulation of Advanced

Nuclear Power Plants. The MTGR design has the following

safety characteristics, which are significant advancements

over the current generation of operating nuclear power plants

in the US. No comparison with Advanced Boiling Water Reactors

(ABWR) is possible at this time since design description and

safety evaluation documents such as a PSID are not available:
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1. Long Response Time. The core design through the use of

graphite core material in an annular core geometry has both a

low power density and a high heat capacity which provide

predictable slow thermal transients. These design features

result in thermal conditions which are well within the fuel

particle coating design limits. Therefore, the MHTGR design

provides long times for accident management. Days are

available before fuel particle coating temperatures peak below

design limits. In fact, Top-Level Regulatory Criteria are met

without the need for operator intervention at any time.

2. Reduced Potential for Operator Error. The design of the MTGR

has been guided by the philosophy that control of radionuclide

releases be accomplished by retention of radionuclides within

the fuel particles without reliance on operator actions.

Passive design features have been provided so that there are

no requirements for operator intervention during off-normal

events. Furthermore, there are no controls with which an

operator could incorrectly inhibit the functions of passive

plant design features. Thus, plant safety is insensitive to

operator error during off-normal events.

3. Capability to Retain Fission Products. The design of the

MHTGR has been guided by the philosophy that the release of

radionuclides will be controlled so well that even without

reliance on active systems or operator actions, the normal

day-to-day activities of the general public will not be

disturbed. The approach to safety is to utilize inherent

characteristics configured into a design with passive safety

features. Only the coated fuel particles contain amounts of

radionuclides that, if accidentally released, could on a best

estimate basis exceed the PAGs. Extensive experimental data

acquired over the years show with statistical confidence that

the multiple ceramic fuel particle coatings have the

capability to maintain their integrity under conditions of
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very high temperatures and oxidants. Thus, the safety
approach focuses on the retention of radionuclides primarily
at the source, within the coated fuel particles, rather than
by principal reliance on secondary barriers. The
experimentally determined retention characteristics of the
coated particles have been utilized by providing passive core
design features that keep the core temperatures and oxidants
low during both normal operation and off-normal events. Thus
radionuclides are reliably retained in fuel particle coatings
sufficiently to meet with substantial margin the Top-Level
Regulatory Criteria for accidents. Because the MHTGR relies
on the same primary containment barrier during both normal
operation and off-normal events, the particle containment can
be continuously monitored in operation. Additional margin is
available because the MTGR containment system actually has
*five barriers:

1. The fuel kernels,

2. The fuel particle coatings, particularly the SiC coating,
3. The fuel element structural graphite,

4. The primary coolant pressure vessels, and

5. The Reactor Building.

4. Highly Reliable Safety Systems. A high level of safety for
the MHTGR is ensured with high confidence by relying
principally upon inherent characteristics, which are always
available, configured into passive design features. High
quality coated fuel particles form the primary containment
barrier to radionuclide release during both normal operation
and off-normal conditions. The core design parameters are
selected to inherently assure a large negative temperature
coefficient of reactivity. Two diverse gravity-inserted
reactivity control systems are provided. Three heat removal
systems are provided, one of which is a passive, redundant
"safety-related" decay heat removal system that relies on the
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natural processes of conduction and radiation. The entire

primary system is contained in ASME Class 1 pressure vessels

located below-grade. Thus, numerous highly reliable passive

design features and inherent characteristics are provided that

together result in the MHTGR's large margin of safety.

5. Simplification. The strength of the graphite core and the

stability of the ceramic fuel coatings at high temperatures

result in a wide margin between operating temperatures and

temperatures that would challenge the radionuclide retention

capability of the fuel. The high heat capacity and low power

density of the core result in very slow and predictable

temperature transients. The inert and single phase helium

coolant will not flash or boil. Furthermore, there are no

reactivity effects associated with helium, and no chemical or

energetic reactions between coolant and fuel or cladding are

possible. The elimination of design complexity has produced a

system whose transient characteristics are easily understood

and analyzed.

B. The MHTGR approach to safety has considered and included in

the design numerous features and changes that have improved

safety. Among these features are a low core power, an annular

core design, and a passive RCCS. The result of this design

approach is a plant that meets the Top-Level Regulatory

Criteria with substantial margin without the inclusion of a

leak-tight containment building such as is provided for the

current generation of operating nuclear power plants in the

us. The PSID shows that normal and off-normal releases are

barely differentiable from background radiation levels, such

that dose criteria for normal and off-normal releases are met

with margin. The PRA confirms that the MTGR complies with

the safety risk limits of the NRC Safety Goals (51FR28044)

with substantial margin. Furthermore, Appendix of the PRA

shows that the residual risk due to events beyond the
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licensing basis is insignificant, even considering

catastrophic natural events. Because of its enhanced safety
characteristics, the MHTGR has such a high level of safety

that no further meaningful improvement in public risk can be

obtained at reasonable cost.

C. The MHTGR is considered to be an evolutionary design. The
MHTGR design has evolved from past gas-cooled reactor

designs. Inherent characteristics of previous gas-cooled
reactors have been configured in such a way that passive

safety has been provided for the MHTGR. The basic technology

of gas-cooled reactors has been proven. The large experience

base includes the MAGNOX reactors in France, the AGRs in the

UK, the AVR and THTR in West Germany, and the Peachbottom I
and Fort St. Vrain reactors in the US. The fundamental

gas-cooled reactor characteristics were demonstrated in the
AVR, including reactivity, heat removal, and response to
ATWS. The long-term performance of TRISO coated fuel

particles under normal operating conditions was demonstrated

in the Fort St. Vrain reactor.

The Regulatory Technology Development Plan (Ref. 1) has been
presented to the NRC. It describes the modest technology

development planned to ensure that radionuclide releases
comply with Top-Level Regulatory Criteria under MHTGR-specific

conditions. Those tests include the gathering of data on the

long term performance of TRISO coated fuel particles at
temperatures up to 1800'C. This data will supplement data

gathered previously at even higher temperatures.

MHTGR safety and margins will be demonstrated in separate

effects tests. New component designs will undergo

qualification testing. Fundamental material properties will

be demonstrated where data is sparse. Construction techniques
will be confirmed. Startup testing is planned to confirm
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integrated system performance. However, no demonstration

plant will be necessary for special safety or licensing tests.

References:

1. Regulatory Technology Development Plan for the Standard MHTGR. DOE

Report DOE-HTGR-86-064, Rev. 1, August 1987.
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R 15-12

Comment: In Section 15.1.4.6 of the PSID, it is stated that holdup and depletion in the
Reactor Building is considered in the release models for accidents. These models
are for the release of radioactivity from the reactor vessel through the Reactor
Building to the environment and the holdup and depletion of the radioactivity ae
through a 100 percent per day building leak rate and plate-out on the building
walls. These barriers to the release of radioactivity (i.e., holdup and depletion)
are discussed in Response 15-1 of Volume 5 of the PSID. We request that you
discuss the assumed holdup and depletion for the different accidents (i.e.,
A00s, DBEs, SRDCs, EPBEs, and PRA reactivity events) given in the PID) and
PRA and provide quantitative values used. Provide a justification for the
assumed values. The values for the median dose assumptions and the 95
percentile dose assumptions should be provided. The doses at the EAB for the
above accidents should be provided with the assumed holdup and depletion for
each accident and without any holdup and depletion. Provide the testing that
would be done to provide assurance of the assumed holdup and depletion.

Response: Re-evaluation of offsite doses for SR.DC-6,10,1Il with and without reactor
building retention has uncovered an error in the PSID reactor building transport
model. As discussed in Amendment 12, R 15-18 the building leakage rate during
vessel depressurization events is calculated conservatively assuming that the
building holds no pressure. Therefore, during a depressunization accident the
assumption is that an exact balance is maintained between the moles of gas
leaking into and out of the building. The program used to calculate the building
leakage is called POLO which performs a mole balance on vessel inleakage and
reactor building egress to calculate the time dependent leakage to the
environment. However, the PID) calculations used units of mass instead of a
moles. This results in an initial building leakage rate which is about a factor of
seven times (i.e., ratio of the molecular weight of reactor building air to the
molecular weight of helium or about 28.55/4.0026 = 7.13) smaller than what it
should have been during depressurization events.
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A result of this eor is that radionuclides will spend less time in the reactor
building on the way to the environent during most of the blowdown phase of
a vessel depressurizazion. After the blowdown is complete and when the building
egress rate is assumed to be volume per day (i.e. SRDC-6 hour, SRDC-10
1 hour, SRDC-11 14 hours, see R 15-18) the rate is unaffected by this eor.
Therefore, the retention by the mechanisms of plateout, decay or steam
condensation is decreased. This results in higher offsite doses. Depending on
the transient (i.e., the rate of depressurization) the fcton of radionuclides
retained in the building will bedecreased by afactor of 2to 3.Teeffetsof
this revision have been included in this response and those in Amendment 12.

The following general discussion of holdup and depletion in the reactor building

applies to the accidents described in the PSID and PRA (i.e., A0s, DBEs,
SRDCs, EPBEs, and PRA reactivity events). However, after the general
discussion only selected events important to safety and representative of these
events a specifically discussed. These selected events contain the physical
processes important for holdup and depletion and are limiting events in the
licensing basis region.

Radioactivity released from the vessel system will enter either the steam
generator cavity or the reactor cavity. During the initial phase of the depressuri-
zation, the reactor building dampers open under elevated pressure conditions.
Release from the reactor building subsequent to damper reclosure is governed by
the building leakage rate and the rate of inleakage from the pressure vessel to the
building. After the vessel leakage terminates as core temperatures begin to
decrease, the building is assumed to leak at the design rate of one building
volume per day. This is based on the building leakge rate with an assumed
overpressure of one psig in the building, a conservative assumption for
convenience but which will be studied later in detail. During this period of slow
release, fission products will be held up; thus gravitational settling, plateout on
cool surfaces, and natural radioactive decay will reduce the radioactive inventory
that is available for release to the envitrnent.
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Holdup and depletion in the reactor building is considered in the dose
calculations of the TDAC computer code described in PSID Section 15.1.4.
Depletion mechanisms in the reactor building a accounted for in the TDAC
code as it tracks the release of radionuclides from the reactor vessel system to the
reactor building and ultimately to the atmosphere. The TDAC code has been
tested and used extensively in past analyses such as Fort St Wrain licensing
analysis.

The depletion mechanism which applies to all radionuclides is radioactive decay.
The expected uniform dilution of activity in the large volume of the reactor
building acts like a timne delay. This delay aids in the natural decay of the activity
before it is released to the atmosphere. Two additional mechanisms of activity
depletion in the reactor building are plateout of halogens and settling of
particulates. Plateout of halogens involves the mass transfer of iodine in either
a forced convection or free convection situation The mixture of the helium
primary coolant with the reactor building air is also taken into account in
calculating the mass transfer coefficient for iodine. Gravitational settling removes
particulates from the reactor building atmosphere to surfaces in the building. Also
considered for halogens is the mechanism of steamn condensation on the reactor
building walls for accidents with moisture ingress into the primary coolant. Since
iodine is very highly soluble in water, steam condensation on exposed surfaces
in the reactor building causes them to become nearly perfect sinks for iodine.
These mechanisms are discussed below for the limiting SRDCs.

The holdup and depletion in the reactor building is calculated for each accident
based on the conditions for that accident (e.g., transient flow rate from the vessel,
time dependent removal rate factors for each mechanism operating, building
geometry, and building vent rate). The building removal rate varies over the
accident as the blowdown proceeds. For events where the relief valve opens, the
flow rate from the vessel is initially rapid and then decreases when choked flow
ends. After pressures in the vessel system and building equilibrate, the remaining
driving force is core heatup with primary coolant gas expansion and cooldown
with gas contraction. The reactor building removal rate factors a calculated for
plateout and condensation from the equation
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k S/V

where X = removal rate constant (fractionlbr),

k = mass transfer coefficient (ft/hr), for the mechanism of

interest,

S = reactor building surface area (), and

V = reactor building volume ().

The mass transfer coefficient is calculated in turn from correlations based on the

analogy between mass tnsfer and heat transfer. For example, for steam

condensation k, in the reactor building during the turbulent flow period of the

blowdown, the mass transfer coefficient is given by

k= 0.023 (D/d) Res' ScO0 33

where Re Reynolds number for the building flow,

SC Schmidt number for the building atmosphere,

D = diffusion coefficient for moisture in the building

atmosphere (ft2/hr), and

d = the average hydraulic diameter of the reactor building

flow path (ft).

The time-dependent gravitational settling is described by the following equation

when the gas velocity is less than the terminal settling velocity,

k(t)=[U1r(r)-v(t)IA~jV , and

k4t)=() when U.1 r):5 v(t) 

where k4t)= time-dependent rate of settling (fraction/hr),

A.-- ~horizontal building cross-sectional area (ft2),

UT~~r)= terminal settling velocity for a particle of radius r, (thr),

and

v~~t)= time dependent gas velocity, (ft/hr).

Data concerning the median particle size was experimentally determined

(Reference 1) in the Peach Bottom HTGR. The particle size data showed a
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bimodal distribution. The upper peak in the distribution was discarded for the
MHTGR settling analysis because it resulted from oil ingress. O ingress is not
expected in the MHFTGR since it has magnetic bearings in the circulator instead
of the oil lubricated bearings used in Peach Bottom. The lower peak in the
distribution was fit assuming a lognormal distribution, and this lognormnal
distribution was then used for the MHTGR settling analysis.

Ranges of the removal rate factors for the radiologically important 1-131 nuclide
for the key safety related design conditions (described in detail in Chapter 15 of
the PSID) are listed in Table R 15-12-1 for a moderate depressurization rate
(SRDC-10), a slow depressurization (SRDC-lI 1), and a moderate depressurization
rate with moisture (SRDC-6). The mass transfer coefficient for high leak rates
is based on the forced convection correlation given above. Free convection is
used for leak rates out of the vessel system that give building leak rates less than
the nominal reactor building volume per day. These removal rate constants ae
based on equations developed and used in WASH- 1400 (Reference 2), AIPA
(Reference 3), and the CSE experiments (Reference 4). In summary, the
justification for the building removal rate constants is based on nuclear industry
practice and experiments relevant to the MHTGR reactor building.

The ranges given in Table R 15-12-1 are for nominal or median values. In the
statistical estimation of 95th percentile doses a lognormal distribution with an
uncertainty factor of 10 (ratio of the 95th percentile value/median value) was
assumed for the reactor building removal mechanisms. In the assessment of the
offsite dose uncertainty distributions key physical phenomena effecting fission
product release to the environment starting from the fuel inventories to the arno-
spheric dispersion ( see PSID Section 15.1.4) are combined in a Monte-Carlo
simulation. The building factors given in Table R 15-12- a one part of this
statistical analysis.

Table R 15-12-2 gives the median and 95th percentile doses at the EAB consider-
ing reactor building attenuation along with the thyroid dose limits as specified in
10CFRI00. Table R 15-12-3 gives the same doses without taking any credit for
reactor building holdup and depletion.
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The testing planned to provide assurance of reactor building holdup and depletion

is defined in the Regulatory Technology Development Plan (Reference 5) in
TDN 6-1. This TDN is planned to validate the transport models including the
assumptions and uncertainties in the removal mechanisms which describe the

behavior of condensible radionuclides, especially radioiodines, in the reactor

building under core conduction cooldown conditions.
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References:

1. "Distribution of Radionuclides in the Peach Bottom HTGR Primary Circuit During Core 2
Operation," ERDA Report ORNL-5 188, Oak Ridge National Laboratory, March 1977.

2. "The Reactor Safety Study - An Assessment of Accident Risks in U. S. Commercial Nuclear
Plants," ERDA Report WASH.1400 (NUREG 75j/014), October 1975.

3. `HTGR Accident Initiation and Pgression Analysis Status Report, Phase II," sections 4.4.1.3,
General Atomic Report GA-AI5000, April 1978.

4. "Natural Transport Effects on Fission Product Behavior in the Containment Systems Experiment,"
R. K Hilliard and L. F. Coleman, Battelle Northwest Laboratories Report BNWL-1457,
December 1970. See also "Particulate and Iodine Removal Analysis for HTGR Containments,"
USAEC Report BNWL-2108 (NRC 8), July 1976.

5. "Regulatory Technology Development Plan for the Standard Modular High-Temperature Gas-
Cooled Reactor," DOE Report DOE-HTGR-86064, Rev. 1 August 1987.

R 15-12-7 Amendment 12



HTGR-86-024

TABLE R 15-12-1

IODINE-131 REACTOR BUILDING REMOVAL RATE FACTOR
RANGES DURING BOUNDING EVENTS

Seutlinge Steatm(
Event Decay(hr') PlateouLe)(hr') (hr") Condensation (hi")

SRDC-10 3.58E-3 1.0 to 18.6 0 0

SRDC-1 3.58E-3 1.0 to 1.3 0 0

SRDC-6 3.58E-3 0'" to 1.0 0 32 to 0

Notes:

(1) Plateout conservatively neglected during steam condensation
(2) Rate constants vary due to changing flow conditions in the Reactor building.
(3) No settling for iodine or noble gases, but considered for particulates as discussed in text.
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TABLE R 15-12-2

MEDIAN AND UPPER 95TH PERCENTILE THYROID DOSES
AT THE EAB WITH REACTOR BUILDING RETENTION

10CFRI00
Thyroid Dose (rem) Thymid Dose

Event Median 95th Percentile Limit (rem)

SRDC-10 0.041 0.49 300
SRDC-1 1 0.73 9.8 300
SRDC-6 1111.3 300
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TABLE R 15-12-3

MEDIAN AND) UPPER 95TH PERCENTILE THYROID DOSES AT THE EAB
WITHOUT BUILDING RETENTION

__________________ ~~~Thyroid Dose (rem)

Event Median 95th Percentile

SRDC-10 0.7 4

SRDC- I 3 118

SRDC-6 5 30
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R 15-13

Comment: In Section 15.12 and Response 15-8 of the PSID, the effects of the SRDCs and the NRC

Bounding Event Sequences (BESs) were addressed. In the discussions, the condition of

the fuel during the accidents was only briefly presented. Provide more detail on the

conditions of the fuel during the events, including the radioactivity released from the fuel

and the fraction of fuel in the core which goes above 1I 000C, 12001C, 13001C, 14001C,

15000C, 16000C, etc. for these accidents.

Respsonse: Each of the accidents, which a encompassed by the SRDCs and the BESs, represent a

thermal transient to the fuel. The BES accidents have been assessed for a limited time,

(e.g., 36 hours). These temperatures and time durations are bounded by the conditions

posed by SRDC-1 1 (dry conduction cooldown) and SRDC-6 (wet conduction cooldown)

on the fuel. These accidents are discussed in Section 15.13 of the PSID.

Figures R 15-13-1 & R 15-13-3 provide additional detail about the thermal behavior of

the fuel under these accidents. These results are based upon conservative decay heat

assumptions as much as 30-40% higher than expected decay heat levels (see Response

R 5-2 of the PSID), producing temperatures which may be almost 2000C above nominal.

In calculating the release of fission products from the fuel, 64 decay chains consisting of

180 radionuclides are tracked. Figures R 15-13-2 & R 15-13-4 show the behavior of the

fuel release to the primary coolant for four of the rdiologically important radionuclides

ranging from a noble gas to a halogen to a metallic fission product.

Figure R 15-13-1 shows the fraction of the active core above a specific temperature as

a function of time for SRDC-1I 1. Isotherms are plotted in IOO0 C increments. The figure

shows that the fuel reaches a temperature of 16000C at approximately 50 hours into the

transient. The duration for a small part of the core above 16001C is about 65-70 hours.

Although not shown, the fuel reaches a peak temperature after 80 hours of 16210C (see

PSID, Chapter 15, Section 13).

Figure R 15-13-2 shows the radioactivity release from the core as a function of time for

some important nuclides. These curves represent the release of activity from the fuel,

through the graphite matrix to the primary coolant. For the gases, (e.g., Iodine and
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Krypton), there is no holdup in the graphite. The metallic fission products (e.g., Cesium
and Strontium) experience some holdup in the graphite matrix, and they a decayed over
the entire time that they a traveling through the graphite. These releases are primarily
from heavy-metal contamination and as-manufactured defective fuel.

In addition to the possibility of a temperature transient, the fuel with partially exposed
kernels can be affected by hydrolysis from a moisture ingress accident. The most
challenging of these moisture ingress accidents, which bounds the behavior of the fuel,
is posed by SRDC-6. Figure R 15-13-3 shows the fraction of the active core above a
specific temperature as a function of time. Isothems are plotted in 1000C increments.
The figure shows that the fuel reaches a temperature of 15001C at approximately
45 hours into the transient The duration for a part of the core (10%) above 1500'C is
about 10 hours. Although not shown, the fuel reaches a peak temperature after 95 hours
of 15401C (see PSID Chapter 15, Section 13).

Figure R 15-13-4 shows the radioactivity release from the core as a function of time for
some important nuclides. The curves represent the release of activity from the fuel,
through the graphite matrix, to the primary coolant. For the gases, (e.g., Iodine and
Krypton), there is no holdup in the graphite. The metallic fission products (e.g., Cesium
and Strontium) experience some holdup in the graphite matrix, and they are decayed over
the entire time that they are traveling through the graphite. These curves represent the
cumulative thermal release from heavy-metal contamination, as-manufactured defective
fuel, and hydrolysis of partially exposed kernels.
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Figure R 15-13-1
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Figure R 15-13-2
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Figure R 15-13-3
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Figure R 15-13-49
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R 15-14

Comment: Provide the overall core releases considering the different temperature and fluence

regions of the core as a function of kernel diameter and coating thicknesses under
normal operating and accident conditions using the accident scenarios in R 15-12 in
which core temperatures are the highest.

Respnse: NORMAL OPERATING CONDITIONS

For normal operating conditions, the effect of the kernel diameter and the coating

thicknesses on the fission product release were assessed considering the temperature,

burnup and fluence distributions in the MHTGR core. These distributions are based on
later but similar core analyses to those given in the PSID. The standard deviations of

the logarithms of key parameters ae listed in Table 15-14-1. Using the nominal fuel
particle predicted failures and fission product releases from Reference 1 the effect of
a l variation of the kernel diameter and SC coating thickness was assessed. Analysis

showed that these variations had a negligible effect on the fuel particle performance and
fission product release.

The OPyC coating thickness for TRISO coated particles has been standardized at 4pm
and the OPyC failure model is based upon this thickness. Since the model doesn't
address the variation of the OPyC coating thickness, it was not considered in the

analysis of normal operating conditions.

Variation of kernel diameter affects the probability of pressure vessel failure. For the

nominal kernel diameters, the maximum pressure vessel failure fractions a negligible:
< 2.5 x 0-1o for fissile and < 1.0 x 10.12 for fertile which a five to six orders of

magnitude lower than the failure of particles with initial manufacturing defects. The

effect of kernel diameter variation on the probability of pressure vessel failure fraction
was assessed by using a Monte Carlo analysis for a a increase in the kernel

diameters. The pressure vessel failure fraction increased by less than a factor of two
(1.9 for the fissile and 1.7 for the fertile fuel particles) over the values for nominal
kernel diameters. Therefore, the effect of kernel diameter variations on the magnitude
of the overall particle failure fraction resulting in exposed kernels and SiC coating
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failures is negligible. Consequently the effect of kernel variation on fission product
release is also negligible.

The effect of a la decrease of the SC coating thickness on particle failure and fission
product release was assessed by additional analysis. The analysis used the models for
SiC thermal decomposition and corrosion by fission product interaction and for kernel
migration given in R 4-60 with an adjustment to reflect a a decrease of the SiC
coating thickness. The results of this analysis indicated that the SiC coating thickness
has a negligible effect (incremental failure fraction increase of < x ~) on the core-
average SC corrosion failure fraction and fission product release. This is due to the
fuel temperatures being maintained at sufficiently low temperatures during normal
operating conditions to preclude any significant core-average SiC failure. Only a very
few local points have significant predicted failure, and the effect on core-average failure
is negligible.

ACCDENT CONDITIONS

For accident conditions, SRDC- / I have the highest temperatures of the scenarios in
R 15-12. The uncertainties in fuel particle performance and fission product release with
respect to kernel sizes and coating thicknesses have been estimated. This estimate is
based on the expected dependence of fuel performance models on kernel size and
coating thicknesses. The key failure mechanisms considered are pressure vessel failure
and SiC decomposition. For pressure vessel failure, it was assumed that the argument
in the Weibull distribution function (see R 4-60) scales proportionally to the ratio of the
inner radius to the thickness of the SiC For the results reported here, the US/FRG
performance model (Reference 2) has been used which is an updated version of the
model described in R 4-60 based on additional data. Based on porosity development
observed in photomicrographs of particles failed by SiC decomposition, it was assumed
that the frequency factor for failure by this mechanism is independent of the radius over
the range of variations under consideration. It was further assumed that the frequency
factor (kSD in R 4-60) is inversely proportional to the SiC thickness. This is expected
to be a conservative assumption, i.e., particle failure estimates based on this are
expected to be conservatively high.
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The effect of kernel size and coating thickness uncertainties on fission product release

has been considered for exposed kernels and for diffusive release through intact

coatings. The release fraction scales inversely with the kernel radius for the diffusive

release of gaseous fission products from bare kernels. There is no appreciable diffusive

release of gaseous fission product through intact coatings. For metallic fission products,

the diffusion coefficient scales inversely proportional to the square of the kernel radius.

The diffusive release fraction of metals through intact SiC and OPyC is assumed to

depend on the ratio of the shell thickness to the shell inner radius and on the

dimensionless time integral of the diffusion coefficient, which is inversely proportional

to the square of the shell inner radius. Current models assume that the diffusive release

of metals through intact coatings is only significant for Ag.

Table R 15-14-1 lists the standard deviations of the logarithms of the key variables

which were considered. Model calculations which include temperature and fluence

variations in the core were performed for one standard deviation change in the key

variables. Table R 15-14-2 lists the individual contributions to the uncertainty for

I-13 1, and their statistical combination using the square root of the sum of the squares.

This shows that the most significant variable is the fissile kernel size, and that the

overall uncertainty for -131 core release (159 Ci from the PSID) is about 0.3% or 0.4

Ci. Similarly, the core release uncertainties were 0.7% for Kr-88 and 1.4% for Cs-137.

References

1. Radionuclide Control for M1HTGR," DOE-HTGR-88245, August 15, 1989.

2. "US/FRG Accident Condition Fuel Performance Models," DOE-HTGR-85-107, March 31. 1989.
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TABLE R 15-14-1
STANDARD DEVIATION OF KEY VARIABLES AFFECTING CORE RELEASE DURING

NORMAL AND ACCIDENT CONDITIONS

Variable i
I ~Fissile (UCO) kernel size 0.051

2 Fissile (UCO) SiC thickness 0.137
3 Fissile (UCO) OyC thickness 0.147
4 Fertile (ThO2) kernel size 0.038
5 Fertile Th02) SiC thickness 0.137

6 ~Fertile (ThO2) OPyC thickness 0.147

cy ofIn (X)where X~x/x
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TABLE R 15-14-2

SUMMARY OF SRDC- 1I UNCERTAINTY ANALYSIS FOR -13 1 CORE RELEASE

1 ~~~Variable WI a)() E"I 

Fissile kernel size 0.05 1 6.67 x 10'.

2 Fissile SiC thickness 8.77 x 10'4 1.45 x 104

3 Fissile OPyC thickness <2.1 X I1O4 <9 x 1o-I0

4 Fertile kernel size <6.3 x Io& <9 x 10.10

5 Fertile SiC thickness <2.2 x 104 <9 x 10."'

6 Fertile OPyC thickness <2 .1 X 10'4 <9 xloI

a 2-6.69x1O0-

OR= 2.59 x 1-

1-T-131 = 159+04C

R = ln (core release/nomninal core release)
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R 15-15

Comment: Provide equations and a brief description for the models of fission product transport from
the fuel particles to the primary circuit.

Response: The fission product transport models used to describe transport from the fuel particles to

the primary coolant under accident conditions are as follows:

* Fission product release from exposed fuel kernels due to diffusion,
* Fission product release from exposed fuel kernels due to hydrolysis,

* Fission product diffusion in particle coatings,

* Fission product diffusion in fuel compacts,

a Fission product transport across gap from fuel rod to graphite,

* Fission product diffusion in graphite,

* Fission product sorption in graphite, and

* Fission product release to primary coolant.

Each of these models will now be described briefly and equations given. Fally, release
from heavy metal contamination will be described and equations given.

Fission Product Release from Exposed Fuel Kernels Due to Diffusion

A diffusion-trapping model is used to describe release from exposed kernels. For this
model, the fractional release of fission products from exposed kernels in the absence of

a neutron flux is given by

where

~i - exp(-c 1V

oua, 1 s 2 a~g + a( -g,)exp (-a;/ T)

9, f'(O + f) .
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81 exp , pIT i rol]

S -S 0 exp (-an] ( - f, -f

and where C, Pi. Tv So, a, a,, a2, and a3 are the parameters of the empirical functions and

t =time (h) t S ( - - o/S
T =temperature (K).

To account for the effect of burnup on the parameters, the following relations are
introduced. For parameters th a linearly dependent on burnup, the value of the model
parameter p at burnup F is determined from the relation

p C + dF 

where = model parameter representing a,, a C it rp andT.
F = burnup in % FIMA,

C. d = conruants.

The value of So is determined from the following relation:

S S: F F 2!1. ,

where S. and n a constants. For F < 1, S = S.

The values of the parameters for krypton and xenon isotopes a presented in Table R 15-
15-1. The values for xenon a used for iodiie and tellurium, except, for tellurium, the
values a, = a= 1and a3 =reused inlcss This model is used in the SORS
code (Reference ).

Pending obtaining data from the technology development program for accident tempera-
hires, the diffusion data obtained unader normal operating temperatures for fission
product metals is extrapolated to accident conditions. This model w now be
described.
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The asymptotic approximation to the analytic solution to the spherical diffusion equation

is used to obtain the release from the kernels. The solution depends on the time integral

of the diffusivity.

For diffusion of metals in fuel kernels, the diffusivity is given by

D' D.' exp (-QJRT) 

where D' = reduced diffusion coefficient (/s),

Q = activation energy (J/mol),

T = temperature (K),

R = gas constant (8.314 J/mol.K),

D' a burnup dependent constant (/s) = C1 [(1 + (+n) C2P',

F = burnup (% FIMA),

C 1, C2, n = constants.

The release of fission product metals is calculated with computer codes based on the

assumption that the kernel material is homogeneous. Therefore, it is necessary to

determine an effective homogeneous diffusion coefficient. Use of the effective

homogeneous diffusion coefficient in the computer codes will result in the same fractional

release of fission products from the fuel kernel as found in the measurements on the fuel

kernels. The effective homogeneous diffusion coefficient is calculated according to the

equation

D D'-r2

where D = effective homogeneous diffusion coefficient (m2/s),

D'= reduced diffusion coefficient (s),

r = the kernel radius ().

The values of the parameters in these equations are presented in Table R 15-15-2. This

model is used in the SORS code.
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Fission Product Release from Exposed Kernels Due to Hydrolysis

The fractional gas release upon hydrolysis Of UCO is given by

- + exp (-bJ{[I + exp ( 1 )j[ -exp

(1 -X) + exp (CIF) + Cexp (dA )ep(1 )1epA3

where f4t = fractional release of fission gases upon UCO hydrolysis,

8 = Kronecker delta; thus If the gas () is iodine (or tellurium), 8.= I
and if not 8 = 0,

106=lO'f- 0' (/K),

X = twice the as-manufactured molar fraction of U 2 in the UCO kernel,

F = bumup (% MIA),

A.= 10'f - 10'rr., (I/K),

T0.U= constant (K),

b,d = constants (K)

C. = constant (dimensionless),
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C= constant (11% FIMA),

f fk, [pQ~, T(Q d~
0

and where

k- k0 [ exp (-ap) eWKT

{ + exp [C3(T - T0 )]}

with i = c for U and ofor U 2 ,

k,= constant (1/h),

a = constant (1/Pa),

po= water vapor pressure (Pa) at the kernel,

QJR = temperature coefficient (K),

Q'/R = temperature coefficient (K),

q= constant (dimensionless),

C-3= constant (1/K),

T.k = constant (K,

T = temperature (K).

The values of the parameters and constants in these equations a presented in

Table R 15-15-3. This model is used in the OXIDE code (Reference 2).

Fission Product Diffusion in Particle Coatins

The transport of gas through the particle buffer, pyrocarbon, and SiC is described briefly.

This model is used in the SORS code.
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Gas Transport in Buffer

The buffer is treated as offering no resistance to the transport of gaseous fission products.
This is a conservative assumption equivalent to setting D when DB is the diffusion
coefficient of gaseous fission pducts in buffer layers.

Gas Transport in Pyrocarbon

The diffusion coefficient for gaseous fission pducts in pyrocarbon is given by

D D. exp (-Q/RT)

where D = preexponential constant (m2/s),
QJR = temperature coefficient (K),

with D = 2.90E-08 m2/s and Q = 2.91E+05 Jnol. This equation applies to kypton and
is assumed to apply to xenon, bromine, iodine, tellurium, and selenium isotopes.

Gas Transport in SiC

The SC layer is assumed to be impermeable to the gaseous fission products so that
Dsc= 0.0 for them.

The transport of metallic fission products through the particle buffer, pyrocarbon, and SC
is described. This model is used in the SORS code. The metallic diffusion coefficients
are used in an asymptotic approximation to the analytic solution for the fractional release
due to diffusion through a spherical shell subject to a zero surface concentration (to
maximize the diffusion rate) and a depleting source.

Metal Transport in the Buffer

Diffusion in the buffer is assumed to be so rapid for metallic fission products that all
quantities released from the kernel a instantly homogeneously distributed throughout
the buffer.
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Metal Transport in Pyrocarbon

The diffusion coefficient, D (m2/s), for diffusion in pyrocarbon is given by

D D exp (-OJRT) 

where D = preexponential constant (m2/s),

QJR = temperature coefficient (K),

T = temperature (K),

Values of the parameters D and Q a presented in Table 15-15-4 for diffusion in

pyrocarbon.

Metal Transport in SiC

If the SiC layer is failed, the outer pyrocarbon layer (OPyC) can be either failed or
not failed. The buffer and inner pyrocarbon layers are conservatively assumed to be
failed in all cases. If the OPyC is failed, the release of fission product metals from
the particle is governed by their release from the kernel. If the OPyC is not failed,
the release of fission product metals fm the particle is governed by their diffusion

through OPyC.

If the SiC layer is not failed, the release of fission product metals from the particle is
assumed to be zero except for silver. The silver release is governed by release from the
kernel and by diffusion through the intact SiC layer according to the equation

D D exp (-OJRT) 

where D = diffusion coefficient (m2/s),

D = a constant (m2/s),

Q = activation energy (J/mol),

T = temperature (K),

R = gas constant (8.314 J/mol*K).

R 15-15-7 Amendment 12



HTGR-86-024

For silver, D, WmA/) = 5.3E-09 and Q (J/mol) = 1 .54E+05.

Fission Product Diffusion in Fuel Corriacts

The transport of fission product metals and gases in the fuel compact matrix material is
assumed to be so rapid that the metals released from the embedded fuel particles ae
homogeneously distributed throughout the fuel compact within a negligibly small time
interval. 7Te gases are assumed not to be retained by the fuel compacts or fuel block
graphite. Fission product gases a released from the fuel compact within a negligibly
small time interval following their release from the fuel particles. This model is used in
the SORS code.

Fission Product Transport Across Gat From Fuel Rod to Graphite

The surface concentration of the metallic fission products on the fuel rod hole is
estimated from the average concentration in the fuel rod matrix (see previous discussion)
using a partition coefficient of 115. The technology develpment plan will provide data
to confirm tis assumption. This model is used in the SORS code.

Fission Product Diffusion in Graphite

Fission product gases are assumed to be homogeneously distributed throughout the fuel
element graphite within a negligibly small time interval.

Diffusion of metallic fission product elements in fuel element graphite is given by

where D = diffusion coefficient WAm/),
D = pexponential constant (m2/s),

Q/R = temperature coefficient (K,
B = weight percent burnoff (extent of graphite oxidation),
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d.= constant,

T = temperature (K).

The parameters used in this equation ae given in Table R 15-15-5. This model is used

in the SORS code.

Fission Product Sorp~tion in Graphite

The equations describing the sorption on fuel graphite are given. The sorptivity is

described by a relationship between the partial vapor pressure of the fission product and
the concentration of the metallic fission product in the sorbent. The vapor pressure of

the fission product at any concentration is given by

= PF +pH 

where p = vapor pressure of the metallic fission product (Pa),

pF= vapor pressure of the metallic fission product in the Freundlich region of

concentration (Pa),

pH= vapor pressure of the metallic fission product in the Henrian region of

concentration (Pa),

InpN = (A+B/T)+(D+E/T)lnC

where T = temperature (K),

C = concentration of sorbate (mmol/kg carbon),

A, B, D, E = constants.

This equation is valid for concentration greater than a fixed value, C, the transition

concentration. Below this concentration, the relationship between vapor pressure and

concentration for metallic fission products on graphite is given by the Henrian (H)

isotherm:
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InpH4 = (A+BM .(D-l+E nCq+lnC

Inc;= d - d2T

where d, 4 = constants.

For highly graphitic materials, the sorbate concennration will change as a function of the
fast neutron fluence according to the equations:

C C41l+ TYexp (c,) q~I p= pp

C C/ 1+ YA10lOM"eXP [-AH004mI P= pH

c(Fx= (1m - (r) 

ot. constants 

where C,= concentraton of sorbate on irradiated graphite (mmol/kg
carbon),

= fast fluence and anneal coefficient

'y= fast fluence [(n/m2), (E > 29 fl)Hitc],

= exponents i =F.H.
Td= temperatur at which half the sorptivity increase resulting

from iadiation has been nullified by annealing (K), i 
F H,

81, 0, = constants.

These models a used in the SORS code to calculate the partial pressure above the
coolant channel surface for release to the primary coolant.
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The sorption of metallic fission products on graphite can be calculated with the above

equations with parameters for graphite. The values of the parameters in these equations

are given in Tables R 15-15-6 and R 15-15-7; the parameters in the former table ae

sufficient to evaluate sorptivity on unirradiated graphite, whereas, the data in both tables

are required to evaluate the sorptivity in irradiated graphite.

Fission Product Release to Primary Coolant

Fission gases are assumed to be released to the primary coolant without holdup in the

graphite. This model is used in the SORS code.

The vapor pressure at the graphite surface (as described above) in a coolant channel,

relative to the gas phase partial pressure in the coolant channel, is used in calculating the

local mass transfer coefficient for metallic fission products. The release rate from the

graphite into the gas phase of the coolant channel, or rate of condensation from the

coolant and readsorption in the graphite, is then a function of the magnitude of the mass

transfer coefficient and the direction of the pressure gradient from the bulk stream to the

surface of the graphite.

R(t) W (Pb - P)[I - exp (-4HLDI/P,

where R(t) = evaporation or condensation rate,

W = carrier gas flow rate,

P= temperature- and concentration-dependent element vapor pressure at the

graphite surface,

P= element partial pressure in the coolant stream at the entrance to the core

segment,

P, = total system pressure,

H = local mass transfer coefficient

L = length of coolant channel,

D= diameter of coolant channel.

The Sherwood-Pigford relationship, based on the heat/mass transfer analogy, is used for

the calculation of the mass transfer coefficient The mass transfer coefficient for the
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effusing species through the coolant boundary layer is based on both laminar and
turbulent flow considerations:

For Reynolds No. >2 100 (turbulent flow),

H = 0.023/(ScP06 ReP02) 

for Reynolds No. < 2100 and I/(D Re Sc) < 0.07,

H = 1.86 (Re Sc DL) 31(Re S,

and for Reynolds No. < 2100 and L/(D Re Sc) > 0.07,

H = 3.66/(Re Sc) 

The equations for the mass transfer coefficient a multiplied by the ratio PPbW which
is introduced to account for diffusion of the effusing species through the boundary layer
before it can be carred away by bulk flow. Here, P is the total system pressure and Pbl

is the logarithmic mean partial pressure of the "stationary" coolant gas determined by

PMa = (P b/lI (P./Pb.)

where

P,, partial pressure of the coolant gas in the coolant channel,
P= partial pressure of the coolant gas at the fuel element graphite-coolant

channel boundary.

It should be noted that the "stationary" characteristic of the coolant does not imply that
the coolant is not in motion, but the word refers to the net behavior of the coolant Since
the coolant is supplied by bulk flow at the same rate that it moves away, there is no net
coolant loss in the direction of flow.

The Reynolds numnber Re and the Schmidt number Sc used to compute the mass transfer
coefficient a obtained from standard relationships. For the Reynolds number
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Re = VpD / p 

where V = flow velocity,

p = coolant density,

D,= coolant channel diameter,

p= viscosity of coolant.

The Schmidt number is given by:

Sc= p/pDH 4

where DH4 is the mutual diffusion coefficient of the chemical element in the helium

coolant. For most heavy gases diffusing in helium, the temperature-pressure dependence

of DH4 is given by

H= D. T1.75/P

where D. = mutual diffusion coefficient of chemical element in helium coolant of atm

and O'C.

Release From Heavy Metal Contamination

For heavy metal contamination, the fractional release of fission products under transient

temperature conditions in the absence of a neutron flux is given by the following

equation:

fw [1 - exp (-cq~)]I'2
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c01 -I/[ + exp [a(T - b)])

C- ex 5) ( .

where a,, b, d, f, and T= constants, (given in Table R 15-15-8),
t= time, h.

T = temperature, K.

There is no burnup, dependence on release from heavy metal contamination as is the case
for release from kernels. For metallc fission products, the release to the graphite is
considered to be instantaneous. This model is used in the SORS code.

Pending completion of the technology development plan, Kr is treated as chemically
similar Xe, Br as , and Se as Te. Furthermore, the release of fission product metals
from heavy metal contamination is assumed to be instantaneous. The release of the metals
from the heavy metal contamination to the fuel compact material is treated in the same
manner as described previously for fission product diffusion in fuel compacts.

References:

1. "SORS: Computer Programs for Analyzing Fission Product Release from HTGR Cores During
Transient Temperature Excursions," General Atomic report GA-AI12462, April 1974.

2. "OXIDE-3: A Computer Code for Analysis of HTGR Steam or Air Ingress Accidents," General
Atomic report GA-A12493, January 1974.
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TABLE R 15-IS-I

VALUES OF THE PARAMETERS IN THE MODEL FOR RELEASE OF FISSION

PRODUCTS FROM EXPOSED KERNELS UNDER ACCIDENT CONDITIONS

Th0 2 and UCO

(p) Xe Kr

Independent of burnup p = constant

a3 2.96E+04 2.91lE+04

1.18E+01 1.18E+01

a ~~~~~3.44E+04 4.08E+04

Parameters(') IO n C
(p) c d c d

Linearly dependent on p= c +dF

burnup

a, 2.13E+00 4.03E-01 1.31E+00 1.69E-01

a2 3.33E+05 1.93E+05 5.02E+05 3.94E4-04

C 9.97E-01 -3.62E-03 9.80E-01 -2.52E-03

PI1 1.23E+00 -2. 1OE-02 1.56E+00 -4.20E-.02

101 ~~4.68E+00 7.13E-02 5.31E+00 3.15E--02

'CO2 ~~4.49E+00 1.26E-02 4.58E+00 4.90E-03

Parameters(') ~~Th02 and UCO

(p) S: n S0n

Nonlinearly dependent S. = S: F.
on bumup

so 8.42E+03 1.38E+00 3.82E+06 2.98E-01

(a)The units of the model parameters are: 1/h for a,, a2, and 50; K for a,~
~,and cc I104/K for -T, and z0; C is dimensionless.
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TABLE R 15-15-2

VALUES OF PARAMETERS IN THE EQUATION FOR THE

DIFFUSION COEFFICIENT FOR TRANSPORT OF METALLIC

FISSION PRODUCTS IN FUEL PARTICLE KERNEL MATERIALS

Value
C1 Q

Material Element (u/s) C2 n (J/mol)
UCO Cs 1.6E-10 1.64E-01 4(5) 7.782E+04

Ag 8.2E-04 1.04E-02 3 1.742E+05
Sr L.IE+i09 1.97E-02 4 5.936E+05
Ba 1.2E+08 1.97E-02 4 5.570E+05
Eu L.IE+09 1.97E-02 4 5.936E+05
Ce L.1E+09 1.97E-02 4 5.936E+05
Sm 1.1E+09 1.97E-02 4 5.936E+05
Rb 1.6E-10 1.64E-01 4 7.782E.04
Pu LIE+09 1.97E-02 4 5.936E.05

Th0 2 Cs IE-10 1.64E-01 4(s) 7.782E+04
Ag 5.7E-.04 1.04E-0)2 3 1.742E+05
Sr 7.6E+08 1.97E-02 4 5.936E+05
Ba 8.3E+07 1.97E-02 4 5.570E+05
Eu 7.6E+08 1.97E-02 4 5.936E+05
Ce 7.6E$08 1.97E--02 4 5.936E+05
Sm 7.6E+08 1.97E-02 4 5.936E.O5
Rb .LIE-10 1.64E-01 4 7.782E+04
Pu 7.6E+08 1.97E-02 4 5.936E.05

(')The bumup dependence of all other nuclides except silver is assumed to be the
same as that for cesium.
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TABLE R 15-15-3

VALUES OF THE PARAMETERS AND CONSTANTS IN THE

EQUATIONS FOR HYDROLYSIS OF UCO

Value

Composition Dependent

Composition
Parameter Independent UC 2 U0 2(b

b 1.46E+00

T0 3 (K) 9.43E+02

X 3.00E-00)~

C1 9.OOE-02

d NA 1.51E+00

T.,, (K) NA 9.43E+02

C. NA 4.501E-02

k~j (1/h) 2.36E+02 3.38E+00

a (/Pa) 5.99E-03 3.65E-03

Q (/nol) 3.63E+04 3.63E+04

C2 1.41E+01 1.41E+01

Q' (J/nmol) 1. 15E+04 1. 15E+04

C (/K) 4.43E-02 4.43E-02

T..k (K) 4.13E+02 4.13E+02

() The value of X for the reference fuel, UC03O1.7.

() The last five entries in this column are assumed to be the same as for UC2 in the absence
of data. In principle, these parameters would be expected to differ from those for UC2
and a therefore categorized as composition dependent
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TABLE R 15-15-4

VALUES OF PARAMETERS IN THE EQUATION

FOR THE DIFFUSION COEFFICIENT OF FISSION

PRODUCT METALS IN PYROCARBON

D. Q
Element Wm2 'o (Jhnol)

Sr 2.3E-06 1.970E.05

Ba 2. 1E-07 1.810E+05

Eu 1.3E-10 6.800E+04

Ce 1.3E-10 6.800E+04

Sm 1.3E-10 6.800E+04

Cs 5.OE-05 3. 180E+05

Rb 5.5E-04 3.340E+05

Ag 5.3E-09 1.540E+05

Pu 4.5E-08 2.301E+05
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TABLE R 15-15-5

VALUES OF PARAMETERS N THE EQUATION OF THE

DIFFUSION COEFFICIENT FOR TRANSPORT OF METALLIC

FISSION PRODUCTS N H-451 GRAPHITE

Parameters

D. Q
Element (M2/S) d.(J/mol)

Sr 1.66E-02 3.OE+00O2) 2.68E+05

Ba 1.54E-04 3.OE+00 2.43E+05

Cs 1.72E-06 3.OE+00 1.48E+05

Rb 1.72E-05 3.OE+00 1.48E+05

Eu 1.66E-02 3.OE+00 2.68E+05

Sm 1.66E-02 3.OE+00 2.68E+05

Ce 1.66E-02 3.OE+00 2.68E+05

Pu 4.36E-07 3.OE+00 1.72E+05

Ag 1.38E.02 3.OE+00 2.26E+05

(a)Tb value of d was deduced from data on strontitum and assumed to apply
to all oier nuclides.
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TABLE R 15-15-6

VALUES OF CONSTANTS AND PARAMETERS IN VAPOR PRESSURE-CONCENTRATION EQUATIONS

FOR METALLIC FISSION PRODUCTS SORBED ON UNIRRADIATED H-451 GRAPHITE

Constants
Elements A B D Ed,2

Sr 1.94E+01 -4.01E+04 -3.20E-01l 4.09E+03 -2.12E.OO O.00E400
Ba 1.94E.01 -4.73E+04 4.30E-01 3.73E+03 -2.12E.OO O.OOE4WO
Cs 2.40E+01 -3.57E-i04 -1.56E+00 6.12E+03 2.0413+00 1.79E-03
Rb 2.44E-,O1 -3.09E+04 9.40E-01 2.66E+03 2.041E+00 1.79E-03
Ce 1.94E+01 -4.011E+04 -3.20E-0O1 4.09E+03 -2.12E+00 O.OOE-iOO
Sm 1.943+01 -4.01E+04 -3.20E-01 4.09E+03 -2.12E+00 O.OOE-3.O0
Eu 1.94E+01 -4.011E+04 -3.20E-01 4.09E+03 .-2.12E+00 O.OOE+00
j(a) 1.43E+01 -6.52E+03 1.04E+00 2.84E+02 O.OOE+00 O.OOE3+00

Ag 2.40E+01 -3.57E+04 -1.56EN0O 6.1213.03 2.04E+00 1.791E-03

(')Applies only in Fundlich egion.
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TABLE R 15-15-7

VALUES OF CONSTANTS AND PARAMETERS IN EQUATIONS

FOR METALLIC FISSION PRODUCTS SORBED ON IRRADIATED H-451 GRAPHITE

Constants

Element AFE HT. Td,
Sr 5.131E-28 1.43E3-31 4.39E-02 4.39E3-02 1.423E+03 1.423E+03 1.39E+04
Ba 5.13E3-28 1.43E3-31 4.3913-02 4.391E-02 1.423E403 1.423E+03 1.391E+04
Cs 6.55E-29 1.03E3-31 4.39E3-02 4.39E3-02 1.42313.03 1.4231E.03 2.18E+04
Rb 6.55E-29 1.03E3-31 4.391E-02 4.3913-02 1.42313+03 1.423E*+03 2.1813+04
Ce 5.13E3-28 1.43E3-31 4.39E3-02 4.3913-02 1.423E+03 1.42313+03 1.39E+04
Sm 5.13E-28 1.43E-31 4.391E-02 4.391E-02 1.423E-.03 1.423E1.-03 1.39E.04
Eu 5.1313-28 1.4313-31 4.391E-02 4.39E-02 1.423E+03 1.423E+03 1.39E+04
Ag 6.55E3-29 I1.03E3-31I 4.3913-02 4.391E-02 I1.423E.03 I1.423E+03 2.1 8E-.04

Element 0 ICXK0,P

Sr 6.09E+06 -9.76E-01 -3.27E.03 -4.36E+06 I1.313+01 1.75E+00
Ba 6.0913+06 -9.76E-01 -3.27E+03 -4.36E+06 1.3E+01 1.75E+00
Cs 9.87E-.06 3.66E+00 1. II E04 4.941E+06 1.713-O1 2.581-i-OO
Rb 9.8713+06 3.66E+00 1. II E.04 4.94E+06 1.7E-i-O1 2.58E40O
Ce 6.09E+06 -9.76E-01 -3.27E.03 -4.36E+06 1.3E+01 1.7513+00
Sm 6.0913+06 -9.76E-01 -3.27E+03 -4.36E+06 1.313+01 1.7513+00
Eu 6.09E+06 -9.76E-01 -3.27E+03 -4.36E+06 1.3Ei01 1.75E+00
Ag 9.87E.06 3.66E--OO 1.1 IE+04 4.94E+06 1.7E+01 2.581E+00
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TABLE R 15-15-8

VALUES OF THE PARAMETERS IN THE MODEL FOR RELEASE

OF FISSION PRODUCTS UNDER ACCIDENT CONDmTONS
FROM HEAVY METAL CONTAMINATION

For Release Of
Parameter" Xe I~b) Te

a, -1.O1E-03(b) -2.90E-03 -3.54E-03
a2 O.OOE.OO O.OOE3+00 -7.23E-03

b, 3.94E.03 2.40E+03 2.36E+03
b2 0~.OOE+00 2.40E+03 1.91E+03
di ~ -7.25E-03 -9.57E-03 -5.20E-03
d2 O.OOE+00 (C) -2.53E-03

d3 (d) -4.OOE-02 -4.OOE-02
f, ~ 6.44E-.04 -210E-03 -2.20E-03
f2 ~ O.OOE+00 5.48E-.04 5.60E--04
91 5.00E-07 2. 15E-.06 2. 15E--06

92 O.OOE+00 O.OOE+00 O.OOE+00
T., ~ 1.67E+03 1.65E+03 2.36E+03
Ta O.OOE+00 (c) 2.76E+03

To3 (e) I1.57E+03 1 .77E+03

(a'fle units of the parameters are 1h for a and f; /K-h for b and
g1; /K for d; and K for T.

(bf(t) for T < 1473 K is equal to f(t) at T = 1473 K.

(CInl this case /( + 2) = 9.OE-02, constant, independent of temperatum.

(d)C is zero, i.e., C = ..

(") is zero.
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R 15-16

Comment: For the three accidents discussed in R 15-12, provide information describing the relative
importance of iodine removal mechanisms, e.g., decay , leakage, and plateout in the
reactor building compared to the case when the reactor building is not considered.

Resvonse: The relative importance of the iodine removal mechanisms of steam condensation,
plateout, settling and decay in the reactor building ae estimated in Table R 15-16-1 in
terms of the thyroid dose reduction factor. The table also gives the overall or total
reduction factor which is the pduct of the reduction factors for all the mechanisms. A
dose reduction factor of 1.0 means there is no reduction, e.g. there is no steam
condensation in SRDC-10 and SRDC-1 1. The smaller the dose reduction factor is, the
larger the effect of the removal mechanism is on the thyroid dose. Thus plateout is the
most important mechanism for reducing the thyroid dose for SRDC-lIO and SRDC-1 1.
Plateout is conservatively neglected in SRDC-6 while steam condensation is occurring.

The total thyroid dose reduction factor when multiplied by the median thyroid dose
without reactor building retention (see Table R 15-12-3) yields the median thyroid dose
with reactor building (see Table R 15-12-2).
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TABLE R 15-16-1
REACTOR BUILDING THYROID DOSE REDUCTION FACTORS BY MECHANISM

Thyroid Dose Reduction Factor

Stearn Plateout Settling Decay Total
Condensation

SRDC-10* 1.0 0.074 0.92 0.86 0.058

SRDC-l I1 1.0 0.29 0.99 0.85 0.24

SR.DC-6 0.66 0.76 0.99 0.46 0.22

See PSID (DOE-HTGR-86024) Section 15.13 for definitions of SRI)Cs.
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R 15-17

Comment: Provide an evaluation of the effect on doses of later relief times than that assumed in the

PSID water ingress events (e.g. 0.8 hours in SRDC-6).

Resrvonse: An evaluation was made of the effect on doses of later relief times than that assumed in

the PSID SRDC-6 depressurized conduction cooldown with moisture ingress event. The

focus was on thyroid doses, typically the most limiting criteria when compared to PAG

requirements. A description of SRDC-6 is given in the PSID, volume 4, section 15.13.6.
The PSID SRDC-6 assumes an initial pressure relief at 370 sec (0.1 hs) for a duration

of 23 seconds. This first relief contributes minimally to the total dose for SRDC-6. The

pressure relief valve is assumed to fail open at the second relief at 0.8 his. Approximate-

ly 90% of the total dose for SRDC-6 occurs during the resultant depressurization.

Thyroid dose estimates for later relief times were based primarily on the increased iodine

release due to hydrolysis over time as shown in Figure R 15-17-1. Other gaseous fission
products were assumed to behave according to iodine. The weather model used in these

dose calculations is also time dependent as shown on Table R 15-17-1 so that the product

of the atmospheric dispersion factor and breathing rate (X/Q*BR) decreases by a factor

of seven one day after the initiation of the event. This is important since the dose is

directly proportional to this factor. Other factors taken into consideration in the estimates

are the increase in the failed fuel fraction with time (e.g., failure of as-manufactured
missing buffer particles during the heat-up transient) and the fact that most of the release

to the environment occurs at the time of the depressurization. The temperature induced

radionuclide release during the transient from fuel particles failed during normal operation

and from heavy metal contamination was assumed to be the same as in the PSID case.

The thre cases identified in Figure R 15-17-2 were selected to emphasize important

aspects of the dose calculations for SRDC-6. Case 'A' has an initial relief at 0.1 hs,
with a second relief at 8 hs at which the valve fails open.. At 8 his, the weather model

(X/Q*BR) is at a maximum and the hydrolysis release fraction has increased from 0.06

for the PSID case to a value ranging from 0.1 to 0.5, depending on the temperature,
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burnup and partial water vapor pressure. The resulting thyroid dose for case 'A' would
be 2-7 times greater than the PSID dose of 1.1 REM!~"

If the second release occurred even later, e.g., at 100 hrs as in case 'B, 100% hydrolysis
could be expected. However, the product of the atmospheric dispersion factor and the
breathing rate is a factor of 7 less at 100 hrs compared to 8 hrs. Therefore, although the
hydrolysis fraction has increased significantly compare to the PSJID case, the X/Q*BR
has decreased by nearly an order of magnitude, which results in only a factor of 3
increase in dose.

The final case shows that even in the hypothetical bounding case, with 100% hydrolysis
of failed fuel, the largest failed fuel fraction, and the worst X/Q*BR conditions, the dose
estimate is 25 REM, well within the OCFRIOO thyioid dose limit of 300 REM.

Note: (1) The thyroid dose from PSID Table 15. 13-1 has been modified to account
for correct reactor building retention times; see also R 15-12.
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TABLE R 15-17-1

PRODUCT OF ATMOSPHERIC DISPERSION FACTOR AND BREATHING RATE
DECREASES BY FACTOR OF 7 ONE DAY AFTER INITIATION OF EVENT

Time Period O to 8his 8 to24 hrs I to30days

Atmospheric disper- I1.22E-4 2.70E-5 2.70E-5
sion factor at EAB,

X /Q _(s/rn)_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Breathing rate, BR 3.47E-4 1.75E-4 2.32E-4
(rn 3/s) _ _ _ _ _ _ _ _ _ _ _ _ _ _

X/Q BR 4.23E-8 4.72E-9 6.26E-9
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FIGURE R 15-17-2

HYPOTHETICAL BOUNDING HYDROLYSIS CASE
WELL WITHIN ICFRI100 DOSE LIMITS

am RlA a SmL~a~nce Hydrolysis Iodine Dose Factor Dose Estimate

A A... .1-.5 2-7 2.2 -7.7

B 1.0 3 3.3

c I100% Hydrolysis Relese . 32Worst X/O BR .235

10CFRI100 Thyroid Limit 300 Rem

Note: () The thyroid dose from PSID Table 15.13-1 as been modified to account
for correct reactor building retention times; see also R 15-12.
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R 15-18

Comment: Provide information and assumptions describing the expected leakage rate from the
reactor building during the three accidents discussed in R 15-12, compared to the

assumed volume/day.

Response: The vessel system leak size is 12.7 i for SRDC-6 and SRDC- 10 and 0.05 in' for
SRDC-l I. The flow from the building is calculated from the vessel flow as described
in R 15-20 by assuming the number of moles of gas entering the building over each time
interval equals the number of moles of gas leaving the building, i.e. that the building has
no pressure buildup. It is also assumed tha there is complete mixing in the building.
Figures R 15-18-1, -2 and -3 show the calculated building flow rates for SRDC-6,

SRDC- 10 and SRDC- 11,respectively. Whenever the calculated building flow is less than
1 volume per day (4.17 x 10.2 volume/h), it is assumed to be volume/day. As shown
on the figures, the assumed I volume per day leakage rate is conservatively highi
compared to the best estimate of 0.3 volume per day. These calculations are based on
a building volume of 183,738 f and a building atmosphere temperature of 2001F.
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REACrOR. BUILDING FLOW RATE
FOR SRDC-6 (13 in leak)
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R 15-19

Comment: Provide an evaluation of the effect on doses of a delayed depressurization (e.g., at the

time of peak vessel temperature) during a pressurized conduction cooldown.

Response: In a pressurized conduction cooldown (failure of the HTS and SCS) no pressure relief

occurs during heat removal to the RCCS and there is no offsite radionuclide release. The

peak vessel temperature during a pressurized conduction cooldown is reached at

approximately 120 hours. If it is assumed that the pressur relief valve fails open at 120

hours after the peak fuel temperature are reached, the radionuclide inventory will be

released from the vessel. Note that this is a non-mechanistic assumption since at 120

hours into a pressurized conduction cooldown. the primary coolant pressure is about 940

psia (well below the pressure relief valve setting of 1041 psia) and decreasing. The

radionuclides available for release from the vessel are from three sources - circulating

inventory, liftoff of the plateout in the primary circuit, and core thermal releases. Table

R 15-19-1 gives the estimated median adult thyroid dose at the EAB for this delayed dry

depressurization event n comparison to SRDC-10 and SRDC-1 1 doses, and the
I0CFR 100 dose limit. 'flu initiating events for SRDC-10 and 11 a primary coolant

leaks leading to early depressurization of the primary system.

TABLE R 15-19-1

MEDIAN THYROID DOSES AT THE EAB
FOR A DELAYED DRY DEPRESSURIZATION

Thyroid dose (Rem)
I0CFRI00 Thyroid dose

Event Median limit (Rem)

Delayed dry depressurization 0.6 300

SRDC-10 0.041 300

SRDC-l 1 0.73 300
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R 15-20

Comment: Provide the POLO blowdown flow characteristic calculation methods for flow from the
vessel to the reactor building.

Response: The flows from the reactor or steam generator vessels during a depressurization event are
modeled in POLO using three nodes for the vessel, reactor building, and environment.

Initially, POLO uses the choked flow equation where the depressurizing mass flow rate
(kgls) is given as,

h -A p, Y

where

A = leak area )

N = primary coolant pressure (N/Mn2),
TV exit temperature (K),

Y ratio of specific heats (C/Cv),

gas constant (Joules/K/kg),

C, = ~specific heat at constant pressure of the primary coolant helium plus any
impurities (/kgtK), and

C, specific heat at constant volume of the primary coolant helium plus any
impurities (/kg/K).

Choked flow continues as long as,

(v Y I )TRY(T1)

PAD 2
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where p" is the reactor building pressure (N/n2). The reactor building is assumed to
have instantaneous homogeneous mixing and no holdup, so that the number of moles
coming from the vessel is equal to the number of moles leaving the building.

POLO then assumes unchoked flow where the mass flow rate is given as,

The unchoked flow rate continues until the vessel depressurizes, beyond which only the
thermal expansion of the primary coolant is available as a radionuclide transport
mechanism from the vessel to the reactor building. The thermal expansion mass flow
rate is given as,

m=pv vdTV

where dTv/dt is the rate of change of primary coolant temperature and V, is the primary
coolant volume () in the vessels. In all three equations, the primary coolant
temperature is assumed to be equal to the top reflector graphite temperature. Using the
top reflector temperature is a conservative assumption since the top reflectors continue
to increase in temperature for many hours whereas the gas in the vessel is actually
cooling down. The sam generator and other parts of the reactor that contain over half
the total helium inventory start cooling down well before the top reflectors reach their
peak temperatures.
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R 17-1

Comment: The extent of the quality assurance program to be applied to

structures, systems, components and activities not considered

"safety related" by DOE will be determined following resolution of

Comment G-14. Resolution of this comment will result in the

classification of all equipment in the plant that has a

radionuclide control function. We cannot pass judgment on the

quality assurance program until Comment G-14 is resolved.

Res~onse: The eighteen criteria of 1CFR50, Appendix B will be applied to

structures, systems, and subsystems that perform one or more

functions necessary to the control of radionuclides to meet

10CFR100 as identified in Table R -14-1. The other structures,

systems, and subsystems identified in Table R -14-1 will have a

quality assurance program which selectively applies these criteria

as necessary to provide the requisite reliability.
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R 17-2

Comment: In order for NRC to report in its SER on the licensability of the
MHTGR with respect to quality assurance (QA issues, it is
necessary to evaluate DOE's intentions to develop a QA program
description which conforms to the acceptance criteria of the
Standard Review Plan (SRP) for light water reactor quality
assurance, NUREG-0800 Chapters 17.1 and 17.2. DOE should indicate
its plans to conform (commit) to the SRP, in particular the
acceptance criteria in Chapter 17.1 and 17.2. Where DOE
anticipates differences between its QA program and the SRP
acceptance criteria, the differences should be identified and
explained in accordance with 100FR 50.34 (g)(2).

Response: The DOE's Quality Assurance Program for the MHTGR design conforms
to the acceptance criteria of NUREG-0800, Chapter 17.1, and has
been and will be applied in a time-phased manner. The extent of
conformance during the conceptual (PSID) phase is as described in
Table R 17-2-1. For the preliminary/final (PDA/FDA) phase, that
conformance will be continued and expanded. The QA Program for
the design effort will continue to embrace 1CFR50, Appendix B,
Criteria I through VII, XVI, XVII, and XVIII, and will progress to
full conformance with these criteria in the final design phase.
The QA Program for the technology effort will continue its
conformance to all eighteen criteria of Appendix B as described in
Table R 17-2-1 during the preliminary and final design phases.
The DOE does not anticipate any differences between the MHTGR QA
Program and the NUREG-0800, Chapter 17.1, acceptance criteria
pertaining to design and design verification activities. The
acceptance criteria of NUREG-0800, Chapter 17.1 pertaining to the
construction phase; and Chapter 17.2 as it pertains to the
operations phase will be addressed in the MHTGR design
documentation to the extent deemed necessary to elicit full
conformance with those acceptance criteria during the construction
and operations phases.
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TABLE R 17-2-1 
1.

EVALUATION OF MHTGR QA PROGRAM CONFORMANCE 
WITH NUREG-0800, CHAPTER 1.

DURING THE CONCEPTUAL PHASE

I. DESIGN EFFORT

AreaLof Re 
Extent of Conformance

1. ORGANIZATION

A. Organizational description and charts 
of the 1-All. The overall program organization as shown 

in

lines, interrelationships and areas of 
Figure 17.1-1 of the PSID is in conformance.

r sponsibility and authority for all 
organizations Conformance by the Participants was varied, 

but

p rfomingqualiy-reated ctivtiesincldingappropriate based on (a) requirements for a

the applicant's organization and principalCocpulDsgb)teyeofforbin

contractors (architect engineer, nuclear 
steam applied by the respective Participant

supply system vendor, constructor, and 
organization, and (c) the support needed 

for a

construction manager when other than 
the PSID.

constructor).

B. Organizational location, degree of independence

from the performing organization, and 
authority of

th individuals assigned the responsibility 
for

p rforming QA functions.

C. Organizational provisions for assuring the proper

implementation of the QA Program.

2. QUALITY ASSURANCE PROGRAM

A. Sc pe of the QA Program 
2-All. Implemented as appropriate for each Participant

considering (a) requirements for a Conceptual

B. Provisions to assure proper definition of the QA 
Design, (b) the type of effort being 

applied by

Program 
the respective Participant organization, 

and (c)

the support needed for a PSID. Each Participant

has prepared a description of their QA 
Program.
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TABLE R 17-2-1

Continued

Area of Review Extent of Conformance

C. Programmatic provisions to assure proper
implementation of the QA Program.

D. Provisions to assure adequacy of personnel
qualifications.

3. DESICN CONTROL

A. Scope of the QA Program for design activities. 3-A. Appropriately conforms as described in each
Participant's QA Program description.

B. The organizational structure, activity, and 3-B. Contractor/subcontractor scopes are assigned in a
responsibility of the positions or groups Summary Level Program Plan and monitored by DOE.
responsible for design activities.

C. Pr visions to carry out design activities in a 3-C. Each Participant utilized their internal quality
planned, controlled, and orderly manner. assurance/engineering procedures to conduct

design activities in a planned, controlled, and
orderly manner that was appropriate for
conceptual design.

D. Provisions for interface control. 3-D. interface control was provided by an interface
requirements and boundary definitions section in
the design description documents, which are
controlled.

E. Provisions to verify or check the technical 3-E. Supervisory and peer review were provided
adequacy of design documents. internally by each Participant. All PSID input

was reviewed by all Participants including CRA
and PDCO. Independent review requirements were
not invoked on the Conceptual Design or the PSID,
but plans are in place for this to be done in th
final design and as applicable in the preliminary
design phases.
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TABLE R 17-2-1
Continued

Area of Reve Extent of Conformance

F. Provisions to control design changes. 3-F. During the Conceptual Design phase, design change
controls were invoked as deemed appropriat by

each Participant. Design document baselining and

formal design change control has been inaugurated

in the final stages of the Conceptual Design

phase and will continue during the Preliminary
and Final Design phases.

4. PROCUREMENT DOCUMENT CONTROL

A. Provisions which assure that applicable regulatory 4-All Implementation occurred only for those

requirements, technical requirements, and QA instances involving procurement of

Program requirements are included or referenced in design/engineering services.

procurement documents.

B. Provisions for review and approval of procurement

documents.

5. INSTRUCTIONS, PROCEDURES, AND DRAWINGS

A. Provisions for assuring that activities affecting 5-All Implemented as appropriate for Conceptual

quality are prescribed by and accomplished in Design/PSID preparation.

accordance with documented instructions,
procedures, or drawings.

B. Provisions for including quantitative and

qualitative acceptance criteria in instructions,
procedures, and drawings.

6. DOCUMENT CONTROL

A. Provisions to assure that documents, including 6-A. implementation was as described in each

changes, are reviewed for adequacy, approved for Participant's description of their QA Program.

release by authorized personnel, and distributed

and used at the location where the prescribed
activity is performed.
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TABLE R 17-2-1

Cant inued

Area of Review Extent of Conformance

B. Provisions to prevent the inadvertent use of 6-B. The program-level documents are assigned numbers
obsolete or superseded documents from a centrally controlled log which als

reflects the current revision number, and this
log is available to all Participants. Each
Participant has internal procedures to pr vide a
design document index for those documents under
their responsibility.

7. CONTROL OF PURCHASED MATERIAL, EQUIPMENT, AND SERVICES

A. Provisions for the control of purchased material, 7-A. Implemented as appropriate for purchased
equipment, and ervices; for selection of design/engineering services for Conceptual
suppliers; and for assessing the adequacy of Design.
quality.

B. Provisions to assure that documented evidence of 7-B. Not applicable to Conceptual Design activities.
the conformance of material and equipment to
procurement requirements is available at the plant
site prior to installation or use.

8. IDENTIFICATION AND CONTROL OF MATERIALS, PARTS AND 8. Not applicable to design activities.
COMPONENTS

9. CONTROL OF SPECIAL PROCESSES 9. Not applicable to Conceptual Design activities.

10. INSPECTION 10. Not applicable to Conceptual Design activities.

11. TEST CONTROL 11. Activities that came under "MHTCR Design' in Fig.
17.1-1 did not include design verification
testing. All testing activities came under
"Technology Development" which is discussed in
Part II of this evaluation.

12. CONTROL OF MEASURING AND TEST EQUIPMENT 12. Not applicable to design activities.

13. HANDLING, STORAGE, AND SHIPPING 13. Not applicable to Conceptual Design activities.
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Continued

Area of Review Extent of Conformance

14. INSPECTION, TEST, AND OPERATING STATUS 14. Not applicable to design activities.

15. NONCONFORMING MATERIALS, PARTS, OR COMPONENTS 15. Not applicable to design activities.

16. CORRECTIVE ACTION

Provisions to assure that conditions adverse to 16. Implemented by each Participant to the extent
quality are promptly identified and corrected and that that was appropriate for Conceptual Design/PSID
measures are taken to preclude repetition. preparation.

17. QUALITY ASSURANCE RECORDS

Provisions for the identification, retention, 17. Implemented for design documentation and to a
retrieval, and maintenance of records that furnish lesser extent for correspondence among the
evidence of activities affecting quality. Participants.

18. AUDITS

A. Pr visions for audits to verify compliance with 18-All. Implemented by various generic and specific
all aspects of the QA Program and to determine the auditing as appropriate for (a) requirements for
effectiveness of the QA Program. a Conceptual Design, (b) the type of effort being

applied by the respective Participant
B. Responsibilities and procedures for auditing, organization, and (c) the support needed for a

documenting and reviewing audit results, and PSID.
designating management levels to review and assess
audit results.

II. TECHNOLOGY EFFORT

The t chnology work includes research and development, design verification testing, methods development,
literature searches, and trade studies. All eighteen criteria of Appendix B to 10CFR50 were applied as
appropriate for design verification testing which involved test articles and test rigs, collection of data, and
documentation. Since methods development, literature searches, and trade studies are no t hardware" oriented,
only the ten criteria listed in the design effort section were implemented in conformance with Appendix B.
Research and development work was conducted in conformance with good laboratory practice.
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R 17-3

Comment: Foreign technology will be important in supporting the MTGR

safety design and analysis, particularly in fuel. performance and

manufacturing. NRC understands that agreements are being

developed by DOE with the Federal Republic of Germany (FRG) to

assure that German technology to be used by DOE in support of the

MHTGR will meet the equivalent of 10 CFR 50, Appendix B. How

specifically does DOE plan to establish equivalency of FRG QA

programs, or those of other technological sources, to Appendix B,

and what actions are anticipated if equivalency does not exist?

Response: Foreign technology programs that will be furnishing data in

support of HTGR "safety-related" design and analysis will b

evaluated against those criteria of l0CFR50, Appendix B, that are

pertinent to a particular technology program. This evaluation

will consist of a review for completeness and adequacy of the QA

elements being imposed which will be followed by an audit of the

program for proper and timely implementation of those elements.

If equivalency to Appendix B is found not to exist, or the program

has been completed, rendering an implementation audit impossible,

a procedure will be followed that will be patterned after the

NRC's Generic Technical Position on Qualification of Existing

Data for Highi-Level Nuclear Waste Repositories," adapting it as

would be appropriate for the MHTGR Program.
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R 17-4

Comment: Confirm that as a portion of the QA program commitments, DOE plans

to develop detailed handbook-type documentation for all

fundamental data used in the MHTOR design.

Response: The DOE will develop detailed handbook-type documentation for all

fundamental data used in the MHTGR design as part of its

commitment to the DOE Quality Assurance and Standardization

Program.
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R 17-5

Comment: How specifically does DOE anticipate assuring the accuracy and

validity of data from sources not under DOE's control, that was

not produced under a QA program equivalent to 10 CFR 50, Appendix

B, and that is used in MHTGR design activities?

Response: Data that are used in HTGR safety-related" design activities

that were produced by sources not under DOE's control and,

therefore, were not produced under a QA Program that was

equivalent to 10CFR50, Appendix B, will be qualified specifically

for use on the program. Such qualification will be in the same

two-step data qualification process that was described for the

qualification of foreign technology in the response R 17-3.
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R 17-6

Comment: Conf irm that DOE Supplements: Management Assessment (NE

02-4.3.0), Engineering Holds (NE 03-1.3.2), Design Reviews (NE

03-1.3.4), and Engineering Drawing Lists 
(NE 03-1.3.5), which are

referenced in Section 5, "Quality Assurance" of the Regulatory

Technology Development Plan and which are to be implemented onl

activities that affect the quality of data produced in support of

the safety related functions, are consistent with the basic

requirements and supplemental 
requirements of ANSI/ASME NQA-1-1

9 8 3

and NQA-la-1
9 83 (as endorsed by NRC Regulatory Guide 1.28,

Revision 3).

Resp2onse: The four DOE supplementary Quality Assurance 
Program requirements

regarding management assessment, engineering holds, design

reviews, and engineering drawing lists 
are applied to all aspects

of the MHTGR design and design verification program. These

supplements are taken from DOE Standard NE F2-10, "Quality

Assurance Program Requirements (supplement to ANSI/ASME NQA-1)."

These supplements were previously reviewed against NQA-1

requirements and have been implemented in the MHTGR QA Program

from its onset. They are consistent with NQA-l as endorsed by

Regulatory Guide 1.28, Revision 3, and provide more detailed

procedural requirements for 
these four QA elements.
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R 17-7

Comment: What specific QA standards and guidelines does DOE anticipate

applying to computer programs falling under the scope of 10 CFR

50, Appendix B?

Response: The development of QA elements to be applied to computer programs

falling under the scope of l0CFR50, Appendix B, is in progress and

will be finalized in the early part of the preliminary design

phase. The DOE is in the process of reviewing various QA

standards and guidelines, both published and in draft form, from

many different industrial sectors. These have included

DOD-STD-2167, ANSI/IEEE-ANS-7-
4 .3 .2 , IEEE STD 730, NQA-2 Part 2.7,

and various studies and presentations on software QA. The

culmination of our development activities will result 
in a quality

and cost effective software QA plan (included as a subset of the

overall MHTGR QA Program) which fully meets 
the intent of 10CFR50,

Appendix B, and will encompass as a minimum the basic components

of the aforementioned industry standards.
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R 17-8

Comment: Confirm whether or not DOE intends to implement the most recent

editions of applicable QA standards through design, construction,

and operation of the MHTGR plant.

Response: The DOE has committed in Chapter 17 of the PSID to conformance

with the requirements of ANSI/ASME NQA-1 as endorsed by Regulatory

Guide 1.28, Revision 3, for the design and design verification

phases of the MHTGR Program. The DOE is further committed to an

on-going activity of reviewing improvements to QA Standards as

they are reflected in draft revisions and/or newly published

editions and addenda to QA Standards. We fully intend to adopt or

otherwise adapt such improvements in quality and/or cost

effectiveness so long as they do not conflict with our commitment

to Regulatory Guide 1.28, Revision 3. These commitments to

Regulatory Guide 1.28 and an on-going search for improved QA

techniques can be expected to continue if the DOE is involved in

the construction and/or eventual operation of a MHTGR plant. if

the DOE is not involved with either construction or 
operation of a

MHTGR plant, the intent is to recommend such commitments to any

follow-on organization which assumes responsibility for

construction, operation, or both of a MHTGR plant.
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