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0 EXECUTIVE SUMMARY REPORT
0.1  NGNP Background

Several countries across the world are involved in the development of advanced nuclear
systems that are envisioned to follow the Advanced Light Water Reactor (ALWR) systems that
are now leading the resurgence of nuclear power. These advanced non-ALWR systems have
been coined “Generation IV” (Gen IV) concepts. An international forum of these countries and a
framework for cooperation have been established — the Generation IV International Forum
(GIF).

The GIF model envisions that individual countries will take the lead for developing and
demonstrating Gen IV nuclear systems in which they have particular interest, and that other
countries will provide support through implementing agreements. The first of such
implementing agreements has been recently signed. Early in the process, the US took the lead
for developing the High Temperature Gas-Cooled Reactor (HTGR) — also referred to as the Very
High Temperature Reactor (VHTR) within the GIF forum.

The HTGR technology offers enhanced safety features based on inherent material properties
and passive design features, plus improved reliability, proliferation resistance, security and waste
management capabilities. Furthermore, the HTGR is evaluated to be competitive for a broad
range of applications, including small-to-medium high efficiency power generation that is well
suited for dry cooling, cogeneration and water desalination, plus unique high temperature process
heat applications such as bulk hydrogen production. High pressure steam, well beyond the
temperatures available with water reactor systems, can also be provided to displace natural gas
for enhanced oil recovery and tar sands production - all without greenhouse gas emissions.

Within the US, the Department of Energy (DOE) has focused the development of the HTGR
technology through the Next Generation Nuclear Plant (NGNP) Project which is the dominant
part of the US Gen IV Program. From the start, the NGNP Project was centered at the Idaho
National Laboratory (INL). Initially, the goals were set for 1000°C core outlet temperatures to
drive Brayton cycle gas turbines and/or water splitting processes for the production of hydrogen.

The NGNP Project was subjected to a critical review by a group of experts known as the
Independent Technology Review Group (ITRG) over the period November 2003 through April
2004. The objective was to provide a critical review of the proposed NGNP Project and to
identify areas of R&D that needed attention. In the report, the ITRG observations and
recommendations focused on overall design features and important technology uncertainties. A
key recommendation was to reduce the core outlet temperature to the range of 900°C to 950°C.

NGNP-CTF MTECH-TDRM-000_Rev0-final.doc 12/03/2008
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High temperature process heat from the HT'GR has been an attractive concept from inception.
To date, the leading application and the focus of the work herein has been for hydrogen
production from various water splitting based technologies, which require core outlet
temperatures in the range of 900°C to 950°C. However, there are broad process steam and other
process heat applications, e.g. steam methane reforming, that are accessible with lower core
outlet temperatures that will be the subject of follow-on work.

0.2 NGNP Demonstration Plant Description

The PBMR NGNP Demonstration Plant described herein, as initially conceived and
developed per the NGNP and Hydrogen Production Pre-conceptual Design Report (PCDR) [0-1]
consists of various Systems, Structures and Components (SSCs) integrated into a functional plant
capable of producing process heat for hydrogen production as well as electricity (used notably
for the hydrogen plant, but also for export). The PBMR NGNP Demonstration Plant, consists of
a 500 MWt pebble bed reactor with primary and secondary helium loops coupling to a 50 MWt
process coupling heat exchanger for the demonstration of hydrogen production and a 470 MWt
steam generator for a Rankine cycle power generation plant.

The process flow diagram of the NGNP Demonstration Plant for Hydrogen Production is
given in Figure 0-1.

NGNP-CTF MTECH-TDRM-000_Rev0-final.doc 12/03/2008
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Figure 0-1: PBMR NGNP Demonstration Plant Process Flow Diagram — H, Production
950°C)

The NGNP Preconceptual Design and conceptual design studies to date have focused on a
950°C reactor outlet temperature for hydrogen production. Figure 0-2 shows the Steady State
Conditions for that application.

The NGNP may also be used for process heat applications. Figure 0-3 presents one option for a
steam production plant, and this option will be used as the 750°C reference for the purposes of
this study. In this option, the Process Coupling Heat Exchanger (PCHX) is removed from the
Secondary Heat Transport System (SHTS) and a single Intermediated Heat Exchanger (IHX) is
retained. The steam could be used for electricity production, process steam or cogeneration.
This configuration represents the minimum departure from the PBMR NGNP Preconceptual
Design and would provide enveloping development requirements for 750°C applications. It is
potentially representative of applications, such as oil sands, in which extreme water quality
requirements or other considerations (e.g., trittium migration) would dictate the use of an IHX. In
other applications, it may be possible to eliminate the IHX and relocate the SG to the Primary
Heat Transport System (PHTS). The actual configuration of a 750°C application remains subject
to trade studies that would be done when functions and requirements are identified.

NGNP-CTF MTECH-TDRM-000_Rev0-final.doc 12/03/2008
Page 12 of 46




NGNP-CTF MTECH-TDRM-000

NGNP Technology Development Road Mapping Report
Section 0: Executive Summary Report

11.4 [MWe] 12.5 [MWe]
10.8 [MWt] 11.9 [MW]
[9.000] (MPa] Circutator sszs [MPa] [MPa] Circulator 8.640 [MPa]
350 [°cl 287 [°C] 273 jC]
Qreactor,Net = 497.0 [MW] 3
8.657 [MPa
273 [*C]
8.643 [MPa] 9.082 [MPa]
337 [°C] 287 [°C] Power
el R A SG | 469.7 [MW] Conversion
Inlet | - I g > : System
I
s.sszo{gnPa] IHX B ;| 3504 (W] 8.699 [MPa
[350] °c) : 2 S 840 [°C]
8.683 [MPa} | 9.026 [MPa]
| i 8.716 [MPa
Cors [°c:]:sor 8 (W] 710 [°C] 8.934 [MPa] Miding Chanber
- : a ——— 8.697 [MPa} | 9.011 [MPa] aad
a 1
[e50] 1°c] S > 1 8.734 [MPa
oA SR 683 ['C]
1
i _% _ ; I 119.7 [Kg/s] Hydrogen
8.751 [MPa] 8.970 [MPa] A PCHX | 50.0 [MW] Production
950 [°C] 900 [°C] System
8.934 [MPa
900 [°C]
159.6 [kg/ 159.7 [kg/ 39.9 [Kgls
— [kg/s] [kals] & [ka/s]

8.952 [MPa]
Figure 0-2: Nominal Process Conditions for a NGNP Demonstration Plant (H,, 950°C)

Figure 0-3: Process Conditions for a NGNP Steam Plant (750 °C)
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The modes and states of the NGNP demonstration plant as currently anticipated are indicated
in Figure 0-4. These states are subject to change as the design and the operational requirements
of the plant are further analyzed. Note that the 750°C steam production plant will probably not
have states 7 & 8.
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Figure 0-4: NGNP Plant Modes and States of Operation
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0.3 The Basis for the NGNP Technology Development Road
Mapping

In order to minimize the safety and economic risk of the NGNP Demonstration Plant, the
intent is that all the SSC’s should have demonstrated the ability of the applied technologies to
function according to specification within their intended operational environment, prior to
nuclear start-up of the NGNP Demonstration Plant. This would then leave the ability of these
technologies to perform according to specification when integrated into their final NGNP
Demonstration Plant configuration as the remaining risk to be addressed.

The NGNP TDRM Process is detailed in NGNP-CTF MTECH-TDRM-002, Technology
Development Road Mapping Process, Section 02 [0-4] of this report.

0.3.1 The Technology Development Road Mapping Process

Obviously the advancement of the readiness of technology for application within the NGNP
needs to be addressed at the level of the SSCs within which the technology is being applied.
There are SSCs which use technology that is either commercially unavailable or lacks proven
industry experience for the specific application, thus further technology development needs to be
done for these SSCs to achieve acceptable Technology Readiness Levels (TRLs) prior to
installation in the NGNP. These SSCs are referred to as critical SSCs.

Design Data Needs (DDNs) are identified shortcomings in information regarding materials,
technologies and manufacturing processes that follow from design and trade studies in specific
technologies. Thus, given the current design maturity of the NGNP Demonstration Plant, it is
recognized that not all the DDNs have been identified at this stage and it is highlighted that the
technology development needs will be supplemented as the integrated design progresses.

For the NGNP, levels of readiness of needed technologies have been assessed. However,
these levels vary significantly for the various SSCs. The overall technology readiness
assessment process is referred to as Technology Development Roadmapping (TDRM) and is
illustrated in Figure 0-5. The TDRM process is used to assess, map, plan and visualize the
needed technology development activities to advance the technology readiness of a particular
SSC to a state that will reduce commercial risk and support plant operation. The TDRM process
determines what is needed firstly to verify performance and safety of the SSC and secondly to
minimize the risk associated with operating the SSC. The latter is achieved through a series of
scale test programs, up to and including tests at full-scale NGNP plant temperatures, pressures
and flow rates. These test programs are documented in Test Specifications which specify the
needed maturation tasks to advance the relevant technologies. The results from the maturations
tasks serve as input to the various SSC’s design, manufacturing and operation. Only critical
SSC’s to be utilized in the 950°C NGNP demonstration plant were considered for the road
mapping process herein
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Figure 0-5: The TDRM process and Related Outputs

Critical SSCs are defined as Systems, Structures and Components that utilize technologies
that are not commercially available or do not have proven industry experience in the intended
application.

The following deliverables are relevant in the TDRM process for these SSCs:
= Technology Readiness Level Rating Sheets, which supply the current readiness of a
particular SSC to serve as input into the NGNP.
= Technology Development Roadmaps, which set out the high level vision for maturing
certain technologies up to a point where the technology can be utilized in the NGNP.
= Technology Maturation Plans and Test Specifications, which specify the more detailed
plans/actions required to mature technologies for utilization in the NGNP.

0.3.2 Technology Development Roadmap

In Figure 0-6:, a template for a Technology Development Roadmap is shown. The roadmap
is typically populated with items relating to down selection of technologies (shown on the left
side of the roadmap), TRL of the technology (yellow blocks) and technology maturation tasks
needed for advancement (shown on the right side of the roadmap).
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Figure 0-6: Technology Development Roadmap Template

On the left side of the roadmap, all candidate technologies that are in contention to be
utilized in the SSC for the NGNP are shown. The decision discriminators shown just to the right
of the technology candidates on the roadmap are used to guide a down selection of the available
technologies. Typical decision discriminators may entail inter alia service experience of
technologies, available data and maturity of respective technologies. Upon the screening of the
candidate technologies against the decision discriminators, a down selection can be made.

On the right side of the roadmap, the current TRL rating together with the Maturation Tasks
necessary to achieve progressively higher levels of validated TRLs up to a TRL 8 are shown. At
each validated TRL level, a mission statement gives an indication against which environmental
parameters the qualification has been conducted. All the maturation tasks shown in the roadmap
are also linked to a schedule in the form of the timeline. References that serve as input into the
roadmap at this stage involve Design Data Needs, Pre-conceptual Design Documents and Special
Studies.

0.3.3 TRL Rating Sheet

Technology Readiness Levels are ratings between 1 and 10 are assigned by Subject Matter
Experts to a certain SSC or where applicable to a facility or technology, which gives an
indication of the maturity of the SSC involved. Various definitions are assigned to the existing
TRL ratings and are shown in Table 0-1:.
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Table 0-1: The Technology Rating Level definitions

Technological risks minimized by multiple units built and
running through several years of service cycles.

l}f::ig Technology Readiness Level Definition gﬂ?ﬂﬁz)?lreVIated

1 Basic principles observed and reported in white papers, Basic principles
industry literature, lab reports, etc. Scientific research observed
without well defined application.

2 Technology concept and application formulated. Issues Application formulated
related to performance identified. Issues related to
technology concept have been identified. Paper studies
indicate potentially viable system operation.

3 Proof-of concept: Analytical and experimental critical Proof of Concept
function and/or characteristic proven in laboratory.

Technology or component tested at laboratory scale to
identify/screen potential viability in anticipated service.

4 Technology or component is tested at bench scale to Bench scale testing
demonstrate technical feasibility and functionality. For
analytical modeling, use generally recognized benchmarked
computational methods and traceable material properties.

5 Component demonstrated at experimental scale in Component Verified at
relevant environment. Components have been defined, Experimental Scale
acceptable technologies identified and technology issues
quantified for the relevant environment. Demonstration
methods include analyses, verification, tests, and inspection.

6 Components have been integrated into a subsystem and Subsystem Verified at
demonstrated at a pilot scale in a relevant environment. Pilot scale

7 Subsystem integrated into a system for integrated System demonstration
engineering scale demonstration in a relevant environment. at Engineering Scale

8 Integrated prototype of the system is demonstrated in its | Integrated Prototype
operational environment with the appropriate number and Tested and Qualified
duration of tests and at the required levels of test rigor and
quality assurance. Analyses, if used support extension of
demonstration to all design conditions. Analysis methods
verified and validated. Technology issues resolved pending
qualification (for nuclear application, if required).

Demonstrated readiness for hot startup

9 The project is in final configuration tested and Plant Operational.
demonstrated in operational environment.

10 Commercial-scale demonstration is achieved. Commercial Scale —

Multiple Units
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The purpose for developing the TRL’s is to:

Provide a semi-quantitative measure of the readiness of the technology of critical SSC’s
for commercialization.

Provide a qualitative measure of the readiness of the design of critical systems.
The term “qualitative” is used because the TRL ratings are partially subjective, and not
based on a numerical score. The fact that the levels are numbered is only a method to
categorize the levels, and they could have been assigned letters instead of numbers.
Provide the ability to compare the design and technology readiness of any SSC relative to
another SSC to assist in programmatic decisions.

Provide input to the path forward for the Technology Development Roadmap.

Provide design “hold points” that reflect and coordinate technology development with the
design process that trigger a dramatic increase in project risk if not adhered to or
mitigated.

Establish a rational framework and criteria in which to communicate the current state and
advancement of the design and technology development among the NGNP project team
and stakeholders.

The TRL rating goes hand in hand with the Design Readiness Level (DRL) rating as the
design of the plant and the SSCs also need to be matured. A rating system similar to the TRL
system exists for DRL. DRL ratings were however not included in this study but will be in
future updates as the design of the NGNP also matures.

0.34 Technology Maturation Plans

In the TDRM process, the associated details for each action/test required to advance an SSC
to progressively higher TRL levels are captured in Technology Maturation Plans (TMPs) and
subsequent Test Specifications.(T'Ss) These TMPs incorporate details ranging from material
qualification specifics to prototypical SSC testing details. The TMP content can reflect the
following details:

Test Objectives
Test Conditions
o Test Configuration / Setup
o Test Duration
o Test Location / Facility
Measured Parameters
Data Requirements
Test Evaluation Criteria
Test Deliverables
Cost, Schedule & Risk
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0.4 Summary of the SSC’s

In order to minimize the safety and economic risk of the NGNP Demonstration Plant, the
intent is that all the NGNP SSC’s should have demonstrated the ability of the applied
technologies to function according to specification within their intended operational
environment, prior to nuclear start-up of the NGNP Demonstration Plant. This would then leave
the ability of these technologies to perform according to specification when integrated into their
final NGNP Demonstration Plant configuration as the remaining risk to be addressed.

The various critical SSC’s are listed in Table 0-2 with their associated TRL ratings. A brief
summary of the respective critical SSC’s TRL status follow hereafter. The maturation plans for
the various technologies are also briefly outlined. The maturation plans may change as the
design of the NGNP plant progresses and as new DDN’s are identified. The detailed TRL ratings
of all SSC’s, including the critical SSC’s, are outlined in Appendix A of this document.

Table 0-2: List of the Critical SSCs

Section Number SSC SSC TRL
NGNP-CTF MTECH-TDRM-003 PHTS Circulator 6
NGNP-CTF MTECH-TDRM-004 Intermediate Heat Exchanger A 2 (Metallic/Ceramic)
NGNP-CTF MTECH-TDRM-005 Intermediate Heat Exchanger B 3
NGNP-CTF MTECH-TDRM-006 HTS Piping 4
NGNP-CTF MTECH-TDRM-007 SHTS Flow Mixing Chamber 6
NGNP-CTF MTECH-TDRM-008 Hydrogen Production System Refer to Appendix A
NGNP-CTF MTECH-TDRM-009 Power Conversion System Steam Generator 6
NGNP-CTF MTECH-TDRM-010 Software Codes Verification and Validation N/A
NGNP-CTF MTECH-TDRM-011 Fuel Elements 6
NGNP-CTF MTECH-TDRM-012 Core Structure Ceramics 6(Graphite)/4(Ceramics)
NGNP-CTF MTECH-TDRM-013 Reserve Shutdown System 6
NGNP-CTF MTECH-TDRM-014 Reactivity Control System 6
NGNP-CTF MTECH-TDRM-015 Core Conditioning System 6
NGNP-CTF MTECH-TDRM-016 Reactor Cavity Cooling System 6

0.4.1

PHTS Circulator

The PHTS circulator is a critical component of the NGNP with its main function being to

circulate the primary coolant helium within the PHTS. Discriminators have been identified to
assist in the selection of an optimum design for the PHTS circulator. These discriminators
address the required technology development, the availability of a manufacturing base, the
circulator operation and maintenance, the safety and investment implications and the lifecycle
costs.

NGNP-CTF MTECH-TDRM-000_Rev0-final.doc 12/03/2008

Page 20 of 46



NGNP-CTF MTECH-TDRM-000 NGNP Technology Development Road Mapping Report
Section 0: Executive Summary Report

Several arrangements and design options are available for the PHTS helium circulator that
satisfy the pre-conceptual functions and design requirements, as detailed in NGNP-CTF MTECH-
TDRM-003 PHTS Circulator, Section 03 [0-5] of this report. Several design selections remain to be
made. Trade studies are recommended to select the design option that is best suited for the NGNP
plant (at component, system and component/system level). The only key design selection
provided is the use of an electric drive for the circulator.

Based on engineering judgement, two design options are proposed to which sound TRL
ratings are assigned. The first design option is a submerged circulator with magnetic bearings
while the second design option is a circulator in which the electric drive is located outside the
pressure boundary, oil lubricated bearings are utilized for support and rotating seals are
incorporated as part of the pressure boundary.

All the circulator sub-components have a TRL of 8 (except for the EMB’s and primary
pressure boundary rotating seals if included in the design), while the integrated assembly of these
components as a subsystem has a TRL of 6 because it has not been demonstrated in a loop
similar to the PHTS within a relevant environment. Following the selection of a reference
circulator design, the circulator components that require technology development will be
validated with supporting single effect tests. After that, the circulator subsystem will be
validated with a partial scale or full-scale integrated test, subsequently qualifying the subsystem
at a TRL of 7. Advancement to a validated TRL 8 will comprise the final integrated tests of the
PHTS circulator prototype to take place in the first NGNP nuclear power plant.

Based on current pressure loss estimates, the PHTS pressure losses are expected to be larger
than the SHTS pressure losses. Since the PHTS pressure losses are larger than the SHTS
pressure losses and as the PHTS operates at a higher temperature, the PHTS circulator is
expected to envelope the SHTS circulator and, hence, only the PHTS circulator is discussed. It
is assumed that the PHTS circulator testing can be applied to the SHTS circulator also and,
hence, does not warrant a separate discussion.

The PHTS check valve functionally forms an integral part of the circulator and therefore will
be tested as part of the circulator. It is recognized that design development will be required to
qualify the valve. At this stage no technology development is envisioned to the point where
advance testing is required. However, as the design evolves unique tests might be identified
which will be included at the appropriate time.
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0.4.2 IHX A

The THX is a critical high-temperature component of the NGNP and its main function is to
transfer thermal energy from the Primary Heat Transport System (PHTS) to the Secondary Heat
Transport System (SHTS). Previous studies related to the NGNP Heat Transport System (HTS)
have shown the advisability of splitting the IHX into two units, IHX A operating at up to 950°C
and IHX B operating at up to ~760°C — particularly when metallic materials are employed in the
high-temperature heat transfer section. Uncertainties related to achieving full service life at
950°C using metallic materials argue for parallel development of metallic and ceramic heat
exchangers.

Decision Discriminators were established and exercised in decisions taken relative to heat
exchanger designs and materials. Cost/performance, state-of-the-art, robustness, environmental
compatibility, Reliability and Integrity Management (RIM), IHX integration, and design/
licensing basis were considered in the down select of potential designs. A wide range of heat
exchanger designs were evaluated and the result was the selection of a compact printed circuit or
plate-fin heat exchanger (PCHE or PFHE) design for a metallic heat exchanger. A down select
has not been made for a ceramic IHX design and awaits the completion of future Trade Studies.

Decision discriminators applied to the selection of a metallic material for IHX A were the
availability of a materials database (e.g., maturity of data and service experience), materials
lifetime (e.g., creep lifetime and corrosion behavior), and fabrication related factors. The choice
based on the above was Ni-base Alloy 617. As for the ceramic heat exchanger design, selection
of specific ceramic materials awaits completion of future trade studies.

Evaluations of the status of technology for high temperature metallic and ceramic heat
exchangers were made and resulted in the determination of TRL 2 for IHX A. The underlying
bases for these selections are described in the TRL rating sheets in NGNP-CTF MTECH-
TDRM-004 [0-6] provided for both metallic and ceramic heat exchanger versions.

The IHX A is detailed in NGNP-CTF MTECH-TDRM-004, Intermediate Heat Exchanger A,
Section 04 [0-6] of this report.

0.4.3 IHX B

Just as for IHX A, Decision Discriminators were established and exercised in decisions taken
relative to heat exchanger designs and materials for IHX B. Cost/performance, state-of-the-art,
robustness, environmental compatibility, RIM, IHX integration, and design/licensing basis were
considered in the down select of designs. A wide range of heat exchanger designs were
evaluated and the result was the selection of a compact design (PCHE or PFHE) heat exchanger
design using metallic materials. Decision discriminators applied to the selection of a material for
IHX B were materials database (e.g., maturity of data and service experience), materials lifetime
(e.g., creep lifetime and corrosion behavior), and fabrication related factors. The choice based
on the above was Fe/Ni-base Alloy 800H.
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The status of technology for metallic heat exchangers was evaluated, and resulted in the
determination of a level of TRL 3 for IHX B. The underlying bases for this selection are
described in the TRL rating sheet for IHX B.

TDRMs are provided to summarize down select tasks, TRL status, and maturations tasks
necessary to increase the maturity of the technology of IHX B to a level of TRL 8. These tasks
include consideration of materials properties and performance, material and design codes, model
development for thermal and mechanical performance, and testing of IHX modules progressing
from unit cells to full-size IHX units. Details of the tasks necessary for technology advancement
between TRL levels are presented as a series of Technology Maturation Plans that include
information on objectives, test conditions, measured parameters, data requirements, test
evaluation criteria, test deliverables, and cost/schedule/risk. It is noted that the technology
roadmap and maturation plans will need to be adjusted as new DDNs evolve as part of the
conceptual and detail designs.

IHX B is detailed in NGNP-CTF MTECH-TDRM-005, Intermediate Heat Exchanger B, Section
05 [0-7] of this report.

044 HTS Piping

The HTS involves pipes of varying temperature capabilities in both the PHTS and SHTS.
High-temperature piping is utilized within the PHTS to direct helium flow from the reactor to
IHX A and from IHX A to IHX B. Lower temperature portions of the PHTS piping circuit
transport the helium flow from the exit of IHX B to the circulator and thereafter from the
circulator to the reactor. High-temperature piping is utilized within the SHTS to direct helium
flow from the high-temperature exit of IHX A to the mixing chamber and the PCHX and from
the mixing chamber to the SG. Also, high-temperature portions of the SHTS piping circuit
transport the helium from IHX B to IHX A and from the PCHX to the mixing chamber.

Low-temperature sections of the SHTS piping direct helium from the SG to the circulator and
from the circulator to IHX B. Very preliminary design selections for the various piping sections
were made on the basis of pre-conceptual design studies (these selections remain to be revisited
during conceptual design):

= The high-temperature portion of the PHTS piping is to combine both active cooling and

insulation.

= The low-temperature section of the PHTS piping and all SHTS piping is to be passively

cooled (insulation only).

An evaluation of the status of technology for the HTS piping was made and resulted in the
determination of a level of TRL 4. Maturation tasks address the effects of Helium environment
and possible rapid depressurization transients on the integrity and thermal conductivity of
insulation materials. There are further tasks to quantify environmental and operational effects on
prototypic piping section performance.
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The HTS Piping is detailed in NGNP-CTF MTECH-TDRM-006, HTS Piping, Section 06 [0-8]
of this report.

0.4.5 SHTS Flow Mixing Chamber

The secondary heat transport system (SHTS) flow mixing chamber’s main function is to
minimize the thermal effects associated with the mixing of two helium streams that are joined
together at significantly different temperatures. At 100% nominal steady-state operation, the
higher temperature stream enters the chamber at 900 C, while the other lower temperature stream
enters at 659 C. At this stage of the design, only a very high level concept of the SHTS flow
mixing chamber is available.

Discriminators have been identified to assist in the selection of an optimum design for the
SHTS flow mixing chamber. These discriminators address the required technology
development, the availability of a manufacturing base, the SHTS flow mixing chamber operation
and maintenance, the safety and investment implications and the lifecycle costs.

Several arrangements and design options are available for the SHTS flow mixing chamber
that satisfy the pre-conceptual functions and design requirements. The simplest SHTS flow
mixing chamber design option comprises of a single chamber (plenum) with two inlets (for
hotter helium and for cooler helium) and one outlet. Additionally, mixing and acoustic or/and
flow induced vibration damping devices can be added within the SHTS flow mixing chambers’
plenum to enhance the mixing process, reduce size of the chamber and prevent fatigue damages.
Alternative designs of the SHTS flow mixing chamber could replace single inlets with multiple
inlets to reduce the pressure drop and the streams inlet velocities.

A number of design selections remains to be made. Trade studies that will use computational
modeling and analysis, previous experience, similar designs and engineering judgment will
determine the advantages and disadvantages of each option with the help of the decision
discriminators. The only key design selection provided is the use of suitable high temperature
materials for the walls of the SHTS flow mixing chamber.

All the SHTS flow mixing chamber components are at TRL 8, while the integrated assembly
of these components as a subsystem is at TRL 6 because it has not been demonstrated in a loop
similar to the SHTS within a relevant environment. Following the selection of a reference SHTS
flow mixing chamber design, the components that require technology development will be
validated with supporting single effect tests. After that, the SHTS flow mixing chamber
subsystem will be validated with a partial scale or full-scale integrated test, subsequently
qualifying the subsystem at TRL 7. Advancement to a validated TRL 8 will comprise the final
integrated tests of the SHTS flow mixing chamber to take place in the first NGNP nuclear power
plant.
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The SHTS Flow Mixing Chamber is detailed in NGNP-CTF MTECH-TDRM-007, SHTS
Flow Mixing Chamber, Section 07 [0-9] of this report.

0.4.6 Hydrogen Production System

The hydrogen production development is organized into four separate process technology
areas, which are:

1. Sulfuric Acid Decomposition (common to both Sulfur-lodine and Hybrid Sulfur
hydrogen production systems).

2. Sulfur Dioxide Electrolysis (principal step in Hybrid Sulfur thermo- electro-
chemical water splitting).

3. Bunsen Reaction and HI Decomposition (steps in Sulfur-lodine thermo-chemical
water splitting).

4. High Temperature Steam Electrolysis.

The technology areas of the Hydrogen Production System (HPS) were further divided into
subsystems. TRL ranks were assigned to these subsystems. Section 8, NGNP-CTF MTECH-
TDRM-008 [0-10] of this report documents the subsystem ranking and outlines technology
maturation steps.

Specific hydrogen outputs, heat or power inputs, scale factors and scale-up steps are
quantified and were used as input to the road mapping report. These are all estimates based on
the TDRM’s developed here and on the present plans of the technology developers in the US
DOE Nuclear Hydrogen Initiative (NHI) who have been consulted. Far more progress in
development and work on specific designs of commercial scale components is required before
these numbers can be confirmed. Several of the anticipated tests may be avoided by alternative
designs and other tests may be suggested as designs progress. Test scale-up steps selected thus
far have been somewhat arbitrary. Final scale for each test will depend upon the specific
purpose for that test and the needs of the designer of the commercial-scale equipment.
Therefore, these estimates should be used only for general planning purposes and not as bases for
design or for detailed planning.

For each process concept, the Hydrogen Production Facility is made up of the Hydrogen
Production System (HPS) and the Hydrogen Production Buildings and Structures. For
discussion of technology development, the buildings and structures are assumed to be entirely
commercially available or having proven industry experience. Therefore, the following
technology assessment relates only to the Hydrogen Production System.

Testing of any major components of the thermo-chemical or hybrid cycles will require
importing, handling and disposing of at least a ton or more of hazardous chemicals such as
sulfuric acid, sulfur dioxide, iodine and hydroiodic acid. Provisions for the safe and
environmentally responsible handling and disposal of these materials are a prerequisite for the
testing of these components in the CTF.
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Testing of components for any of the technologies will require handling of high temperature
and high pressure oxygen and hydrogen either as pure streams or mixed with other gases.
Provisions for safe handling and disposal of these materials are necessary. Handling of hydrogen
requires specially designed electrical equipment and controls. If hydrogen production
technology testing is to be done at the CTF, these requirements must be met.

It may be more convenient to carry out large-scale testing of water splitting technology at a
facility that is specially designed for handling the process streams described above, rather than
design the CTF to envelope those requirements.

The Hydrogen Production System is detailed in NGNP-CTF MTECH-TDRM-008, Hydrogen
Production System, Section 08 [0-10] of this report.

0.4.7 Power Conversion System Steam Generator

The Steam Generator (SG) is a major component of the Power Conversion System (PCS) and
interfaces with the Secondary Heat Transport System (SHTS). Location of the SG in the SHTS
is a significant departure from prior High-Temperature Gas-Cooled Reactor (HTGR)
applications in which the SG was located in the Primary Heat Transport System (PHTS).

In the context of the NGNP PCS, the Steam Generator is a developmental component that is
based on proven technologies. These technologies must be re-established, adapted and
extrapolated for the NGNP. Based on prior applications such as Fort St. Vrain and the Thorium
High-Temperature Reactor (THTR), the SG has been rated at a technology readiness level of
TRL 6.

Advancement from TRL 6 to TRL 7 will involve performing as down selection trade study to
determine the preferred conceptual arrangement of the SG. The requirements and the design
details of the SG will need to be defined. The design will then have to undergo development
tests as well as prototype testing at the CTF. Further maturation of technology to TRL 8 will
require completion of the SG design and delivery of a prototype to the NGNP site. The SG will
then undergo through integrated tests as part of the PCS.

The Power Conversion System Steam Generator is detailed in NGNP-CTF MTECH-TDRM-
009, Power Conversion System Steam Generator, Section 09 [0-11] of this report.
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0.4.8 Software Codes Verification & Validation

The PBMR DPP software codes are expected to envelope the NGNP Software Code Validation
requirements for the NHSS, recognizing that the PBMR DPP commissioning itself forms an integral
part of the V&V program. However, only once the NGNP plant level conceptual design analyses
have been done will it be possible to confirm this statement and quantify specific further testing
needs (i.e. beyond the DPP V&V which is up to 900°C reactor outlet operating at 400 MWt). It is
noted that all NGNP evaluation models, once established, will remain subject to verification and
validation (V&V).

The NGNP core design for the reference case (950°C reactor outlet operating at 500 MWt) with
its higher gas outlet temperature and power density relative to the PBMR DPP may increase the risk
that the best estimate analysis plus uncertainties are too close to the safety margins. In certain cases,
this may imply more advanced methods, software and models to be required. It is noted that the
lower temperature NGNP option reduces the need for software V&V.

It is noted that the software V&V employed for the Rankine Power Conversion System (PCS)
and Hydrogen Production System (HPS) remain to be considered, as it has not been covered by the
PBMR DPP V&V process.

In order to analyze various aspects of the integrated NGNP Plant, the software currently used for
the PBMR DPP design is proposed to be further enhanced and extended to include an integrated core
neutronic/thermal hydraulic analysis tool coupled to the Power Conversion and Hydrogen Production
Systems models for simulating normal and off-design conditions. This tool will allow for steady-
state and transient analyses of the integrated NGNP plant and will enable operational and control
studies. Such a tool remains to be developed, verified and validated.

The Software Code Verification and Validation is detailed in NGNP-CTF MTECH-TDRM-
010, Software Code Verification and Validation, Section 10 [0-12] of this report.

0.4.9 Fuel Elements

The PBMR Demonstration Power Plant (DPP) is rated at 400 MWt and has a reactor outlet
temperature of 900°C. The DPP fuel qualification consists of irradiating fuel spheres up to a
temperature of 1250°C and to a burn-up value of approximately 111,900 MWD/tU'. The fast
neutron dose for these irradiation tests is specified at 2.7 x 10 cm™.  Post-irradiation heat-up
tests will be performed at 1600°C and 1800°C to determine delayed radionuclide releases,
thereby simulating Loss of Forced Cooling (LOFC) events. The maximum design fuel
temperature for the DPP during normal operation is 1130°C and for the depressurized LOFC
(DLOFEC) is 1593°C. Irradiation tests for the PBMR DPP fuel qualification program will be
performed at INM in Russia and HFR Petten in the Netherlands and will be used to achieve an
equivalent fuel TRL of 8 for the PBMR DPP.

! All of the fuel and reactor qualification envelope values are still subject to change as the analysis is refined with
actual design & manufacturing feedback regarding the fuel and reactor.
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Initial analyses of the NGNP NHSS predicted a peak fuel temperature of 1168°C during
normal operation and 1750°C during a DLOFC event. Based on the results, the NGNP and
Hydrogen Production Pre-conceptual Design Report [0-1] states that the fuel should have a
capability to achieve a maximum temperature of at least 1300°C and a burn-up value of 109,000
MWD/tU. The fast neutron dose is specified at 2.7 x 10*' cm™. The recent Reactor Parametric
NGNP Conceptual Design Study refined the maximum fuel temperature to 1235°C during
normal operation and the peak maximum temperature to 1703°C during a DLOFC event.

The anticipated operational profile of the fuel in the NGNP is outside the PBMR DPP fuel
envelope with regards to temperature while the fast neutron flux and burnup are the same and
within the DPP envelope. Note that if the NGNP program focuses on lower temperature
applications (<800°C ROT), it is expected that the PBMR DPP qualification envelope would
suffice.

The Fuel Elements are detailed in NGNP-CTF MTECH-TDRM-011, Fuel Elements, Section
11 [0-13] of this report.

0.4.10 Core Structures Ceramics

The NGNP is envisaged to utilize core internals similar to those of the PBMR DPP. These
core internals consists of the core barrel assembly and the Core Structures Ceramics (CSC) of
which the latter is identified as a critical SSC. The CSC can further be broken down into the
graphite, composites, ceramic and metallic components. The graphite components are mostly
made up of the reflector blocks, while the composites are comprised of the Lateral Restraint
Straps and Tie Rod assemblies. The CSC also includes ceramic components utilized as
insulation material at the bottom of the reactor and a number of metallic parts, notably in the
metallic links of the Lateral Restraint Straps.

A study was conducted to determine the TRL ratings of the different proposed technologies.
During this study, the CSC were subdivided into two sections, namely the graphite components
and the ceramics, composites etc. The graphite components were given a TRL 6 rating while the
other components were rated at TRL 4. Advancement of the CSC to a TRL 7 is achieved by a
complete PBMR qualification process, which ends with operational testing in the PBMR DPP.

The additional activities needed to advance this system to the required TRL 8 are mainly due
to the fact that the NGNP operates at a lower inlet temperature as well as a higher outlet
temperature. These activities have been captured in Design Data Needs (DDN) from the NGNP
Pre-Concept Design Report and related Special Studies

The Core Structure Ceramics are detailed in NGNP-CTF MTECH-TDRM-012, Core Structure
Ceramics, Section 12 [0-14] of this report.
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0.4.11  Reserve Shutdown System

The RSS forms part of the Reactivity Control and Shutdown System and is a totally diverse
reactor shutdown system. The RSS is used to keep the reactor sub-critical and below an average
core temperature not exceeding 100°C during shutdown. The NGNP WEC-team envisages
utilizing a RSS similar to that of the PBMR DPP.

The RSS development for the PBMR DPP is currently in its basic design phase, with a
number of development tests being performed, resulting in a TRL rating of 6. A number of
development and qualification tests will be performed in the Helium Test Facility (HTF) in
South Africa before the RSS will be commissioned in the PBMR DPP. Upon the completion of
these tests, the DPP RSS will have a TRL status of 7. Subsequent completion of PBMR DPP
tests will advance the DPP RSS TRL status to an 8. If the NGNP Requirements are enveloped
by the PBMR DPP, these development and qualification tests will be sufficient to advance the
NGNP RSS to a TRL of 8.

If the NGNP requirements are not enveloped by the DPP, then the RSS will be re-qualified in
the HTF to progress the NGNP RSS to TRL 7, in which case it will obtain TRL 8 status in the
NGNP itself. The need for potential further qualification can, however, only be defined once
more analyses have been performed to determine what the exact requirements would be for
application in the NGNP.

The Reserve Shutdown System is detailed in NGNP-CTF MTECH-TDRM-013, Reserve
Shutdown System, Section 13 [0-15] of this report.

0.4.12 Reactivity Control System

The RCS forms part of the Reactivity Control and Shutdown System, and serves the purpose
of controlling the reactivity in the core, and shutting the reactor down quickly. The NGNP
WEC-team envisages utilizing a RCS similar to that of the PBMR DPP. Operating experience
exists with reactivity control systems similar to that of the RCS in other gas cooled reactors. The
RCS development for the PBMR Demonstration Power Plant is nearing basic design completion,
with a number of development tests being performed, resulting in a TRL rating of 6.

A number of development and qualification tests will be performed in the Helium Test
Facility (HTF) in South Africa before the RCS can be commissioned in the PBMR DPP. Upon
the completion of these tests, the RCS will have a TRL status of 7. It has been identified
however, that the environment in which the RCS must operate in the NGNP may be at a higher
temperature than that of the PBMR DPP. For this reason, it is possible that alternative materials
may need to be investigated for certain components of the RCS. More analyses need to be done
on these alternative materials, such as carbon composite materials, to determine their current
TRL status.
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In section 14, NGNP-CTF MTECH-TDRM-014 [0-16], a TDRM outlines the process to be
followed for the RCS to obtain a TRL status of 8. Experience obtained in the development of the
RCS for the PBMR DPP can be fed back into the development of the RCS that may need to be
done for application in the NGNP. Any additional qualification tests for temperature effects that
may need to be performed for the NGNP RCS can be conducted at the HTF, depending on the
details of the test requirements. Testing required in a radiation environment will have to be
performed outside the HTF. The NGNP RCS is expected to be operated at slightly different
conditions than the PBMR DPP and, hence, detailed system level analyses are required to
confirm the DDN’s and operating envelope.

The Reactivity Control System is detailed in NGNP-CTF MTECH-TDRM-014, Reactivity
Control System, Section 14 [0-16] of this report.

0.4.13 Core Conditioning System

It is envisaged that the Core Conditioning System (CCS) to be used in the NGNP will be of a
similar design to that of the PBMR DPP. The CCS consists of a dual redundant system, each
having a gas circulating blower, a high temperature water-cooled heat exchanger, isolation and
blower control valves, hot gas ducts, pressure boundary piping and control instrumentation.

A study was conducted in which the TRL ratings of the different proposed technologies were
determined. During this study the CCS components were given a TRL 6 rating. The TRL
maturation process has been divided into two main activities, namely a maturation from the
current TRL rating up to TRL 7 and then from TRL 7 to TRL 8. To reach a TRL 7, various tests
will be done on the individual components of the CCS. The tests will qualify the technology to
be used in the final designs of the CCS components. The final components will be integrated as
a subsystem into the DPP and will be tested as an integrated unit. When the CCS subsystem
tests are complete, it will have progressed to a TRL 8.

The NGNP CCS is expected to operate at slightly different conditions than the DPP CCS.
Hence detailed system level analyses are required to confirm the DDN’s and the operating
envelope.

The Core Conditioning System is detailed in NGNP-CTF MTECH-TDRM-015, Core
Conditioning System, Section 15 [0-17] of this report.
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0.4.14 Reactor Cavity Cooling System

The Reactor Cavity Cooling System (RCCS) system is envisaged by the WEC NGNP Team to
be utilized in a similar operational environment to that of the PBMR DPP. The RCCS is
required to maintain the reactor citadel concrete structure within allowable temperatures through
heat removal and shielding of the concrete from direct thermal radiation during normal and
abnormal conditions. The DPP RCCS design is expected to be employed ‘as is’ for the PBMR
NGNP, with possibly only minor changes to water reservoir requirements.

The PBMR DPP RCCS is currently rated at TRL 6. Progression from TRL 6 to TRL 7 will be
achieved through analysis, while progression to TRL 8 will be through the commissioning and
operation of the PBMR DPP. The current DPP RCCS strategy is to utilize two independent
internationally recognized software codes RELAP5™ and SPECTRA™ to evaluate the passive
operation of the RCCS. To date, both software codes have indicated that the RCCS will
adequately satisfy its requirements. However, the benefits of testing to reduce risk are
acknowledged and, therefore, PBMR is investigating further means for validating RCCS
software code models. The definition of these validation tests has not yet been fully developed —
although it is favored to use representative part-scale testing.

Even though PBMR is investigating supplementary testing, additional testing by others will be
welcomed by PBMR through a CRADA-type arrangement if;
1) the tests are representative of the PBMR RCCS design (with PBMR providing test
specification inputs),
2) the tests can be conducted by the 2010 timeframe, and
3) if PBMR is involved with the test definitions and execution of such tests.

The Reactor Cavity Cooling System is detailed in NGNP-CTF MTECH-TDRM-016, Reactor
Cavity Cooling System, Section 16 [0-18] of this report.

0.5 Integrated Schedule and Cost Estimate

The cost and schedule of the NGNP evolves continuously as the project progresses due to
high uncertainties associated with technology advancements, evolving test plans and schedules,
timely availability of resources, etc. There is an integrated Test Schedule which includes the
NGNP schedule, the original SSC TDRM schedules and the CTF high level schedule
(summarized version shown in Figure 0-7) [0-19]. The SSC TDRM schedules were modified to
relieve pressure on the overall schedule, as it initially assumed that all work would start in
October 2008 (FY 2009). In the modified schedule the less critical SSC’s were moved to a later
starting date, but still within the constraints of the CTF and NGNP start-up dates.
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B: TDRM Road Maps (Qriginal Schedule)
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Industry CTF Recommendation Studies
* Pre-Conceptual Design
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* Start EPC Contact
Project Transfer

1994

Figure 0-7: CTF Integrated Schedule

Cost estimates are provided for certain critical SSCs. Estimates have been provided only up
to a TRL rating of 5. Estimates for higher TRL advancements can only be provided when
additional design information (preliminary or final) of the NGNP and components are available.
For some of the SSCs, more design information is required in order to develop reliable cost

estimates.

For some, trade studies (or various trade studies) need to be done to verify and

determine the specific combinations of sub-components that will be used. There is enough time
in the modified schedule to perform the trade studies before the advancement of the TRLs and
before possible testing in the CTF will be performed. The summary costs needed for the original
TDRMs as stated in [0-19] are shown in Figure 0-8.

Summary costs: Original TDRMs

SSEilkl FY2009 FY2010 FY2011 FY2012 FY2013 FY2014 FY 2015
Circulator $450,000 50 $0 $0 50 $0 0

HX A (Metallic) $4,205,030 $4,464,905 $3,300,971 $1,007,072 $225,225 $100,000 $100,000
IHX A (Ceramic) $5,482,274 $4,488,666 $3,896,338 $0 $0 $0 $0

IHX B $3,107,690 $2,851,809 $1,689,406 $0 $0 $100,000 $100,000
Piping $1,481,867 $283,333 $0 $0 $0 $0 $0
Mixing Chamber P! $0 $0 $1,124,000 $1,124,000 $0 $0 $0
Steam Generator $0 $4,092,000 $7,274,000 $7,741,000 $2,814,000 $0 $0
HPS ¥ $3,500,000 $5,300,000 $12,670,000 $15,610,000 | $15,610,000 | $23,110,000 $30,670,000
Fuel $4,500,000 $6,500,000 $6,500,000 $6,500,000 $5,500,000 $3,500,000 $3,500,000
CcsC $500,000 $600,000 $800,000 $800,000 $700,000 $900,000 $700,000
RSS n/a nia n‘a n/a na n/a n‘a
RCS n/a n/a n‘a n/a na n/a n‘a
CCS n/a n/a n‘a n/a na n/a n‘a
RCCS na n/a n‘a na na n/a n‘a
TOTAL ($) $23,226,861 $28,580,714 $37,254,714 $32,782,072 | $24,849,225 | $27,710,000 $35,070,000

[1] Estimates noted for some SSC's are those given in NGNP-16-RPT-001 (notably Mixing Chamber, Steam Generator, Fuel, CSC) due to limited design

information

[2] Costing of RSS, RCS, CCS and RCCS make part of PBMR DPP and are not included
[3] For the Circulator, Mixing Chamber as well as the Steam Generator, concept design needs to be progressed further before sensible estimations can be

made

[4] Sum total of HPS reflects totals of sulfuric acid decomposition technology development as well as sulfur dioxide electrolysis technology development [NGNP-
CTF MTECH-TDRM-008]. For the purposes of this estimation, estimations reflect costs needed to etablish Hybrid Sulphur hydrogen production system (even
though the reference design still has to be selected).
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Summary costs: Original TDRMs

SSEILHE FY 2016 FY 2017 FY 2018 FY 2019 FY 2020 FY 2021 Total
Circulator 01 50 $0 $0 $0 $0 $0 $450,000
IHX A (Metallic) $0 $0 $0 $0 $0 $0 $13,403,203
IHX A (Ceramic) $0 $705,925 $705,925 $705,925 $380,325 $400,000 $16,765,378
IHX B $0 $0 $0 $0 $0 $0 $7,848,905
Piping $0 $0 $0 $0 $0 $0 $1,765,200
Mixing Chamber ! $0 $0 $0 $0 $0 $0 $2,248,000
Steam Generator $0 $0 $0 $0 $0 $0 $21,921,000
HPS ] $30,670,000 | $24,500,000 | $24,500,000 $7,800,000 $0 $0 $193,940,000
Fuel $3,500,000 $4,500,000 $0 $0 $0 $0 $44,500,000
CSC $0 $0 $0 $0 $0 $0 $5,000,000
RSS n/a n'a n‘a na n/a na n/a

RCS n/a n/a n/a n/a n/a n‘a n‘a
CCS n/a n‘a n‘a n‘a n/a n‘a n/a
RCCS nfa na n/a n/a n/a n/a n‘a
TOTAL ($) $34,170,000 | $29.705.925 | $25,205.925 $8,505,925 $380,325 $400,000 $113,001,686

[1] Estimates noted for some SSC's are those given in NGNP-16-RPT-001 (notably Mixing Chamber, Steam Generator, Fuel, CSC) due to limited design
information

[2] Costing of RSS, RCS, CCS and RCCS make part of PBMR DPP and are not included

[3] For the Circulator, Mixing Chamber as well as the Steam Generator, concept design needs to be progressed further before sensible estimations can be
made
[4]  Sum total of HPS reflects totals of sulfuric acid decomposition technology development as well as sulfur dioxide electrolysis technology development [NGNP-
CTF MTECH-TDRM-008]. For the purposes of this estimation, estimations reflect costs needed to etablish Hybrid Sulphur hydrogen production system (even
though the reference design still has to be selected).

Figure 0-8: CTF Cost Estimate

The Integrated Schedule and Cost is detailed in NGNP-CTF MTECH-TDRM-017, Integrated

Schedule and Cost, Section 17 [0-19] of this report.

0.6 Inputto CTF

It is expected that some of the maturation plans will be carried out at the CTF. However, some
of the SSCs are either still in the early developmental stages or have progressed much further and
other facilities in which the technologies can be advanced may have to be sourced around the

world. Table 0-3 lists the SSC’s which have expected inputs to the CTF.
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Bench Scale — A technology to be tested that will provide the data or demonstration intended but
is not necessarily like the design of the final SSC. (~1:3600 scale)

Experimental Scale — A component to be tested that will provide the data or prove function
intended but is not necessarily like the design of the final SSC. (~1:1000 scale)

Pilot Scale — A model or facsimile of the subsystem used as a basis or standard for proof of
principle testing and/or operation. The model or facsimile may progress through several
evolutions, but is not necessarily in form or fit a final version. (~1:100 scale)

Engineering Scale — A model or facsimile of the system used as a basis or standard for proof of
principle testing and/or operation. The model or facsimile may progress through several
evolutions, but is not necessarily in form or fit a final version. (~1:20 scale)

Prototype — Subsequent to Pilot/Engineering Scale model or facsimile of the SSC, a version that
is intended to be the final version or is an evolutionary step toward the final version. (~1:4 scale)

Lab Environment — Refers to a controlled environment where effects can be quantified with
appropriate accuracy.

Relevant Environment — Refers to an environment that does not necessarily have the same
temperatures and pressures, but is close. Not necessarily the same fluids, but chemically similar
insofar as thermo-fluid and corrosion/reaction.

Operational Environment — For SSCs normally operating when the plant is running, the
operational environment consists of the normal operating fluids, and anticipated temperatures
(static and transient) and pressures (static and transient). For SSCs not normally operating, the
operational environments are the design basis operating fluids, temperatures and pressures.
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APPENDIX B: LIST OF DDNs
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Table B.0-1 List of DDNs for Critical SSCs

DDN Number Mission Need
1. Nuclear Heat Supply System
(NHSS)
Fuel Irradiation
NHSS-01-01 Fuel irradiation test for normal operational conditions
NHSS-01-02 Fuel heating tests for accident conditions
NHSS-01-03 Fuel Graphite irradiation tests
Graphite
Extended Properties of Irradiated Graphite at Low
NHSS-02-01 Temperatures
Extended Properties of Irradiated Graphite at High
NHSS-02-02 Temperatures

2. Heat Transport System (HTS)

Intermediate Heat Exchanger -
Metallic

HTS-01-01 Establish Reference Specifications for Alloy 617
HTS-01-02 Thermal/Physical and Mechanical Properties of Alloy 617
Welding and As-Welded Properties of Materials of Alloy
HTS-01-03 617for Compact Heat Exchangers
HTS-01-04 Aging Effects of Alloy 617
HTS-01-05 Environmental Effects of Impure Helium on Alloy 617
Influence of Grain Size on Materials Properties on Alloy
HTS-01-06 617
Methods for Thermal/Fluid Modeling of Plate-Type
HTS-01-13 Compact Heat Exchangers
Methods for Stress/Strain Modeling of Plate-Type
HTS-01-14 Compact Heat Exchangers
Criteria for Structural Adequacy of Plate-Type Compact
HTS-01-15 Heat Exchangers at Very High Temperatures
Methods for Performance Modeling of Plate-Type
HTS-01-16 Compact Heat Exchangers
HTS-01-17 Metallic: IHX Performance Verification
HTS-01-18 Data Supporting Materials Code Case
HTS-01-19 Data Supporting Design Code Case
Influence of Section Thickness on Materials Properties of
HTS-01-20 Alloy 617
HTS-01-21 Corrosion Allowances for Alloy 617
HTS-01-22 Establish Reference Specification for Alloy 800H
Supplemental High-Temperature Mechanical Properties
HTS-01-23 of Alloy 8O0H
Effects of Joining Techniques on the Properties of Alloy
HTS-01-24 S00H
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HTS-01-25 Effects of Aging on the Properties of Alloy 800H

Effects of Exposure in Impure Helium on Alloy 800H
HTS-01-26 Properties

Influence of Grain Size on Materials Properties of Alloy
HTS-01-27 800H

Influence of Section Thickness on Materials Properties of
HTS-01-28 Ally 800H
HTS-01-29 Corrosion Allowances for Alloy 8O0H

Brazing and Diffusion Bonding Processes for Alloy 617
HTS-01-30 and Alloy 800H

Readiness Assessment for Hastelloy XR as an ITHX
HTS-01-31 Material

Intermediate Heat Exchanger -
Ceramic

HTS-02-01 Review Existing Technology
HTS-02-02 Materials Property Database
HTS-02-03 Design Methods

HTS-02-04 Ceramic: IHX Performance Verification
HTS-02-05 Manufacturing Technology

HTS-02-06 Codes and Standards

SHTS Helium Mixing Chamber

HTS-03-01

Mixing Chamber Performance Test

High Temperature Ducts and
Insulation

HTS-04-01

Evaluation of High Temperature Ducts and Insulation
Systems

3. Hydrogen Production System
(HPS)

Sulfuric Acid Decomposition
(SAD)

Confirm Thermodynamic Data for the Sulfuric Acid

HPS-SAD-01 Decomposition Process

Develop a Commercial Sulfuric Acid Decomposition
HPS-SAD-02 Catalyst
HPS-SAD-03 Gather Decomposition Reaction Kinetics Data

Test Silicon Carbide and other Ceramic Material in
HPS-SAD-04 Decomposition Service

Test Alloy 230 and Alloy 617 in a High Temperature
HPS-SAD-05 Sulfuric Acid, Sulfur Dioxide, and Oxygen Atmosphere.

Develop a Method to Bond Alloy 230 or Alloy 617 or
HPS-SAD-06 Similar Materials to Silicon Carbide and other Ceramics.
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Develop Materials to Seal the Joints between Ceramic
Decomposer Elements and the Metallic Tube Sheet or

HPS-SAD-07 Vessel.

HPS-SAD-08 Test a Pilot-Scale Decomposer.

HPS-SAD-09 Provide Data Supporting a Design Code Case

HPS-SAD-10 Develop Gasket Materials and Design

HPS-SAD-11 Develop Seal Materials and Design

HPS-SAD-12 Develop Welding Materials

HPS-SAD-13 Develop Cladding and Coating Materials

HPS-SAD-14 Develop Piping Materials and Design Methods
Measure the Height Equivalent to a Theoretical Plate

HPS-SAD-15 (HETP) for the Concentrator (Vacuum Tower)
Measure the Height Equivalent to a Theoretical Plate

HPS-SAD-16 (HETP) for the SO2 Absorber

HPS-SAD-DT-02

Develop additional alternatives for the decomposition
reactor

HPS-SAD-DT-03

Complete thermal and hydraulic analyses of the
alternatives using equilibrium data only

HPS-SAD-DT-04

Complete a conceptual mechanical design of each of the
alternative concepts

HPS-SAD-DT-05

Complete a thermal, hydraulic, and reaction analysis of
each alternative incorporating kinetic and heat transfer
data from bench scale testing

HPS-SAD-DT-06

Complete a thermal, hydraulic, and reaction analysis of
each alternative incorporating kinetic and heat transfer
data from engineering or pilot scale testing

HPS-SAD-DT-07

Develop a preliminary piping spec and materials
selections for equipment

HPS-SAD-DT-08

Size conceptual equipment and track economics as
technology develops

Feed Purification (FUS)

Identify Critical Impurities and Determine Critical

HPS-FUS-01 Component Tolerance
HPS-FUS-02 Develop Feed Water Purification Methods
HPS-FUS-03 Develop Process Fluid Purification Methods

HPS-FUS-DT-09

Design a feed water purification system including
equipment sizing and economics

HPS-FUS-DT-10

Design a process fluid purification system including
equipment sizing and economics

HPS-FUS-DT-01

Design a feed water purification system including

equipment sizing and economics
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HPS-FUS-DT-02

Design a process fluid purification system including
equipment sizing and economics

Electrolyzers (ELE)

HPS-ELE-01 Develop a Cell Membrane

HPS-ELE-02 Optimize Catalyst Loading in the Electrodes

HPS-ELE-03 Develop a Cell Configuration and Materials

HPS-ELE-04 Build and Test a Prototype Cell

HPS-ELE-05 Build and Test a Pilot-scale Cell

HPS-ELE-06 Build and Test a Stack of Cells in a Pilot Plant
Test Alloy 230 and Alloy 617 in High Temperature

HPS-ELE-07 Helium and Air/Oxygen and Steam/Hydrogen Mixtures

HPS-ELE-08 Test a Pilot-Scale PCHX

HPS-ELE-09 Provide Data Supporting a Design Code Case

HPS-ELE-10 Develop Gasket Materials and Design

HPS-ELE-11 Develop Seal Materials and Design

HPS-ELE-12 Develop Welding Materials

HPS-ELE-13 Develop Piping Materials and Design Methods

HPS-ELE-DT-03

Design a cell stack suitable for operation at high
temperature in a high pressure, oxygen-rich environment

HPS-ELE-DT-04

Design an economical stack enclosure that minimizes heat
loss, sealing and stack handling and maximizes safety

HPS-ELE-DT-05

Design a conceptual plant layout and piping arrangement
that accommodates expected thermal expansion

HPS-ELE-DT-06

Design and rate conceptual PCHXs

HPS-ELE-DT-11

Design an electrolysis system based on the electrolyzer
design and track economics

Product Purification (PPU)

HPS-PPU-01

Identify Product Impurities

HPS-PPU-02

Test Product Purification Methods

HPS-PPU-DT-27

Develop a pre-conceptual design for a product
purification system

Instrument and Controls (PCN)

HPS-PCN-01

Test Sensors in the Pilot Plant

Develop Valves for High-Temperature Acid and/or

HPS-PCN-02 Helium Service
HPS-PCN-03 Test Valves in the Pilot Plant

Develop and Test High Temperature Helium Control
HPS-PCN-04 Valves

HPS-PCN-DT-12

Identify appropriate valve materials and sensing devices
for the aggressive environments of the process technology

Hybrid Sulfur

HPS-HYS-DT-01

Analyze Data and Improve Process Simulation
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HPS-HYS-DT-13

Develop P&IDs and operating outline including normal
and abnormal transients

HPS-HYS-DT-14

Perform appropriate hazard and operability reviews at
designated stages in process development

Bunsen Reaction (BUN)

Confirm Thermodynamic Data for the Bunsen Reaction

HPS-BUN-01 Process including Phase Equilibria

HPS-BUN-02 Gather Kinetic and Mass Transfer Data for the Bunsen
Reaction in the proposed reactor configuration

HPS-BUN-03 Develop Gasket Materials and Design for Bunsen
Reaction Environment

HPS-BUN-04 Develop Seal Materials and Design for Bunsen Reaction
Environment

HPS-BUN-05 Develop Welding Materials for Bunsen Reaction
Environment

HPS-BUN-06 Develop Cladding and Coating Materials for Bunsen
Reaction Environment

HPS-BUN-07 Develop Piping Materials and Design Methods for

Bunsen Reaction Environment

HPS-BUN-DT-15

Design Alternative Bunsen Reactors

HPS-BUN-DT-16

Complete thermal and hydraulic analyses of the
alternatives using equilibrium data only

HPS-BUN-DT-17

Complete a conceptual mechanical design of each of the
alternative concepts

HPS-BUN-DT-18

Complete a thermal, hydraulic, and reaction analysis of
each alternative incorporating kinetic and heat transfer
data from bench scale testing

HPS-BUN-DT-19

Complete a thermal, hydraulic, and reaction analysis of
each alternative incorporating kinetic and heat transfer
data from engineering or pilot scale testing

HPS-BUN-DT-20

Develop a preliminary piping spec and materials
selections for BUN equipment

Hydroiodic Acid Decomposition

(HID)

HPS-HID-01 Demonstrate Hydroiodic Acid Reactive Distillation
Decomposition in Principle

HPS-HID-02 Confirm Thermodynamic Data for the Hydroiodic Acid
Decomposition Process including Phase Equilibria

HPS-HID-03 Develop commercial HI Decomposition Catalyst
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HPS-HID-04 Gather Kinetic and Mass Transfer Data for the
Hydroiodic Acid Decomposition in the proposed reactor
configuration based on the commercial catalyst

HPS-HID-05 Develop Gasket Materials and Design for Hydroiodic
Acid Decomposition Environment

HPS-HID -06 Develop Seal Materials and Design for Hydroiodic Acid
Decomposition Environment

HPS-HID -07 Develop Welding Materials for Hydroiodic Acid
Decomposition Environment

HPS-HID -08 Develop Cladding and Coating Materials for Hydroiodic
Acid Decomposition Environment

HPS-HID-09 Develop Piping Materials and Design Methods for

Hydroiodic Acid Decomposition Environment

HPS-HID-DT-21

Design Alternative HI Decomposition Reactors

HPS-HID-DT-22

Complete thermal and hydraulic analyses of the
alternatives using equilibrium data only

HPS-HID-DT-23

Complete a conceptual mechanical design of each of the
alternative concepts

HPS-HID-DT-24

Complete a thermal, hydraulic, and reaction analysis of
each alternative incorporating kinetic and heat transfer
data from bench scale testing

HPS-HID-DT-25

Complete a thermal, hydraulic, and reaction analysis of
each alternative incorporating kinetic and heat transfer
data from engineering or pilot scale testing

HPS-HID-DT-26

Develop a preliminary piping spec and materials
selections for HID equipment

Sulfur lodine

HPS-SI-DT-01 Analyze Data and Improve Process Simulation

HPS-SI-DT-08 Track equipment size and cost as development progresses

HPS-SI-DT-13 Develop P&IDs and operating outline including normal
and abnormal transients

HPS-SI-DT-14 Perform appropriate hazard and operability reviews at

designated stages in process development

4. Power Conversion System
(PCS)

Steam Generator

Secondary side Corrosion Characteristics 800H & 2-

SG-01-01 1/4Cr-1Mo and Weldments

SG-01-02 Helium Environment Effects on 2-1/4 Cr-1Mo
SG-01-03 Helium Environment Effects on 800H
SG-01-04 Acoustic Response of Helical Bundle
SG-01-05 Large Helical Coil Fabrication Methods
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SG-01-06 Inlet Flow Distribution
SG-01-07 Insulation Verification Test
SG-01-08 Fretting & Sliding Wear Protection Tests
SG-01-09 Tube Wear Protection Device Testing
SG-01-10 Shroud Seal Test
SG-01-11 [_ead-in/Lead-out/Transition/Expansion Loop Mock-ups
SG-01-12 Flow Induced Vibration Testing of Helical Bundle
SG-01-13 Orifice Qualification Test
SG-01-14 Instrumentation Attachment Test
SG-01-15 Bi-Metallic Weld Structural Integrity
SG-01-16 Helical Bundle and Transition Region Heat Transfer Test
SG-01-17 Tubing Inspection Methods and Equipment
SG-01-18 Review and re-assemble existing SG development data

DDN from Composite Study

COMP-01-01

Characterize Race Track Strap and Tie Rod Materials

COMP-01-02 RCS Materials Characterization
COMP-01-03 Core Outlet Connection or Hot Gas Duct Liner
COMP-01-04 Insulation Materials
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[0-1] NGNP-01-RPT-001 — NGNP and Hydrogen Production Pre-conceptual Design Report

[0-2] NGNP-CTF MTECH-TDRM-000 — Executive Summary

[0-3] NGNP-CTF MTECH-TDRM-001 — NGNP Systems and operation description

[0-4] NGNP-CTF MTECH-TDRM-002 — Technology Road Mapping Process

[0-5] NGNP-CTF MTECH-TDRM-003 — PHTS Circulator

[0-6] NGNP-CTF MTECH-TDRM-004 — Intermediate Heat Exchanger A

[0-7] NGNP-CTF MTECH-TDRM-005 — Intermediate Heat Exchanger B

[0-8] NGNP-CTF MTECH-TDRM-006 — HTS Piping

[0-9] NGNP-CTF MTECH-TDRM-007 — SHTS Flow Mixing Chamber

[0-10] NGNP-CTF MTECH-TDRM-008 — Hydrogen Production System

[0-11] NGNP-CTF MTECH-TDRM-009 — Power Conversion System Steam Generator

[0-12] NGNP-CTF MTECH-TDRM-010 — Software Code Verification and Validation

[0-13] NGNP-CTF MTECH-TDRM-011 — Fuel Elements

[0-14] NGNP-CTF MTECH-TDRM-012 — Core Structure Ceramics

[0-15] NGNP-CTF MTECH-TDRM-013 — Reserve Shutdown System

[0-16] NGNP-CTF MTECH-TDRM-014 — Reactivity Control System

[0-17] NGNP-CTF MTECH-TDRM-015 — Core Conditioning System

[0-18] NGNP-CTF MTECH-TDRM-016 — Reactor Cavity Cooling System

[0-19] NGNP-CTF MTECH-TDRM-017- Integrated Schedule and Cost (And Facility Info)

[0-20] NGNP-CTF MTECH-TDRM-00A — SSC list and current Technology Readiness
Levels and 750 °C Comments
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ACRONYMS & ABBREVIATIONS

Acronym Definition
Al Inner Annulus (active cooling piping)
AMS Activity Measurement System
AO QOuter Annulus (active cooling piping)
AOO Anticipated Operational Occurrence
AS Automation System
ASME American Society of Mechanical Engineers
AVR Arbeitsgemeinschaft Versuchs-Reaktor
BOP Balance of Plant
BUMS Burn-up Measurement System
CB Core Barrel
CCS Core Conditioning System
CEA Commissariat & I'Energie Atomique
CFD Computational Fluid Dynamics
CHE Compact Heat Exchanger
CIP Core Inlet Pipe
COo2 Carbon Dioxide
COC Core Outlet Connection
COP Core Outlet Pipe
COTS Commercial Off The Shelf
CRADA Co-operative Research and Development Agreement
CRD Control Rod Drive
CSC Core Structure Ceramics
CTF Component Test Facility
CTF Component Test Facility
CuD Core Unloading Devices
DAU Data Acquisition Unit
DBA Design Base Accident
DBE Design Base Event
DDN Design Data Need
DFC Depressurized Forced Cooling
DLOFC De-pressurized Loss of Forced Cooling
DOE Department of Energy
DPP Demonstration Power Plant
DRL Design Readiness Level
DWS Demineralized Water System
ELE Elecrolyser System
EM Evaluation Model
EMB Electomagnetic Bearing
EOFY End of Fiscal Year
EPCC Equipment Protection Cooling Circuit
EPCT Equipment Protection Cooling Tower
F&OR Functional and Operational Requirements
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Acronym Definition
FHS Fuel Handling System
FHSS Fuel Handling and Storage System
FIMA Fissions per Initial Metal Atoms
FMECA Failure Modes, Effects and Criticality Analysis
FS Fuel Spheres
FTA Fault Tree Analysis
FUS Feed and Utility System
H2 Hydrogen
H2S504 Sulfuric Acid
HC Helium Circulator
He Helium
HETP Height Equivalent of the theoretical Plate
HGD Hot Gas Duct
HI Hydro-lodic
HLW High Level Waste
HPB Helium Pressure Boundary
HPC High Pressure Compressor
HPS Helium Purification System
HPS Hydrogen Production System
HPT High Pressure Turbine
HPU Hydrogen Production Unit
HRS Heat Removal System
HTF Helium Test Facility
HTGR High Temperature Gas-Cooled Reactor
HTR High Temperature Reactor
HTS Heat Transport System
HTSE High Temperature Steam Electrolysis
HTTR High Temperature Test Reactor
HVAC Heating Ventilation and Air Conditioning
HX Heat Exchanger
HyS Hybrid Sulfur
1&C Instrumentation and Control
12 lodine
ID Inner Diameter
IHX Intermediate Heat Exchanger
ILS Integrated Laboratory Scale
I-NERI International Nuclear Energy Research Initiative
INL Idaho National Laboratory
INL Idaho National Laboratory
IPT Intermediate Pressure Turbine
ISR Inner Side Reflector
K-T Kepner-Tregoe
KTA German nuclear technical committee
LEU Low Enriched Uranium
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Acronym Definition
LOFC Loss of Forced Cooling
LPT Low Pressure Turbine
MES Membrane-electrode assembly
MTR Material Test Reactor
NAA Neutron Activation Analysis
NCS Nuclear Control System
NGNP Next Generation Nuclear Plant
NHI Nuclear Hydrogen Initiative
NHS Nuclear Heat Supply
NHSS Nuclear Heat Supply System
NNR National Nuclear Regulator
NRG Nuclear Research and consultancy Group
NRV Non-Return Valve
02 Oxygen
oD Quter Diameter
PBMR Pebble Bed Modular Reactor
PCC Power Conversion System
PCDR Pre-Conceptual Design Report
PCHE Printed Circuit Heat Exchanger
PCHX Process Coupling Heat Exchanger
PCS Power Conversion System
PFHE Plate Fin Heat Exchanger
PHTS Primary Heat Transport System
PIE Post-irradiation Examination
PLOFC Pressurized Loss of Forced Cooling
POC Power Conversion System
PPM Parts per million
PPU Product Purification Unit
PPWC Primary Pressurized Water Cooler
QA Quality Assurance
RAMI Reliability, Availability, Maintainability and Inspectability
RC Reactor Cavity
RCCS Reactor Cavity Cooling System
RCS Reactivity Control System
RCSS Reactivity Control and Shutdown System
RDM Rod Drive Mechanism
RIM Reliability and Integrity Management
RIT Reactor Inlet Temperature
RM Road Map
ROT Reactor Outlet Temperature
RPS Reactor Protection System
RPT Report
RPV Reactor Pressure Vessel
RS Reactor System
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Acronym Definition
RSS Reserve Shutdown System
RUS Reactor Unit System
SAD Acid Decomposition System
SAR Safety Analysis Report
SAS Small Absorber Spheres
SG Steam Generator
SHTS Secondary Heat Transport System
S Sulfur lodine
SiC Silicon Carbide
SNL Sandia National Laboratory
SO2 Sulfur Dioxide
SOE Sulfuric Oxide Electrolyzers
SOEC Sulfuric Oxide Electrolyzers Cells
SR Side Reflector
SSC System Structure Component
SSCs Systems, Structures and Components
SSE Safe Shutdown Earthquake
SuUD Software Under Development
TBC To Be Confirmed
TBD To Be Determined
TDL Technology Development Loop (As incorporated in Concept 1)
TDRM Technology Development Road Map
TER Test Execution Report
THTR Thorium High Temperature Reactor
TRISO Triple Coated Isotropic
TRL Technology Readiness Level
TRM Technology Road Map
uco Uranium Oxycarbide
uo2 Uranium Dioxide
USA. United States of America
V&V Verification and Validation
V&Ved Verified and Validated
VLE Vapor-Liquid Equilibrium
WBS Work Breakdown Structure
WEC Westinghouse Electric Company
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SUMMARY AND CONCLUSIONS

This document summarizes the plant-level operation of the Pebble Bed Modular Reactor
(PBMR)-based Next Generation Nuclear Plant (NGNP) Demonstration Plant concept and
presents the nominal operating conditions as defined in the Preconceptual Design Report
(PCDR) and modified in subsequent Conceptual Design Studies.

The modes diagram from PCDR Section 11 — Overall NGNP Operation [1-1] was re-
arranged into a more systematic arrangement in order to provide a qualitative overview of the
plant operating envelopes.

To date, no plant-level NGNP transient simulations have been done. The transient
analyses will form part of the conceptual design process and falls outside of the scope of this
study. None of the operating Modes, States, Transients and Transitions, nor the SSC dimensions
can be confirmed as of yet. Therefore, the conceptual design of the Component Test Facility
(CTF) is based on the steady-state PCDR [1-2] and Intermediate Heat Exchanger (IHX)
Conceptual Design Study [1-3] as reference.

It is further noted that the technology roadmaps and maturation plans will need to be
adjusted as new design data needs (DDNs) evolve as part of the conceptual and preliminary
design effort. Therefore requirements influencing the CTF will continue to emerge during the
NGNP Conceptual Phase.

NGNP-CTF MTECH-TDRM-001_RevI-final.doc December 2, 2008
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1 NGNP SYSTEMS AND OPERATIONAL DESCRIPTION

The NGNP Demonstration Plant consists of various Systems, Structures and Components
(SSCs) integrated into a functional plant capable of producing process heat for hydrogen
production as well as electricity (used notably for hydrogen plant but also for export). The
Westinghouse Team NGNP Demonstration Plant consists of a 500 MW pebble bed reactor with
primary and secondary helium loops coupling a 470 MW steam generator and a 50 MW process
coupling heat exchanger for the hydrogen production system.

In order to minimize the safety and economic risk of the NGNP Demonstration Plant, the
intent is that all the SSC’s should have demonstrated the ability of the applied technologies to
function according to specification within their intended operational environment, prior to
nuclear start-up of the NGNP Demonstration Plant. This would then leave the ability of these
technologies to perform according to specification when integrated into their final NGNP
Demonstration Plant configuration as the remaining risk to be addressed.

Obviously the advancement of the readiness of technology for application within the
NGNP needs to be addressed at the level of the SSC within which the technology is being
applied. There are SSCs which use technology that is either commercially unavailable or lacks
proven industry experience, thus further technology development needs to be done for these
SSC’s to achieve acceptable Technology Readiness Levels (TRL) prior to installation in the
NGNP.

In addition, given the current design maturity of the NGNP Demonstration Plant, it is
recognized that not all the DDNs are identified at this stage and it is highlighted that the
technology development needs will be supplemented as the integrated design progresses.

This section will describe the overall NGNP system and provide an operational
description of two NGNP applications (at different temperatures) under consideration. There are
a number of systems that are similar between the two applications, however at different
operating conditions.

1.1 Steady State Conditions (Hydrogen Production at 950°C)

The overall operation and control of the NGNP is described in detail in PCDR Section 11
- Overall NGNP Operation [1-1] and will not be repeated here, other than to present the steady
state conditions which have evolved through the NGNP Conceptual Design Studies completed
subsequent to the definition of the PCDR baseline.

The process flow diagram of the NGNP Demonstration Plant for Hydrogen Production is
given in Figure 1-1.

NGNP-CTF MTECH-TDRM-001_RevI-final.doc December 2, 2008
9 of 15
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Figure 1-1: NGNP Demonstration Plant Process Flow Diagram — Hydrogen Production
(950°C)

The latest reference schematic of the NGNP at 950°C was documented in the NGNP
Conceptual Design Study: IHX and HTS [1-3]. The Heat Transport System (HTS) is comprised
of the primary HTS and the secondary HTS as described in PCDR Section 6 - Heat Transport
System [1-4]. The reference steady state operating conditions are presented in Figure 1-2 of [1-3]
and repeated below in Figure 1-2. below.
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Figure 1-2: Nominal Process Conditions for the NGNP Demonstration Plant
(Hydrogen Production, 950°C)

1.2 Steady State Conditions (Steam Production at 750°C)

The NGNP Preconceptual Design and conceptual design studies to date have focused on
a 950°C reactor outlet temperature for hydrogen production. Depending on the process
application, various alternatives to the reference preconceptual design are possible. The
schematic in Figure 1-3 presents one option for a steam production plant, and this option will be
used as the 750°C reference for the purposes of this study. In this option, the Process Coupling
Heat Exchanger (PCHX) is removed from the Secondary Heat Transport System (SHTS) and a
single Intermediated Heat Exchanger (IHX) is retained. The steam could be used for electricity
production, process steam or cogeneration. This configuration represents the minimum
departure from the PBMR NGNP Preconceptual Design and would provide enveloping
development requirements for 750°C applications. It is potentially representative of
applications, such as oil sands, in which extreme water quality requirements or other
considerations (e.g., tritium migration) would dictate the use of an IHX. In other applications, it
may be possible to eliminate the IHX and relocate the SG to the Primary Heat Transport System
(PHTS). The actual configuration of a 750°C application remains subject to trade studies that
would be done when functions and requirements are identified.
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Figure 1-3: Nominal Process Conditions for a NGNP Steam Production Plant (750°C)

1.3 High-Level Operating Envelope (Hydrogen Production at 950 °C)

In order to have a clear link between component testing and the plant design, it is
necessary to derive the test requirements from the intended operating range of each component in
the NGNP. It is recognized that it is not sufficient to simply use nominal operating conditions to
determine the test parameters for an SSC, as the design would notably need to accommodate
various transitions such as startup or shut-down and transient events such as loss of heat sink.
The risk of missing such a condition can only be avoided by explicitly determining the complete
operating envelope of the plant and consequently each SSC. This is done by calculating the
component conditions during each state and event in the Modes and States. However, at this
stage, the conceptual design of the integrated NGNP system has not been done and,
consequently, detailed transient constraints have not been analyzed or quantified for each SSC.
Hence, at this point in time, the test plans of the CTF are mostly based on steady state
requirements.

The Modes and States for the NGNP, as described in Figure 11.2-2 PCDR Section 11:
Overall NGNP Operation [1-1], has been rearranged as shown in Figure 1-4, where the states are
numbered in order to create a consistent numbering system for the Transitions and Transients.
Transitions and Transients are numbered according to the start state and the end state between
which it takes place.
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Figure 1-4: Modes, States, Transitions and Transients for the NGNP.

NOTE: These modes, states, transitions and transients are all subject to revision during
conceptual and preliminary design when a more thorough and intensive functional analysis is
done to a level where the specific SSC Failure Modes, Effects and Criticality Analysis (FMECA)
and Fault Tree Analysis (FTA) can identify the expected plant- and SSC level responses to
component failures or responses to external events.

At this stage it is useful to distinguish between modes, states, transitions and transients.
Modes are high-level groupings of steady-state conditions or “States”, as shown in Figure 1-4.
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“Transitions” are events that the plant is designed to undergo as a matter of day-to-day operation,
while “Transients” are undesirable events which the plant has to be able to withstand.

Given that transitions are controlled changes between modes and states, all transitions
will be specified, designed and performed to ensure that the SSCs remain within their nominal
operating parameters where possible.

Considering that transients are essentially plant and SSC responses to anticipated
operational occurrences (AOOs) and the plant operational control system will be responding to
these changes of conditions and a full analysis of the plant response has not been performed, an
assumption is required at this stage regarding the ability of the operational control system to
manage these events. For the purposes of determining a bounding set of conditions for all the
SSCs it is thus assumed that the plant operating control system will be able to respond to all
anticipated operational occurrences such that the operational parameters being measured will not
exceed the nominal full power values by more than 10% (assumption to be confirmed during
conceptual design).

It must be kept in mind that currently, only the nominal operating state is well defined.
For other operating conditions, the power levels, detail control strategy and temperature levels
still have to be clarified in more detail than described by PCDR Section 11 - Overall NGNP
Operation [1-1] if component envelopes are to be properly defined.

For determining the transient requirements to SSC’s, it is necessary to do full transient
simulations of the applicable systems. To date, no plant-level NGNP transient simulations have
been done. The transient analyses will form part of the system-level conceptual design and falls
outside of the scope of this study. Therefore, this section will not cover transient simulations.
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ACRONYMS & ABBREVIATIONS

Acronym Definition
Al Inner Annulus (active cooling piping)
AMS Activity Measurement System
AO QOuter Annulus (active cooling piping)
AOO Anticipated Operational Occurrence
AS Automation System
ASME American Society of Mechanical Engineers
AVR Arbeitsgemeinschaft Versuchs-Reaktor
BOP Balance of Plant
BUMS Burn-up Measurement System
CB Core Barrel
CCS Core Conditioning System
CEA Commissariat & I'Energie Atomique
CFD Computational Fluid Dynamics
CHE Compact Heat Exchanger
CIP Core Inlet Pipe
COo2 Carbon Dioxide
COC Core Outlet Connection
COP Core Outlet Pipe
COTS Commercial Off The Shelf
CRADA Co-operative Research and Development Agreement
CRD Control Rod Drive
CSC Core Structure Ceramics
CTF Component Test Facility
CTF Component Test Facility
CuD Core Unloading Devices
DAU Data Acquisition Unit
DBA Design Base Accident
DBE Design Base Event
DDN Design Data Need
DFC Depressurized Forced Cooling
DLOFC De-pressurized Loss of Forced Cooling
DOE Department of Energy
DPP Demonstration Power Plant
DRL Design Readiness Level
DWS Demineralized Water System
ELE Elecrolyser System
EM Evaluation Model
EMB Electomagnetic Bearing
EOFY End of Fiscal Year
EPCC Equipment Protection Cooling Circuit
EPCT Equipment Protection Cooling Tower
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Acronym Definition
F&OR Functional and Operational Requirements
FHS Fuel Handling System
FHSS Fuel Handling and Storage System
FIMA Fissions per Initial Metal Atoms
FMECA Failure Modes, Effects and Criticality Analysis
FS Fuel Spheres
FTA Fault Tree Analysis
FUS Feed and Utility System
H2 Hydrogen
H2S504 Sulfuric Acid
HC Helium Circulator
He Helium
HETP Height Equivalent of the theoretical Plate
HGD Hot Gas Duct
HI Hydro-lodic
HLW High Level Waste
HPB Helium Pressure Boundary
HPC High Pressure Compressor
HPS Helium Purification System
HPS Hydrogen Production System
HPT High Pressure Turbine
HPU Hydrogen Production Unit
HRS Heat Removal System
HTF Helium Test Facility
HTGR High Temperature Gas-Cooled Reactor
HTR High Temperature Reactor
HTS Heat Transport System
HTSE High Temperature Steam Electrolysis
HTTR High Temperature Test Reactor
HVAC Heating Ventilation and Air Conditioning
HX Heat Exchanger
HyS Hybrid Sulfur
1&C Instrumentation and Control
12 lodine
ID Inner Diameter
IHX Intermediate Heat Exchanger
ILS Integrated Laboratory Scale
I-NERI International Nuclear Energy Research Initiative
INL Idaho National Laboratory
INL Idaho National Laboratory
IPT Intermediate Pressure Turbine
ISR Inner Side Reflector
K-T Kepner-Tregoe
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Acronym Definition
KTA German nuclear technical committee
LEU Low Enriched Uranium
LOFC Loss of Forced Cooling
LPT Low Pressure Turbine
MES Membrane-electrode assembly
MTR Material Test Reactor
NAA Neutron Activation Analysis
NCS Nuclear Control System
NGNP Next Generation Nuclear Plant
NHI Nuclear Hydrogen Initiative
NHS Nuclear Heat Supply
NHSS Nuclear Heat Supply System
NNR National Nuclear Regulator
NRG Nuclear Research and consultancy Group
NRV Non-Return Valve
02 Oxygen
oD Quter Diameter
PBMR Pebble Bed Modular Reactor
PCC Power Conversion System
PCDR Pre-Conceptual Design Report
PCHE Printed Circuit Heat Exchanger
PCHX Process Coupling Heat Exchanger
PCS Power Conversion System
PFHE Plate Fin Heat Exchanger
PHTS Primary Heat Transport System
PIE Post-irradiation Examination
PLOFC Pressurized Loss of Forced Cooling
POC Power Conversion System
PPM Parts per million
PPU Product Purification Unit
PPWC Primary Pressurized Water Cooler
QA Quality Assurance
RAMI Reliability, Availability, Maintainability and Inspectability
RC Reactor Cavity
RCCS Reactor Cavity Cooling System
RCS Reactivity Control System
RCSS Reactivity Control and Shutdown System
RDM Rod Drive Mechanism
RIM Reliability and Integrity Management
RIT Reactor Inlet Temperature
RM Road Map
ROT Reactor QOutlet Temperature
RPS Reactor Protection System
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Acronym Definition
RPT Report
RPV Reactor Pressure Vessel
RS Reactor System
RSS Reserve Shutdown System
RUS Reactor Unit System
SAD Acid Decomposition System
SAR Safety Analysis Report
SAS Small Absorber Spheres
SG Steam Generator
SHTS Secondary Heat Transport System
S-l Sulfur lodine
SiC Silicon Carbide
SNL Sandia National Laboratory
S02 Sulfur Dioxide
SOE Sulfuric Oxide Electrolyzers
SOEC Sulfuric Oxide Electrolyzers Cells
SR Side Reflector
SSC System Structure Component
SSCs Systems, Structures and Components
SSE Safe Shutdown Earthquake
SuUD Software Under Development
TBC To Be Confirmed
TBD To Be Determined
TDL Technology Development Loop (As incorporated in Concept 1)
TDRM Technology Development Road Map
TER Test Execution Report
THTR Thorium High Temperature Reactor
TRISO Triple Coated Isotropic
TRL Technology Readiness Level
TRM Technology Road Map
uco Uranium Oxycarbide
uo2 Uranium Dioxide
USA. United States of America
V&V Verification and Validation
V&Ved Verified and Validated
VLE Vapor-Liquid Equilibrium
WBS Work Breakdown Structure
WEC Westinghouse Electric Company
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2 TECHNOLOGY DEVELOPMENT ROADMAPPING PROCESS

2.1 Introduction to NGNP TDRM Process

For the NGNP, levels of readiness of needed technologies have been assessed. However,
these levels vary significantly for the various Systems, Structures and Components (SSCs). The
overall technology readiness assessment process is referred to as Technology Development
Roadmapping (TDRM). The TDRM process is used to assess, map, plan and visualize the
needed technology development activities to advance the technology readiness of a particular
System, Structure or Component (SSC) to a state that will reduce commercial risk and support
plant operation. The TDRM process determines what is needed firstly to verify the performance
and safety of the SSC and secondly to minimize the risk associated with operating the SSC. The
latter is achieved through a series of scale test programs, up to and including tests at full-scale
NGNP plant temperatures, pressures and flow rates. These test programs are documented in Test
Plans which specifies the needed maturation tasks to advance the relevant technologies (Refer to
Figure 2.1).

For the purpose of this document, only critical SSCs to be utilized in the 950°C NGNP
demonstration plant have been considered. Critical SSCs are defined as Systems, Structures and
Components that are not commercially available or do not have proven industry experience. The
following deliverables are relevant in the TDRM process for these SSCs:

e Technology Development Roadmaps, which sets out the high level vision for maturing
certain technologies up to a point where the technology can be utilized in the NGNP

e Technology Readiness Level Rating Sheets, which supplies the current readiness of a
particular SSC to serve as input into the NGNP

e Technology Maturation Plans, which specifies the more detailed plans/actions required to
mature technologies for utilization in the NGNP

e Test Specification, which provide a requirement for specific testing

NGNP-CTF MTECH-TDRM-002_Rev 1-final.doc 12/8/2008
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Figure 2-1: TDRM Process with Associated Outputs

2.2 Technology Development Roadmap

Shown in Figure 2.2 is a typical Technology Development Roadmap. The roadmap is
typically populated with items relating to down selection of technologies (shown on the left side
of the roadmap), TRL of the technology (yellow blocks) and technology maturation tasks needed
for advancement (shown on the right side of the roadmap).

Items shown on the left of the roadmap involve the following aspects:
¢ (Candidate Technologies
¢ Decision Discriminators
* Down Selection Task

Items shown on the right of the roadmap involve the following aspects
e Appropriate TRL Levels
e Technology Maturation Tasks

Additional information reflected in the roadmap involves:
¢ Timeframe for completion of maturation of technology
e Mission at reaching validated TRL levels
e All applicable references/input into the roadmap
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On the left side of the roadmap, all candidate technologies that are in contention to be
utilized for the NGNP are shown. The Decision Discriminators shown just to the right of the
technology candidates on the roadmap are used to guide a down selection of the available
technologies. Typical decision discriminators may entail inter alia service experience of
technologies, available data and maturity of respective technologies. Upon the screening of the
candidate technologies against the decision discriminators, a down selection can be made.

On the right side of the roadmap, the current TRL rating together with the Maturation
Tasks necessary to achieve progressively higher levels of Validated TRLs up to a TRL 8 are
shown. At each validated TRL level, a mission statement is stated which gives an indication at
which environmental parameters the qualification has been conducted. All the maturation tasks
shown in the roadmap are also linked to a schedule in the form of the timeline shown in Figure 2-
2. References that serve as input into the roadmap at this stage involve Design Data Needs,
Preconceptual Design Documents and Special Studies.

2.3 Technology Readiness Levels

Technology Readiness Levels are ratings between 1 and 10 assigned by Subject Matter
Experts to a certain Island/System/Structure/Component/Technology (ISSCT) which gives an
indication of the maturity of the ISSCT involved. Various definitions are assigned to the existing
TRL ratings and are shown in Table 2.1. For explanation of relevant terminology referred to in
Table 2-1, please refer to Appendix B.

As an aid to understanding the context under which TRL ratings are applied, Figure 2-3 depicts
the interrelationship among the TRL ratings, their abbreviated definition, the increasing amount
of integration and testing.
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Table 2-1: TRL Definitions and Abbreviations [2-1]

minimized by multiple units built and running through several years of
service cycles.

Rating . . TRL Abbreviated
Level | Technology Readiness Level Definition Definition

1 | Basic principles observed and reported in white papers, industry Basic principles observed
literature, lab reports, etc. Scientific research without well defined
application.

2 | Technology concept and application formulated. Issues related to Application formulated
performance identified. Issues related to technology concept have been
identified. Paper studies indicate potentially viable system operation.

3 | Proof-of concept: Analytical and experimental critical function and/or Proof of Concept
characteristic proven in laboratory. Technology or component tested at
laboratory scale to identify/screen potential viability in anticipated
service.

4 | Technology or Component is tested at bench scale to demonstrate Bench scale testing
technical feasibility and functionality. For analytical modeling, use
generally recognized benchmarked computational methods and traceable
material properties.

5 | Component demonstrated at experimental scale in relevant Component Verified at
environment. Components have been defined, acceptable technologies Experimental Scale
identified and technology issues quantified for the relevant environment.

Demonstration methods include analyses, verification, tests, and
inspection.

6 | Components have been integrated into a subsystem and demonstrated | Subsystem Verified at Pilot
at a pilot scale in a relevant environment. scale

7 | Subsystem integrated into a system for integrated engineering scale System demonstration at
demonstration in a relevant environment. Engineering Scale

8 | Integrated prototype of the system is demonstrated in its operational Integrated Prototype Tested
environment with the appropriate number and duration of tests and at the | and Qualified
required levels of test rigor and quality assurance. Analyses, if used
support extension of demonstration to all design conditions. Analysis
methods verified and validated. Technology issues resolved pending
qualification (for nuclear application, if required). Demonstrated
readiness for hot startup

9 | The project is in final configuration tested and demonstrated in Plant Operational.
operational environment.

10 | Commercial-scale demonstration is achieved. Technological risks Commercial Scale —

Multiple Units
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Figure 2-3: TDRM Process with Associated Outputs

The TRL ratings for the associated SSCs are captured in the TRL Rating Sheets as
displayed in Table 2-2. These sheets reflect the following information:
e The current TRL Rating of the SSC
e Basis of rating: Justification for the calculated readiness, which can include one of the
following:
o Trade studies completed
o Tests and actions completed
o Reference documentation
¢ Qutline of actions/tests needed to advance to higher TRL ratings
e Cost and schedule associated with advancement to a successively higher TRL level
e All DDN’s supported / resolved through the action plans to advance the TRL rating
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Table 2-2: TRL Rating Sheet Example

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System OSubsystem/Structure O Component O Technology
Title:

Description:

Island(s): 0 NHSS O HTS OO0 HPS O PCS 0 BOP
ISSCTBS: Parent: WBS:

Technology Readiness Level

Next Lower Calculated Next Higher
Rating Level Rating Rating Level
Generic Definitions (abbreviated)
TRL # # #

Basis for Rating (Attach additional sheets as needed)

Outline of a plan to get from current level to next level (Attach additional sheets as needed)

Actions (list all) Schedule Cost (K$)
DDN(s) supported: Technology Case File:

Subject Matter Expert Making Determination:

Date: Originating Organization:

NGNP-CTF MTECH-TDRM-002_Rev 1-final.doc 12/8/2008

15 of 30



NGNP-CTF MTECH-TDRM-002 NGNP Technology Development Road Mapping Report
Section 2: Technology Development Road Mapping
Process

2.4 Test Specifications

In the TDRM process, the associated details for each action/test required to advance an

SSC to progressively higher TRL levels are captured in test plans. These test plans incorporate
details ranging from material qualification specifics to prototypical SSC testing details. The test
plan content can reflect the following details:

¢ Function of test
Duration of test
Scale of test article
Proposed Location
Test Items
Scope of testing (i.e. features to be tested)
Approach/Method
Evaluation Criteria
Test Deliverables
Planning Risks & Contingencies

2.5 Principles followed in the TDRM Process

Although the NGNP requires a critical SSC to be at a minimum of TRL 7 before
utilization in the NGNP, the preferred option is to have an SSC qualified at a TRL 8 before being
installed into the NGNP. Some critical SSC’s are envisioned to be supplied to the NGNP at a
validated TRL 7, primarily because qualification of the applicable full scale SSC in its
operational environment is deemed uneconomical or unpractical outside the NGNP. Other SSC’s
that propose envisioned qualification testing in other locations (notably the CTF, PBMR HTF and
the PBMR DPP) are advanced to TRL 8 levels independently from the NGNP if the operating
conditions of these facilities envelope the NGNP requirements in the relevant fields (fields may
involve temperature, pressure, mass flows, etc). Consequently, no additional testing will then be
required. However, if the NGNP operating envelope is not covered by these alternate testing
facilities, testing in these facilities will only advance and supply the applicable SSC’s to the
NGNP at a TRL 7.

It must be recognized that once the down select of technology has been made and the SSC
is at TRL 6, all subsequent tasks are in fact design maturity advancement tasks of the SSC, as it is
no longer only the technology and the manner in which it is being applied within the SSC that is
under scrutiny, but now the manner in which the SSC is being applied within its operational
environment. For this reason it is believed pertinent to include a description of the PBMR (DPP)
Qualification Process (Appendix A) which describes how the SSCs are individually brought to a
status where the risk involved in starting up the plant is adequately addressed. In addition it
covers the activities to ensure that the plant can operate within its design parameters for the
intended life cycle.
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2.6 References

[2-1] INLAEXT-08-14251, Rev 0: Technology Readiness Level Plan
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APPENDIX A: PBMR QUALIFICATION PROCESS
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A THE PBMR QUALIFICATION PROCESS

A1 INTRODUCTION

The PBMR Qualification Process is a formal and logical process aimed at the generation
and maintenance of evidence to ensure that all safety classified systems and its equipment will
operate reliably within design requirements under all operating and accident conditions.

All SSCs within the PMBR plant are subjected to the same qualification approach graded
according to its contribution to safety.

A2 THE QUALIFICATION PROCESS

The integrated qualification programme for the Structures, Systems and Components
(SSC) is divided into logical stages to facilitate a process of progressive confidence building and
risk reduction.

The SSC that uses software to implement operational functions needs that software to be
completed according to the applicable Software Life Cycle Process before the SSC Equipment
Qualification (EQ) can be finalised. The Software Lifecycle Process includes all the software
verification and validation tasks that are needed to satisfy the requirements.

The quality assurance requirements for software used in SSC for the PBMR are as per
ASME NQA-1-2004.

The major stages of EQ as indicated in Figure Al-1 are the following:

A2.1 Equipment Qualification

Equipment Qualification (EQ) ensures that the individual SSC designs are robust and
comply with their design specifications, including safety and functional requirements.

The initial phase of EQ is conducted prior to installation in the plant (i.e. off-site). Termed
the EQ Verification Phase, it includes functional, environmental and seismic assessment. The
SSCs capability to perform its safety functions under anticipated operational and environmental
stresses associated with Design Basis Accidents and postulated seismic events is deterministically
verified during this phase. Seismic response is by analysis except for some systems that are
physically tested. Some repetitive or cyclic testing may be done during this stage to provide
supportive probabilistic data.

Only in exceptional cases, typically where infrastructure or interface restrictions have
been identified, are functional verification tests conducted on site on installed SSC during
commissioning of the plant.
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After installation on the plant (site-based) the EQ Validation Phase starts, validating the
performance of the individual SSC within their installed environment. No environmental or
seismic qualification activities are conducted during this phase.

During the commercial operation of the plant, the operating utility must ensure that all
SSC of high and medium safety significance retain their qualification status. This EQ
Preservation Phase shall be achieved through technical specification In-service Surveillance
Testing, In-service Inspections, Surveillance Testing and Continuous Plant Health and Condition
Monitoring, and Operational Performance Monitoring. This will tie in with the Technical
Surveillance Programme.
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Where SSC of high and medium safety significance have become obsolete and are
replaced by new SSC, EQ tests shall be conducted before installation to verify the design of the
new equipment. Commissioning testing shall be conducted after installation of the new
equipment, or where major maintenance activities have been conducted on equipment, to verify
the installation and integrated functioning of such equipment.

Probabilistic data shall also be captured during this phase to support the Reliability
Growth Programme and Product Improvement Programmes.

A2.2 Installation Inspection (Site-based)

Installation Inspections are physical inspections that are conducted after SSC have been
installed and integrated into the plant, to confirm correct installation before the equipment is
commissioned. This phase will include the seismic qualification reconciliation process.

A2.3 Initial Testing (Site-based)

Initial Testing is divided into pre-fuel-load testing and post-fuel-load testing. The
pre-fuel-load testing is carried out before fuel may be brought on site. The pre-fuel-load
inspection and testing verifies that installed equipment, functional equipment groups, control
systems and safety features are functional before fuel is loaded into the reactor. This phase also
confirms that operational staff is suitably trained, and that required operating and maintenance
procedures are in place.

Once the pre-fuel-load testing is completed successfully and the license to load fuel is
approved by the Nuclear Regulator, the stepwise loading of fuel and start-up testing commences.
This phase ends with the Integrated Plant Testing. All integrated functions of the plant, including
start-up, reactivity control, power ascension, reactor shutdown, load following and load rejection
are verified during this phase. The first electrical generation to the grid shall occur during this
stage.

A2.4 Final Acceptance Testing (Site-based)

On successful completion of the post-fuel-load testing, the client verifies that the plant
complies with contractual requirements, prior to handover. This is called the Plant Acceptance
Testing.

A2.5 Performance Monitoring (Site-based)

Performance Monitoring is an engineering activity concerned with the validation of the
performance of the plant and its individual SSC against their development specifications.
Engineering data is gathered by design engineers from operational tests and inspections.
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Instrumentation monitoring confirms and where necessary addresses variations in the plant and
SSC performance and design data packs, software and computer models. This monitoring takes
place throughout the pre-fuel-load, post-fuel-load, plant acceptance testing and operational
phases.

A2.6 Operational Testing (Site-based)

On successful completion of the plant acceptance testing and demonstration of the safe
operation of the plant, the client can apply for the license to operate the plant. During the
operational phase and throughout the service life in-service testing, in-service inspection and
monitoring of the plant and individual SSC performance will continue. Together with the
maintenance programme Operational Testing will ensure that all systems are functioning to
specification, and that the qualification status is retained.

A3. EQUIPMENT QUALIFICATION VS PLANT QUALIFICATION

Figure A1-2 emphasizes the difference as well as the interfacing between the Equipment
Qualification process and the Plant Qualification process. This process is initiated prior to plant
installation and is monitored and maintained throughout the service life of the plant by using data
obtained from the plant qualification process and from operational testing conducted during
commercial operations.

The qualification of the plant comprises a progressive process to build confidence in the
plant’s ability to operate as required. It starts with the verification of individual SSC performance
during the EQ verification phase, followed by installation inspection of installed equipment, and
then the initial testing on individual SSC, functional equipment groups, and the integrated plant
during commissioning. The Plant Qualification process is more concerned with the functioning
of the integrated plant when subjected to Anticipated Operational Occurrence and plant trips.
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—  Start-up testing
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Final
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Figure A1-2: Equipment Qualification vs. Plant Qualification
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A4 MANAGEMENT OF THE QUALIFICATION PROGRAMME

A4.1 Roles and Responsibilities in the PBMR Qualification Process

Due to the turnkey nature of the PBMR development, PBMR (Pty) Ltd is responsible for
providing a qualified plant to the client. The plant is qualified to meet all regulatory safety
requirements as well as the relevant contractual requirements. Off-site qualification activities are
conducted by the SSC suppliers under PBMR supervision, while PBMR (Pty) Ltd and the client
conduct most site-based activities. The qualification programme is compiled, executed and
managed in accordance with a formal, well-documented and transparent process. Figure 3
illustrates the roles and responsibilities of the various parties involved in the Qualification
process, and the detail is discussed in the remainder of this section.

Nuclear
Regulator

Oversight of Qualification to satisfy Licensee
obligations and ensure adequate plant performance

Manage planning and execution of
Qualification to ensure safety and plant

performance as contractually agreed Qualification Client
Board

Original PBMR
Equipment Proprietary
Manufacturer Limited

Figure A1-3: Illustration of Roles and Responsibilities in the Qualification Process
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A4.2 PBMR Plant Qualification Manager

The PBMR Plant Qualification Manager has the primary responsibility for the planning,
documentation, execution and management of all qualification activities within PBMR (Pty) Ltd.
The PBMR Plant Qualification Manager controls the qualification of SSC, manages the
qualification tests at off-site locations, and provides supervision of any site-based qualification
tests executed during commissioning of the integrated plant. All site-based tests executed during
commissioning of the integrated plant are executed under the overall supervision of the Client
Commissioning Manager. The responsibilities of the PBMR (Pty) Ltd personnel involved in
qualification are detailed in the PBMR Qualification Management Plan. The Plant Qualification
Manager is also the chairman of the PBMR Qualification Board.

A4.3 The Client

The client as the licensee ensures that the PBMR qualification programme sufficiently
addresses all contractual performance and nuclear safety requirements in support of the various
licensing stages. Interaction with the PBMR Plant Qualification group is done through the
PBMR Qualification Board (PQB) on which the Client serves as a standing member. The client
ensures the distribution of all qualification information pertaining to nuclear safety to the
Nuclear Regulator.

A4.4 Nuclear Regulator

The Nuclear Regulator as the licensor ensures that the PBMR qualification programme
complies with national nuclear safety requirements and international nuclear safety guidelines
and participates in the PQB as an observer to ensure independent oversight. The Nuclear
Regulator may request any qualification information and may conduct qualification audits at
PBMR (Pty) Ltd and any of its suppliers.

A4.5 PBMR Qualification Board

The PQB is responsible for approving all SSC and plant qualification and commissioning
programmes, as well as the associated qualification results. The Plant Qualification Board has
the authority to certify, or refuse certification of, an SSC to meet its qualification requirements.
In order to promote efficient handling and consideration of issues before the Plant Qualification
Board, the NGNP client is a standing member of this board, and the Nuclear Regulator will be
co-opted by the NGNP client as required.
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A4.6 Qualification Management Structure

The qualification management structure internal to PBMR (Pty) Ltd varies depending on

the project phase. Each of the following requires a different qualification management structure:

Management of planning for qualification.
Management of off-site qualification.
Management of site-based qualification.
Management of site-based commissioning.

The management structure for each phase given above is described in the Qualification

Management Plan.

A4.7 Qualification Management Activities

Qualification Management activities include the following:

Approval of the qualification programmes and reports

SSC Certification process

Scheduling of qualification tasks

Qualification risk/hazard and operability assessment

Safety assessment of qualification activities

Manage the communication within PBMR and to the subcontractors

Propose regulatory hold and witness points for approval by the Nuclear Regulator
Manage the execution of the approved hold and witness points with involvement of the
Nuclear Regulator

Manage the configuration of documents and qualification data during qualification
Execute qualification audits and design reviews during the qualification programme
Manage the handling of failures during tests

Manage the handling of deviations from test and analysis specifications

Manage the reporting of the occurrence of unusual incidents during the qualification
program.

A4.8 Qualification Documentation

The documents relating to the qualification programme is divided into the following six
categories:

Qualification planning documentation

e (Qualification execution documentation
e (Qualification output documentation
e (Qualification control documentation
e (Qualification process documentation
e (Qualification guidelines
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A4.9 Management of Facilities and Equipment

Existing test facilities are utilized as far as possible for development and qualification
testing, however dedicated facilities may be constructed for specific SSC tests. All test facilities
are subjected to a formal PBMR authorization process prior to initiation of any test programmes.
The test facilities are evaluated for their suitability to fulfil identified test requirements.
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APPENDIX B: TERMINOLOGY OF TRL DEFINITIONS
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Nomenclature

Bench Scale — A technology to be tested that will provide the data or demonstration intended but
is not necessarily like the design of the final SSC. (~1:3600 scale)’

Experimental Scale — A component to be tested that will provide the data or prove function
intended but is not necessarily like the design of the final SSC. (~1:1000 scale)

Pilot Scale — A model or facsimile of the subsystem used as a basis or standard for proof of
principle testing and/or operation. The model or facsimile may progress through several
evolutions, but is not necessarily in form or fit a final version. (~1:100 scale)

Engineering Scale — A model or facsimile of the system used as a basis or standard for proof of
principle testing and/or operation. The model or facsimile may progress through several
evolutions, but is not necessarily in form or fit a final version. (~1:20 scale)

Prototype — Subsequent to Pilot/Engineering Scale model or facsimile of the SSC, a version that
is intended to be the final version or is an evolutionary step toward the final version. (~1:4 scale)

Lab Environment — Refers to a controlled environment where effects can be quantified with
appropriate accuracy.

Relevant Environment — Refers to an environment that does not necessarily have the same
temperatures and pressures, but is close. Not necessarily the same fluids, but chemically similar
insofar as thermo-fluid and corrosion/reaction. This would apply, for example, to AGR and
AGC testing in ATR.

Operational Environment — For SSCs normally operating when the plant is running, the
operational environment consists of the normal operating fluids, and anticipated temperatures
(static and transient) and pressures (static and transient). For SSCs not normally operating, the
operational environments are the design basis operating fluids, temperatures and pressures.

" Scale provided for illustrative purposes only. The applicable scale will be determined by the specific SSC
development plan based on the SSC size and the ability to generate acceptable test results at a specific scale.

NGNP-CTF MTECH-TDRM-002_Rev 1-final.doc 12/8/2008

30 of 30



NGNP-CTF MTECH-TDRM-003 November 2008
Revision 1

NGNP and Hydrogen Production
Conceptual Design Study

NGNP Technology Development Road Mapping
Report

Section 3: PHTS Circulator

APPROVALS
Function Printed Name and Signature Date
e e G P oemverts
| Campany: Pebble B Mioduir Resctor Pty Lt fgrrast~ | ovamber 10, 200
e e ey |

I

Westinghouse Electric Company LLC
Nuclear Power Plants
Post Office Box 355
Pittsburgh, PA 15230-0355

©2008 Westinghouse Electric Company LLC
All Rights Reserved




NGNP-CTF MTECH-TDRM-003

NGNP Technology Development Road Mapping Report

Section 3: PHTS Circulator

LIST OF CONTRIBUTORS

Name and Company

Date

Guido Baccaglini (Technology Insights)

October 30, 2008

Roger Young (Pebble Bed Modular Reactor (Pty) Ltd.)

October 30, 2008

Renee Greyvenstein (Pebble Bed Modular Reactor (Pty) Ltd.)

October 30, 2008

Werner Koekemoer (M-Tech Industrial)

October 30, 2008

BACKGROUND INTELLECTUAL PROPERTY CONTENT

Section Title Description
N/A N/A N/A
REVISION HISTORY
RECORD OF CHANGES
Revision No. Revision Made by Description Date
A G. Baccaglini Comments Review August 14,2008
B G. Baccaglini Formal Review September 17
,2008
0 G. Baccaglini Document for approval September 26 ,
2008
0A G. Baccaglini Road Map Updated, BEA October 29, 2008
comments updated
1 L Venter Document for release to WEC November 28, 2008

DOCUMENT TRACEABILITY
Created to Support the Following Document Number Revision
Document(s)
NGNP and Hydrogen Production NGNP-01-RPT-001 0

Preconceptual Design Report

NGNP-CTF MTECH-TDRM-003_RevI-final.doc

12/9/2008

Page 2 of 50




NGNP-CTF MTECH-TDRM-003 NGNP Technology Development Road Mapping Report
Section 3: PHTS Circulator

TABLE OF CONTENTS
Section Title Page
SUMMARY AND CONCLUSIONS ..cceiterreteecccssnneecssssseeccsssssssessssssssssssssssssssssasssssssssssssssssssssssans 9
3 PRIMARY HEAT TRANSPORT SYSTEM (PHTS) CIRCULATOR ....ueeeeeeeeeccrcnne 11
3.1 FUNCTION AND OPERATING REQUIREMENTS ....cccceeeessrnenaeececccssssssssasssssscscsssssssnasasasces 11
3.2 DESIGN SELECTION STATUS .ccceeecrsnnecccssnssecccsnnns 12
RV B ©7: 1 Ta § (s P 0ol @5 (e 11 110 ) ¢ R 12
3.2.2  DeciSion DIiSCIIMINALOTS ....uuueeeeieeeieeee e e e e e e e eeseseeeseeeeeeans 15
3.2.3  Reference DESIZN ..cccueieiiiiiiiieciieeieecee ettt et 18
3.2.4  Alternatives for Further Evaluation.........ccoooooeiooiioioieieieeececc e 18
3.2.5  DoWn Selection TasK. .. ... 18
3.3 TRL STATUS OF PHTS CIRCULATOR ...cccceeercnneeeccsnnaecenes 20
3.4 TECHNOLOGY DEVELOPMENT ROAD MAP SUMMARY ..ccceeeeeeecccssessasaeecccccssssssasssssasees 22
I N B 1< o V4 1<) N 22
3.5 TECHNOLOGY MATURATION PLAN SUMMARY ..ccccceeersrsrnsnaeececccsssssessasssssccscsssssssnasasasces 22
3.6 SHTS CIRCULATOR AND PHTS CHECK VALVE TECHNOLOGY DEVELOPMENT ....... 25
3.0.1  SHTS CIICUIALOT ..ottt e e et e e e e enaaeeeeenaees 25
3.6.2  PHTS CRECK VALVE et e e e e e e 25
3.7 INPUTS INTO CTF caaaeeeeeeeeeeeeeeccrssssnnneeeeeccccssssssssssseesecssssssssssassssssessssssssssasssssssssssssanasssssees 25
3.8 REFERENCES.....cccccceeeersanneeccsonnacee 25
APPENDIX A: TRL RATING SHEETS cccceeeeeeececcsssssnaseeecccssssssssssssssscssssssssassassssssssssssssassssssssssss 26
APPENDIX B: TECHNOLOGY DEVELOPMENT ROAD MAP.....ccrceeereecccsssssnsssssssccssssssssassassan 35
APPENDIX C: TECHNOLOGY MATURATION PLAN....ccccccceerrrsssnnneeeeccccssssssssssessccccssssssanssssasses 37
NGNP-CTF MTECH-TDRM-003_Rev1-final.doc 12/9/2008

Page 3 of 50



NGNP-CTF MTECH-TDRM-003 NGNP Technology Development Road Mapping Report
Section 3: PHTS Circulator

LIST OF TABLES
Table 3-1: NGNP PHTS Circulator Design Requirément ..............coeveeeeveeenieeniieeniieeesieeenveens 11
Table 3-2: Trade Studies Recommended for the PHTS Helium Circulators..........cc.cccocueeneenneee. 20
Table A-1: Technology Readiness Levels for the Reference PHTS...........cccooeeviiiiiiieiiiieciene 27
Table A-2: Technology Readiness Levels for the Reference PHTS............ccooiiiiiiiininnn. 29
Table A-3: Technology Readiness Levels for the Reference PHTS...........ccccooviiiiniiiiiiieiinns 31
Table A-4: Technology Readiness Levels for the Reference PHTS...........ccccooiiiiiiiinininnn. 33
LIST OF FIGURES
Figure 3-1 Design Options of the PHTS Circulator.............ccoceeviiniiniiiniiniiiicniecnecceceeeeen 13
Figure 3-2 PHTS Circulator Development LOZIC.........coociiiriiieriieeiiieeieeeiee e e 24
Figure B-1: Technology Development Road Map — Circulator ..........ccccecveevierieenieniieeneceieeeee. 36
NGNP-CTF MTECH-TDRM-003_Rev1-final.doc 12/9/2008

Page 4 of 50



NGNP-CTF MTECH-TDRM-003

Section 3: PHTS Circulator

NGNP Technology Development Road Mapping Report

ACRONYMS & ABBREVIATIONS

Acronym

Definition

Al

Inner Annulus (active cooling piping)

AMS

Activity Measurement System

AO

Outer Annulus (active cooling piping)

AOO

Anticipated Operational Occurrence

AS

Automation System

ASME

American Society of Mechanical Engineers

AVR

Arbeitsgemeinschaft Versuchs-Reaktor

BOP

Balance of Plant

BUMS

Burn-up Measurement System

CB

Core Barrel

CCS

Core Conditioning System

CEA

Commissariat & I'Energie Atomique

CFD

Computational Fluid Dynamics

CHE

Compact Heat Exchanger

CIP

Core Inlet Pipe

CcOo2

Carbon Dioxide

COC

Core Outlet Connection

COP

Core Outlet Pipe

COTS

Commercial Off The Shelf

CRADA

Co-operative Research and Development Agreement

CRD

Control Rod Drive

CSC

Core Structure Ceramics

CTF

Component Test Facility

CTF

Component Test Facility

CUD

Core Unloading Devices

DAU

Data Acquisition Unit

DBA

Design Base Accident

DBE

Design Base Event

DDN

Design Data Need

DFC

Depressurized Forced Cooling

DLOFC

De-pressurized Loss of Forced Cooling

DOE

Department of Energy

DPP

Demonstration Power Plant

DRL

Design Readiness Level

DWS

Demineralized Water System

ELE

Elecrolyser System

EM

Evaluation Model

EMB

Electomagnetic Bearing

EOFY

End of Fiscal Year

EPCC

Equipment Protection Cooling Circuit

EPCT

Equipment Protection Cooling Tower
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F&OR Functional and Operational Requirements
FHS Fuel Handling System

FHSS Fuel Handling and Storage System
FIMA Fissions per Initial Metal Atoms

FMECA Failure Modes, Effects and Criticality Analysis
FS Fuel Spheres

FTA Fault Tree Analysis

FUS Feed and Utility System

H2 Hydrogen

H2S04 Sulfuric Acid

HC Helium Circulator

He Helium

HETP Height Equivalent of the theoretical Plate
HGD Hot Gas Duct

HI Hydro-lodic

HLW High Level Waste

HPB Helium Pressure Boundary

HPC High Pressure Compressor

HPS Helium Purification System

HPS Hydrogen Production System

HPT High Pressure Turbine

HPU Hydrogen Production Unit

HRS Heat Removal System

HTF Helium Test Facility

HTGR High Temperature Gas-Cooled Reactor
HTR High Temperature Reactor

HTS Heat Transport System

HTSE High Temperature Steam Electrolysis
HTTR High Temperature Test Reactor

HVAC Heating Ventilation and Air Conditioning
HX Heat Exchanger

HyS Hybrid Sulfur

1&C Instrumentation and Control

12 lodine

ID Inner Diameter

IHX Intermediate Heat Exchanger

ILS Integrated Laboratory Scale

I-NERI International Nuclear Energy Research Initiative
INL Idaho National Laboratory

INL Idaho National Laboratory

IPT Intermediate Pressure Turbine

ISR Inner Side Reflector

K-T Kepner-Tregoe

KTA German nuclear technical committee
LEU Low Enriched Uranium

LOFC Loss of Forced Cooling
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LPT

Low Pressure Turbine

MES

Membrane-electrode assembly

MTR

Material Test Reactor

NAA

Neutron Activation Analysis

NCS

Nuclear Control System

NGNP

Next Generation Nuclear Plant

NHI

Nuclear Hydrogen Initiative

NHS

Nuclear Heat Supply

NHSS

Nuclear Heat Supply System

NNR

National Nuclear Regulator

NRG

Nuclear Research and consultancy Group

NRV

Non-Return Valve

02

Oxygen

oD

Outer Diameter

PBMR

Pebble Bed Modular Reactor

PCC

Power Conversion System

PCDR

Pre-Conceptual Design Report

PCHE

Printed Circuit Heat Exchanger

PCHX

Process Coupling Heat Exchanger

PCS

Power Conversion System

PFHE

Plate Fin Heat Exchanger

PHTS

Primary Heat Transport System

PIE

Post-irradiation Examination

PLOFC

Pressurized Loss of Forced Cooling

POC

Power Conversion System

PPM

Parts per million

PPU

Product Purification Unit

PPWC

Primary Pressurized Water Cooler

QA

Quality Assurance

RAMI

Reliability, Availability, Maintainability and Inspectability

RC

Reactor Cavity

RCCS

Reactor Cavity Cooling System

RCS

Reactivity Control System

RCSS

Reactivity Control and Shutdown System

RDM

Rod Drive Mechanism

RIM

Reliability and Integrity Management

RIT

Reactor Inlet Temperature

RM

Road Map

ROT

Reactor Outlet Temperature

RPS

Reactor Protection System

RPT

Report

RPV

Reactor Pressure Vessel

RS

Reactor System

RSS

Reserve Shutdown System

RUS

Reactor Unit System

SAD

Acid Decomposition System

NGNP-CTF MTECH-TDRM-003_Rev1-final.doc

12/9/2008

Page 7 of 50



NGNP-CTF MTECH-TDRM-003

Section 3: PHTS Circulator

NGNP Technology Development Road Mapping Report

SAR

Safety Analysis Report

SAS

Small Absorber Spheres

SG

Steam Generator

SHTS

Secondary Heat Transport System

S-1

Sulfur lodine

SiC

Silicon Carbide

SNL

Sandia National Laboratory

S02

Sulfur Dioxide

SOE

Sulfuric Oxide Electrolyzers

SOEC

Sulfuric Oxide Electrolyzers Cells

SR

Side Reflector

SSC

System Structure Component

SSCs

Systems, Structures and Components

SSE

Safe Shutdown Earthquake

SUD

Software Under Development

TBC

To Be Confirmed

TBD

To Be Determined

TDL

Technology Development Loop (As incorporated in Concept 1)

TDRM

Technology Development Road Map

TER

Test Execution Report

THTR

Thorium High Temperature Reactor

TRISO

Triple Coated Isotropic

TRL

Technology Readiness Level

TRM

Technology Road Map

uco

Uranium Oxycarbide

uo2

Uranium Dioxide

USA.

United States of America

V&V

Verification and Validation

V&Ved

Verified and Validated

VLE

Vapor-Liquid Equilibrium

WBS

Work Breakdown Structure

WEC

Westinghouse Electric Company
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SUMMARY AND CONCLUSIONS

The PHTS circulator is a critical component of the NGNP with its main function being to
circulate the primary coolant helium within the PHTS. The PHTS circulator primarily needs to
overcome the pressure losses associated with the PHTS flow path (notably including the PBMR,
the hot gas ducting and IHX). After leaving the circulator, helium flows through the reactor core
where it removes approximately 500 MWt energy. From there the helium flows to the THX
where the energy removed from the core, along with the compression energy added by the
circulator, is transferred to the SHTS.

Discriminators have been identified to assist in the selection of an optimum design for the
PHTS circulator. These discriminators address the required technology development, the
availability of a manufacturing base, the circulator operation and maintenance, the safety and
investment implications and the lifecycle costs.

Several arrangements and design options are available for the PHTS helium circulator
that satisfy the preconceptual functions and design requirements. The large PHTS circulator can
be replaced by a number of smaller circulators arranged in parallel. The trade-offs of one versus
multiple circulators also have system-level trade-offs (controllability, reliability, size, etc.), as
documented in NGNP-HTS-RPT-TIOO1 Section 3.5.3. Hence, the decision of single versus
multiple circulators will be influenced by a combination of system-level and circulator-specific
trade-offs.

The compressor drive can be located inside or outside of the helium pressure boundary
and the bearings can be conventional oil lubricated or electromagnetic. The type of bearings
selected imposes additional requirements for dedicated service systems for support.
Additionally, the compressor design can be of the radial, axial type or mixed flow (axial/radial),
depending upon the economics, required efficiency, available space within the primary pressure
boundary, and the maintenance intervals. For axial and mixed flow compressors, there is the
further option of selecting a single versus multiple stage configuration.

Hence, several design selections remain to be made. It is not clear at this point if the drive
should be submerged or located outside the primary pressure boundary. The same applies for the
use of magnetic versus oil lubricated bearings and the selection of more than one circulator in
parallel for the PHTS loop. Trade studies are recommended to select the design option that is
best suited for the NGNP plant (at component, system and component/system level). The only
key design selection provided by reference documentation [3-1] is an electric drive for the
circulator.

Based on engineering judgment, two design options are proposed to which sound TRL
ratings are assigned in Appendix A. The first design option is a submerged circulator with
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magnetic bearings and the second design option is a circulator located outside the pressure
boundary with oil lubricated bearing and rotating seals at pressure boundary. It should be noted
that these design options as well as all work in this TDRM are based on current knowledge,
engineering judgment and experience and remains to be supported by trade studies.

All the circulator sub-components have a TRL of 8 (except for the EMBs and primary
pressure boundary rotating seals if included in the design), while the integrated assembly of these
components as a subsystem has a TRL of 6 because it has not been demonstrated in a loop
similar to the PHTS within a relevant environment. Following the selection of a reference
circulator design, the circulator components that require technology development will be
validated with supporting single effect tests. After that, the circulator subsystem will be validated
with a partial scale or full-scale integrated test, subsequently qualifying the subsystem at a TRL
of 7. Advancement to a validated TRL 8 will comprise the final integrated tests of the PHTS
circulator prototype to take place in the first NGNP nuclear power plant.

Based on current pressure loss estimates, the PHTS pressure losses are expected to be
larger than the SHTS pressure losses. Since the PHTS pressure losses are larger than the SHTS
pressure losses and since the PHTS operates at a higher temperature, the PHTS circulator is
expected to envelope the SHTS circulator and hence only the PHTS circulator will be discussed.
It is assumed that the PHTS circulator testing can be applied to the SHTS circulator also and
hence do not warrant a separate discussion.

The PHTS check valve functionally forms an integral part of the circulator and therefore will be
tested as part of the circulator. It is recognized that design development will be required qualify
the valve. At this stage no technology development is envisioned to the point where advance
testing is required. However, as the design evolves unique tests might be identified which will be
included at the appropriate time.
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Page 10 of 50




NGNP-CTF MTECH-TDRM-003 NGNP Technology Development Road Mapping Report
Section 3: PHTS Circulator

3 PRIMARY HEAT TRANSPORT SYSTEM (PHTS) CIRCULATOR

3.1  Function and Operating Requirements

During the NGNP preconceptual design phase [3-1] an electric-driven circulator was
selected as the reference design to circulate the primary coolant helium within the PHTS. The
PHTS circulator primarily needs to overcome the pressure losses associated with the PHTS flow
path (notably including the PBMR, the hot gas ducting and IHX). After leaving the circulator,
helium flows through the reactor core where it removes approximately 500 MWt energy. From
there the helium flows to the IHX where the energy removed from the core, along with the
compression energy added by the circulator, is transferred to the SHTS.

The circulator nominal operating conditions are summarized in Table 3-1. Under these
conditions the required pumping power is 10.8 MWt. The circulator is located in the cold leg of
the PHTS at the IHX exit and its piping and support structure could allow for a vertical or
horizontal configuration. A self-acting check valve will be integrated with the circulator
assembly or elsewhere in the PHTS cold-leg piping to limit backflow through the PHTS loop.
The location of the circulator in the Nuclear Heat Supply building will allow for periodic
maintenance and/or replacement during the life of the plant.

Table 3-1: NGNP PHTS Circulator Design Requirement

Parameters PHTS Loop

Performance Requirements

Core power, MWt 500
Rotor shaft power, MWt 10.8
He flow rate, kg/s 159.6
Inlet He temp., C 337
Inlet He press, MPa 8.626
Outlet He temp., C 350
Outlet He pressure, Mpa 9.0
Circ press rise, kPa 374
Compression ratio 1.043
Inlet density, Kg/m’ 6.81
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3.2 Design Selection Status
3.2.1 Candidate Circulators

Several arrangements and design options are available for the PHTS helium circulator
that satisfy the preconceptual functions and design requirements. The large PHTS circulator can
be replaced by a number of smaller circulators arranged in parallel. The compressor drive can be
located inside or outside of the helium pressure boundary and the bearings can be conventional
oil lubricated or electromagnetic. The type of bearings selected imposes additional requirements
for dedicated service systems to support them. Additionally, the compressor design can be of the
radial, axial type or mixed flow (axial/radial), depending upon the economics, required
efficiency, available space within the primary pressure boundary, and the maintenance intervals.
For axial and mixed flow compressors, there is the further option of selecting a single versus
multiple stage configuration.

Figure 3-1 shows a schematic that illustrates how all the design options of the PHTS
circulator are interconnected. The map has been color-coded to identify in green the design
options that, at least at this pre conceptual design level, appear to require less design and
technology development. This first assessment needs to be confirmed by furthering the design of
the circulator and by trade studies that compare the advantages and disadvantages of the various
design options using the decision discriminators specified in Section 3.2.2.

The left side of Figure 3-1 relates to the selection of the drive for the circulator impeller.
An electric motor drive was recommended in [3-1] that is likely to be a synchronous with
variable speed. This motor can be either located inside the primary pressure boundary
(submerged) or outside this boundary (as shown in Figure 3-1).
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Design Requirements
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Figure 3-1 Design Options of the PHTS Circulator

For the case in which the circulator motor is located inside the primary pressure
boundary, either oil lubricated or magnetic bearings can be used. The former have been used
with submerged circulators in the early British gas-cooled reactors and in the German THTR.
The drawbacks of oil lubricated bearings are the potential for oil ingress into the reactor cooling
loop, the flammability of oil, and the need for dedicated oil service modules which must be kept
in an inert atmosphere in order to avoid potential fires. On the other hand, magnetic bearings
require some technology development to understand their response during design transients (e.g.
seismic events) and during the shaft run down on catcher bearings following a loss of the
magnetic field. Recent progress in the magnetic bearing design and the advantage of not having
to deal with oil inside the primary pressure boundary has made this option more appealing. At
the moment, magnetic bearings are the preferred choice because of the progress made in recent
years in sensing and controlling the shaft position, their proliferation in several industrial
applications and because of the advantage of not having to deal with oil. On the other hand,
considering the substantial operating experience that has been accumulated with submerged oil
bearings in previous gas cooled reactors, oil lubricated bearings should not be excluded. In
Section 3.5 down selection tasks are recommended to address these design options.

Locating the circulator’s electric motor outside the primary pressure boundary alleviates
the concern with oil ingress in the reactor core, but introduces the complication of external
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rotating seals along the compressor shaft. These seals must be highly reliable to prevent leakage
of pressurized helium from the PHTS during steady state and transient operations. It is
conceivable that these seals will require the use of purified buffer helium to separate the primary
coolant from the air outside the pressure boundary and a helium recovery system to separate and
recover the helium from the exhaust buffer stream. It should be noted that the experience gained
in this area from the PBMR Demonstration Power Plant (DPP) turbo machinery could be a
valuable support for using these external rotating seals. The arrangement with the motor outside
can use either oil lubricated or magnetic bearings. Oil lubricated bearings seem in this case to be
the preferred choice in view of the large experience with this type of bearings and in view of the
fact that oil ingress in the reactor is not a concern. On the other hand, magnetic bearings cannot
be excluded because of the advantages of removing the need for a dedicated oil supply and
purification modules, plus related fire hazards. In Section 3.5 down selection tasks are
recommended to address these design options.

The right side of Figure 3-1 relates to the selection of the type of the circulator impeller.
Two types of compressors are available for this application: radial and axial. The selection of
one versus the other depends upon several factors, including rotational speed and consequently
diameter of the compressor disk, number of stages, and required efficiency — and notably also the
economics. The selection of the type of impeller for the PHTS circulator is not further discussed
because it is part of the design process and does not require technology development.

The integration of the PHTS circulator into the NHSS influences the design selection. A
few considerations are applicable:

e The circulator should be located in the cold leg of the PHTS loop, because of the
sensitivity of their electric components and blade material to high temperatures, plus
impacts on efficiency and power requirements.

e For multiple parallel circulators, a check valve or other means must be included in
conjunction with each circulator to prevent backflow during reactor core shutdown
cooling with the Core Conditioning System and/or to isolate a circulator if more than
one is arranged in parallel.

e Care must be taken to locate the circulator impeller away from large surfaces that
could be affected by acoustic loads. Strengthening of the surrounding PBMR around
the circulator is needed to prevent PB rupture as a result of impeller failure. As an
alternative to strengthening the reactor vessel, the design could also consider
positioning the circulator rotors to minimize the possibility of missiles impinging the
reactor vessel, or include missile shields to absorb any possible debris. This may be a
factor that favors radial compressors over axial compressors.

e For a design selection that locates the circulator drive within the primary pressure
boundary (submerged), consideration must be given to supply and remove purified
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helium to and from the driver cavity in order to prevent radionuclide contamination
that will complicate maintenance.

e If oil bearings are used, provisions must be made to locate the dedicated oil bearing
modules in a safe inert atmosphere environment to prevent fire.

e The failure probability and consequences must be used when determining the number
and type of circulators to be employed in the PHTS.

An additional factor that could influence the integration of the circulators within the plant
is the number of circulators per loop. The large pumping power required for the PHTS circulator
could dictate a design option with two or more circulators in parallel to reduce the size of the
electric motor. It should also be noted that the use of multiple circulators would provide
redundancy, which may improve reliability / operability. The trade-offs of one versus multiple
circulators also have system-level trade-offs (controllability, reliability, size, etc.), as
documented in NGNP-HTS-RPT-TIO01 Section 3.5.3. Hence, the decision of single versus
multiple circulators will be influenced by a combination of system-level and circulator-specific
trade-offs. Multiple parallel circulators have been used in several gas cooled reactors, including
the Magnesium Non-Oxidizing (MAGNOX), Arbeitsgemeinschaft Versuchs Reaktor (AVR),
Advanced Gas-Cooled Reactors (AGRs), Thorium Hoch Temperature Reaktor (THTR) and Fort
St. Vrain (FSV).

Based on engineering judgment, two design options are proposed for the purpose of
assigning TRL ratings - see Appendix A. The first design option is a submerged circulator with
magnetic bearings and the second design option is a circulator located outside the pressure
boundary with oil lubricated bearing and rotating seals at pressure boundary. It should be noted
that these design options as well as all work in this TDRM are based on current knowledge,
engineering judgment and experience. Trade studies remain to be completed relating to various
design options in order to conduct a down selection for a reference circulator design, which may
not necessarily entail one of the proposed design options.

3.2.2 Decision Discriminators
3.2.2.1 Introduction

Discriminators have been identified to help in the selection of an optimum design for the
PHTS circulator. These discriminators address the required technology development, the
availability of a manufacturing base, the circulator operation and maintenance, the safety and
investment implications and the lifecycle costs.

A Kepner-Tregoe (K-T)-based comparative analysis will be used to facilitate the
selection of the reference PHTS circulator design. The discriminating factors will be rated based
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on the relative success with which each design meets them. Each discriminating factor will be
further weighted proportionally to its perceived importance.

A summary of the K-T process was outlined in the THX Conceptual Design Study
(NGNP-HTS-RPT-TIOO01) in Section 3.5.3 — a similar rating and weighting scheme could be
employed as basis for a circulator K-T.

3.2.2.2 Design / Technology Development

Gas circulators have been built and operated successfully in high temperature gas cooled
reactors for several years. Most of these circulators have been operated in a carbon dioxide
environment and some in helium. Nevertheless, due to the large pumping power required for the
NGNP PHTS circulator, some new technology development could be required (alternatively
multiple parallel circulator units can be employed). The following discriminating factors will aid
to assist in identifying an optimal design from a developmental requirement perspective:

e  What is the relevant experience base?
e (Can the new technology be validated from similar proven technologies using only
analytical methods?

e What testing is required? (single effects bench scale tests, integrated scaled tests,
integrated full-scale prototype circulator tests)

3.2.2.3 Manufacturing and Transportability

The type of gas circulator to be used in the NGNP has not been built for several years.
There are several companies capable of developing the design, validating the required
technology and building this component for nuclear applications. Nevertheless it is expected that
a lot of the specialized manufacturing experience has been lost, including experienced personnel.
The discriminating factors to be used in this case are:

e What are the manufacturing constraints and what effort is required to overcome
them?

What are the unique manufacturing considerations?

Have circulators with a similar design been built recently?

What is the highest pumping power of these circulators?

Does the manufacturing process require integration among several suppliers?

Is a specific technology to be used for a circulator design available from several
suppliers or can it only be provided by a few specialized suppliers?

¢ (an the circulator be transported as a single unit or must it be assembled at the site?
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3.2.2.4 Operation and Maintenance

Operation and maintenance of the NGNP PHTS circulator will strongly affect by-the its
design selection. For example, maintenance of an electric motor located outside the primary
helium pressure boundary is simpler than that of a submerged motor. On the other hand, the
presence of a shaft rotating seal for the motor located outside the pressure boundary requires
additional maintenance. The discriminating factors to be used in this case are:

Does the design require specialized maintenance tools?

Does the design require remote handling for maintenance?

How often must the entire circulator assembly be replaced for maintenance?

Can periodic maintenance be performed in place (without removing the circulator)?
Does the design require the development of specialized instrumentation and control
software?

e What is the operational performance (efficiency, transients, surge, etc.)?

3.2.2.5 Safety and Investment Protection

For the design selection in which the circulator motor is located outside the primary
pressure boundary the key safety and investment risk for the NGNP PHTS circulator is the
potential leakage of contaminated primary helium through the shaft rotating seal during normal
operations and accident conditions. For the design selection with a submerged circulator and oil
bearings, the key investment risk is oil ingress into the primary cooling loop. Plant level analyses
will be done to determine design basis transients that cover all these scenarios and evaluate their
probability of occurrence and their consequences to the plant personnel and the public and the
impact on the plant investment. If necessary, the PHTS circulator design will be modified to
satisfy the plant safety and investment goals.

3.2.2.6 Lifecycle Cost

Cost and impact on the plant schedule (indirect cost) will be evaluated for each of the
PHTS circulator designs. The discriminating factors to be used in this case are:

¢ Design development cost (non-recurring)
e (apital cost (recurring) of circulator integrated into PHTS
e Operating and Maintenance costs (recurring)
¢ Impact on the plant schedule (non-recurring)
NGNP-CTF MTECH-TDRM-003_Rev1-final.doc 12/9/2008
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3.2.3 Reference Design

The present reference design for the PHTS circulator is described in Section 6.2.1.2.3 of
the PCDR [3-1]. The only key design selection provided by this high level description is an
electric drive for the circulator.

3.2.4 Alternatives for Further Evaluation

There are several design selections that are still to be made, as described in Section 3.2.1.
It is not clear at this point if the drive should be submerged or located outside the primary
pressure boundary. The same applies for the use of magnetic versus oil lubricated bearings and
the selection of more than one circulator in parallel for the PHTS loop.

The degree to which the circulator options respond to the plant-level and NHSS functions
and requirements will be analyzed and compared with each other on the basis of similar
operating experience, recent applicable circulators designs, and engineering judgment. Decision
discriminators will be used to facilitate this selection. The proposed trade studies will form a
basis for the selection of a reference design. These studies should be done with the support of
qualified gas circulator vendors.

3.2.5 Down Selection Task

Several design candidates have been identified for the PHTS circulator in Section 3.4.1.
Trade studies are recommended to select the design option that is best suited for the NGNP plant.
Some of these trade studies will be done at the system design level in order to provide clear
requirements to the designers of the circulators. Other trade studies will be done at the
component level to select a circulator design that best optimizes often conflicting requirements.
A third type of trade study requires the close collaboration and interfacing between the system
and component designers.

NGNP-CTF MTECH-TDRM-003_Rev1-final.doc 12/9/2008
Page 18 of 50




NGNP-CTF MTECH-TDRM-003 NGNP Technology Development Road Mapping Report
Section 3: PHTS Circulator

Table 3-2 lists the recommended trade studies.

Trade studies identified as “System Level” are presumed to be done by the PHTS systems
designers, trade studies identified as “Component Level” are presumed to be done by the
circulators suppliers and, trade studies identified as “System/Component Level” are presumed to
be done in close collaboration between the system and component designers.
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Table 3-2: Trade Studies Recommended for the PHTS Helium Circulators

Recommended System Component System/Component
Trade Studies Level Level Level
a) Number of circulators per X
loop
b) Location of the circulators X
in each loop
c) Horizontal versus vertical X
orientation
d) Selection of circulators’ X
drive.
e) Type of motor cooling X
(water versus helium)
f) Submerged versus X
external circulators’ drive
g) Oil lubricated versus X
magnetic bearings
h) Radial versus axial X
compressors
i) Single versus multistage X
compressors
j) Overhung versus
supported compressor X
shaft
k) Number of blades per
stage, blades X
dimensions & shape,
materials selection

Each of these trade studies will evaluate the technical maturity of each subsystem design,
establish the availability of the suppliers, perform a Reliability, Availability, Maintainability and
Inspectability (RAMI) analysis and supporting plant level analyses to develop a mature reference
circulator design with the best relative costs and impact on the plant schedule.

3.3 TRL Status of PHTS Circulator

The reference design of the PHTS circulator subsystem (see Section 3.2.3) has been
classified at a TRL of 6. This classification was based on the fact that similar helium circulators
have been successfully used in other relevant applications in a nuclear environment. The six
THTR submerged helium circulators used oil bearings with a pumping power of 2.3 MW (each).
The higher power submerged AGRs circulators (up to 5.4 MW) used also oil bearings in a in
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CO2 environment. A relevant application of externally located gas circulators in a nuclear
environment is provided by the 10.9 MW variable speed motors for the AGR at Windscale. For
this application rotating shaft dry gas seals were used at the primary pressure boundaries.

Table 3.3 summarizes nominal operating conditions for key gas circulators previously
used in the nuclear industry.

Table 3.3 Prior Experience with Gas Circulator in the Nuclear Industry

AVR PB THTR FSV AGR
He He He He Cco2

Reactor Power MWt 46 115 750 850 1500
Core inlet temp. C 260 344 250 405 286
Core outlet temp. C 960 728 750 775 675
Blower inlet temp C 251 331 250 395 282
Blower inlet pressure  MPa 1.00 2.34 3.8 4.73 3.81
Mass flow per circ. ka/s 6.4 30 51 126 476
Pressure ratio 1.01 1.03 1.03 1.02 1.09
Blower inlet density kg/m® 0.9 1.85 3.49 3.41 36.9
Number of circ. 2 2 6 4 8
Type radial radial radial axial radial
Motor configuration submerged submerged submerged submerged submerged
Blower speed rpm 4,000 3,460 5,600 9,550 2770
Blower motor power MWe 0.16 1.5 23 3.95 5.37

Applicable industrial experience in electro magnetic bearings is provided by Siemens that
built 26 MW motors for the gas pipeline compressors in the Netherlands that operate on
Waukesha EMBs. On the other hand, none of the previous applications is an exact match of what
could become the new PHTS circulator reference design after the trade studies, because of the
demand for a high pumping power in a helium environment and the possibility of using EMBs.

Section 0 provides a detailed explanation of the design and technology readiness levels
of the PHTS circulator subsystem and its components. The Table shows that, although all the
circulator components have a TRL of 8 (except for the EMBs and primary pressure boundary
rotating seals if included in the design), and the integrated assembly of these components as a
subsystem has a TRL of 6 because it has not been demonstrated in a loop similar to the PHTS
within a relevant environment.

The applicable TRL Sheets are attached in Appendix A.
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3.4 Technology Development Road Map Summary
3.4.1 Overview

The PHTS circulator design is only at a preconceptual level. The TDRM identifies
several design options that have to be addressed during the plant conceptual design phase and
trade studies that will justify a selection of a more mature reference design. In addition the
TDRM proposes selection criteria that will support this design selection.

Once a mature reference design is selected, the technologies of this design will be
validated in two major areas.

The first area includes the validation of technologies not previously used in similar
circulators or used in non-nuclear relevant applications. Typical examples of these technologies
are the EMBs with their catcher bearings and the shaft external rotating seals if the electric motor
is located outside the pressure boundary. It is conceivable that single effects tests can address this
first area of development.

The second area in which some technology development is required is the validation of a
partial or a full-scale circulator model in a relevant environment. This validation will verify that
each component of the circulator subsystem performs within its specifications.

The PHTS Circulator Technology Development Road can be seen in Appendix B while
the maturation tasks are described below.

3.5 Technology Maturation Plan Summary

The Technology Maturation Plan required to mature this technology to a TRL of 8 is
attached in Appendix C.

The section below describes the maturation tasks needed to advance the technology of the
PHTS Circulator from a validated TRL 6 to a validated TRL 8.

Advancement to a validated TRL 7 will require parallel execution of firstly the design
and fabrication of the PHTS circulator with the circulator test facility and secondly the
development of the required sub-component technologies (EMB’s, CB tests, Helium external
rotating shaft seals tests). During the conceptual design phase, trade studies will support the
down selection from various design options and a mature reference design will be established
(see Figure 3-2). The components tests will be done during preliminary design to validate the
selected technologies. The test facility (either partial of full-scale) will be constructed in parallel
with the circulator construction as part of detail design.
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Advancement to a validated TRL 8 will comprise the final integrated tests of the PHTS
circulator to take place in the first NGNP nuclear power plant.
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3.6 SHTS Circulator and PHTS Check Valve Technology
Development

3.6.1 SHTS Circulator

Based on current pressure loss estimates, the PHTS pressure losses are expected to be
larger than the SHTS pressure losses. Since the PHTS pressure losses are larger than the SHTS
pressure losses and since the PHTS operates at a higher temperature, the PHTS circulator is
expected to envelope the SHTS circulator and hence only the PHTS circulator will be discussed.
It is assumed that the PHTS circulator testing can be applied to the SHTS circulator also and
hence do not warrant a separate discussion.

3.6.2 PHTS Check Valve

The PHTS check valve functionally forms an integral part of the circulator and therefore
will be tested as part of the circulator. It is recognized that design development will be required
to qualify the valve. At this stage no technology development is envisioned to the point where

advance testing is required. However, as the design evolves unique tests might be identified
which will be included at the appropriate time.

3.7 Inputs into CTF

The PHTS circulator may be tested in the CTF for qualification of a TRL 7.

3.8 References

[3-1] NGNP-06-RPT-003, Rev0, April 2007 — NGNP and Hydrogen Production Preconceptual
Design Report
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Appendix A: TRL Rating Sheets
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Table A-3: Technology Readiness Levels for the Reference PHTS

Circulator

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System M Subsystem/Structure O Component O Technology

Title: PHTS Circulator Subsystem

Description:

A circulator driven by an electric-motor was selected to move the primary coolant helium within
the PHTS. For the purpose of defining its readiness level, the circulator is classified as a
subsystem within the PHTS. The circulator subsystem comprises of five components: the
impeller and the rotating shaft, the bearings with their supports, stationary and rotating seals
(external or internal), the electric motor with its cooling system and the required instrumentation
and controls.

Island(s): O NHSS MHTS O HPS O PCS O BOP

ISSCTBS: N/A Parent: N/A WBS: N/A

Technology Readiness Level

Next Lower Rating , Next Higher
Level Calculated Rating Rating Level
Generic Definitions (abbreviated) Compongnt Verified Subgystem Verified | System .
at Experimental at Pilot scale demonstration at
Scale Engineering Scale
TRL 5 6 7

Basis for Rating (Attach additional sheets as needed)

There is relevant operating experience with gas circulators in several gas-cooled reactors that
have been built and tested. There is experience with similar helium circulators in THTR and
HTTR.

Outline of a plan to get from current level to next level (Attach additional sheets as needed)

Following the selection of a reference circulator design, the circulator components that require
technology development will be validated with supporting single effect tests. After that, the
circulator subsystem will be validated with a partial scale or full-scale integrated test.

Actions (list all) Schedule Cost (K$)
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e Validation of EMBEs, if they are selected over oil | August 2010
bearings. Refer to Section
¢ Validation of primary boundary external rotating | August 2010 C3

seals, if the electric motor is located outside
¢ Integrated test of a partial or full-scale model of August 2013
the circulator subsystem

DDN(s) supported: None

Subject Matter Expert Making

Determination: G. Baccaglini Originating Organization: Technology Insights

Date: 3 September 08
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Table A-4: Technology Readiness Levels for the Reference PHTS

Circulator

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System M Subsystem/Structure O Component O Technology

Title: PHTS Circulator Components — Impeller and Shaft/ Oil Bearings and Bearing Supports/
Seals (rotating & stationary)/ Electric Motor/ Instrumentation & Control

Description:

The impeller and shaft assembly comprises of the entire rotating section of the circulator that is
supported by the bearings assembly.

This bearings and bearing support comprise of the bearings housing, its supports, the bearings
auxiliary systems and the required control and instrumentation. The TRL rating of this sheet
applies only if the mature circulator conceptual design uses oil bearings and a submerged motor
(non rotating seals at the primary boundary). Specific TRL sheets have been develop (see Tables
A-4 and A-5) for a conceptual design with EMBs and the motor outside the primary boundary.
The use of electromagnetic versus oil bearings will be determined by the scheduled trade studies.

The assembly of the rotating and stationary seals comprises of the stationary seals if this motor is
submerged (at the primary pressure boundary flange) and the internal rotating seals required to
isolate the submerged motor cavity for maintenance access (between the impeller and the electric
motor cavity).

The electric motor assembly comprises of the electric motor itself, the motor supports and the
cooling system.

The instrumentation and control assembly comprises of the hardware and software required to
control the entire circulator subsystem while interfacing with local bearings and electric motor
controls.

Island(s): O NHSS M HTS O HPS O PCS O BOP

ISSCTBS: N/A Parent: N/A WBS: N/A

Technology Readiness Level

Next Lower Rating Calculated Rating Ne>§t Higher
Level Rating Level
. . . System Integrated Plant Operational.
Generic Definitions (abbreviated) demonstration at Prototype Tested
Engineering Scale and Qualified
TRL 7 8 9
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Basis for Rating (Attach additional sheets as needed)

There is operating experience with gas circulators with similar components in several industrial
applications and in gas-cooled reactors. There is experience with similar helium circulators in
THTR and HTTR.

Outline of a plan to get from current level to next level (Attach additional sheets as needed)

The PHTS circulator components, integrated in the circulator prototype, will be verified in the
NGNP when the performance of the circulator in its final configuration is verified during
preoperational testing in hot operational environment. Successful completion of the NGNP
preoperational tests will qualify the circulator assembly as TRL 9.

Actions (list all) Schedule Cost (K$)
e Test the circulator prototype, while mounted in August 2016 Refer to Section
the PHTS loop, to verify its interaction with the other 17

loop subsystems

It is noted that the circulator will likely also be tested in
helium, and air or a mixture of gases.

DDN(s) supported: None Technology Case File:

Subject Matter Expert Making Determination: G. Baccaglini

Date: 6 August 08 Originating Organization: Technology Insights
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Table A-5: Technology Readiness Levels for the Reference PHTS

Circulator

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System M Subsystem/Structure O Component O Technology

Title: PHTS Circulator EMBs and Their Support

Description:

The EMBs comprise of the radial and axial bearings, the CBs, their supports, the bearings
auxiliary systems and the required control and instrumentation. The TRL rating of this sheet
applies only if the mature circulator conceptual design selects EMBs to support the circulator
shaft.

Island(s): O NHSS M HTS 0O HPS O PCS O BOP

ISSCTBS: N/A Parent: N/A WBS: N/A

Technology Readiness Level

Generic Definitions (abbreviated)

Next Lower Rating , Next Higher
Level Calculated Rating Rating Level
Component Verified Subsystem Verified | System

at Experimental at Pilot scale demonstration at
Scale Engineering Scale
TRL 5 6 7

Basis for Rating (Attach additional sheets as needed)

There is operating experience with EMBs in several industrial applications, but not in gas-cooled
reactors. Applicable industrial experience is provided by Siemens that built 26 MW motors for
the gas pipeline compressors in the Netherlands that operate on Waukesha EMBs and several
other Waukesha industrial applications..

Outline of a plan to get from current level to next level (Attach additional sheets as needed)

Following the selection of a reference circulator design, the EMBs performance will be validated
with engineering scale tests After that, they will be included in the circulator subsystem that will
be validated with a partial or full-scale integrated test.

Actions (list all)

Schedule

Cost (K$)
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e Validation of EMBEs, if they are selected over oil | August 2010 Refer to Section
bearings. 17

DDN(s) supported: None Technology Case File:

Subject Matter Expert Making Determination: G. Baccaglini

Date: 6 November 08 Originating Organization: Technology Insights
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Table 3-6: Technology Readiness Levels for the Reference PHTS

Circulator

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System M Subsystem/Structure O Component O Technology

Title: PHTS Circulator Primary Boundary Rotating Seals

Description:

The primary boundary rotating seals comprise of the seals housing, the buffer gas supply system
and the buffer helium recovery system. The TRL rating of this sheet applies only if the mature
circulator conceptual design selects a circulator motor located outside the primary boundary.

Island(s): O NHSS M HTS 0O HPS O PCS O BOP

ISSCTBS: N/A Parent: N/A WBS: N/A

Technology Readiness Level

Generic Definitions (abbreviated)

Next Lower Rating , Next Higher
Level Calculated Rating Rating Level
Component Verified Subsystem Verified | System

at Experimental at Pilot scale demonstration at
Scale Engineering Scale
TRL 5 6 7

Basis for Rating (Attach additional sheets as needed)

There is operating experience with primary boundary rotating seals in several industrial
applications, but not in gas-cooled reactors. Applicable industrial experience is provided for
example by the John Crane company with their single, tandem, or triple seal cartridge designs.

Outline of a plan to get from current level to next level (Attach additional sheets as needed)

Following the selection of a reference circulator design, the primary boundary rotating seals
performance will be validated with engineering scale tests After that, they will be included in the
circulator subsystem that will be validated with a partial or full-scale integrated test.

Actions (list all)

Schedule

Cost (K$)

e Validation of primary boundary external rotating

seals, if the electric motor is located outside

August 2010

Refer to Section
17
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DDN(s) supported: None

Technology Case File:

Subject Matter Expert Making Determination: G. Baccaglini

Date: 6 November 08 Originating Organization: Technology Insights
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Appendix B: Technology Development Road Map
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REQUIRED SPECIFICATIONS/TEST TO ACHIEVE NEXT TRL

TRL 6 to TRL 7:
e Specification 1: Electro Magnetic Bearings (EMBs), and Catcher Bearings Test
Specification
e Specification 2: Helium Rotating Seals Test Specification
e Specification 3: Partial or Full Scale Circulator Model Test Specification

TRL 7 to TRL 8:
e Specification 1: Prototype Circulator Test Specification
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C1 TECHNOLOGY MATURATION PLAN-TRL 6 TO TRL 7

C1.1 TECHNOLOGY MATURATION PLAN SUMMARY

C1.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the PHTS circulator from a TRL of 6 to a TRL of 7.
Some of the maturations tasks required to achieve this goal involve the validation of the
performance of the EMBs, if they are selected over oil bearings, in helium and in a nuclear
environment and the validation of primary boundary external rotating seals, if the circulator
electric motor is located outside the pressure boundary. A verification of the external rotating
seals technology is required because of the safety implications of accidental leaks of
contaminated primary coolant through the external rotating seals dictates a more rigorous
verification of the technology maturity. These tasks will be followed by an integrated test of a
partial or full-scale model of the circulator subsystem that will complete its maturation to a TRL
of 7. This integrated test is required because some of the operating conditions and design
features to be used in the NGNP (depending on which PHTS circulator reference design will be
selected) do not match the experience with similar circulators used in previous gas cooled
reactors.

Planning for full scale testing introduces severe risk in terms of time scales before
definitive results are achieved. Scaled testing is expected to provide adequately addressed
technical issues. However, it needs to be recognised that the step from scaled to full-scale could
possibly introduce unexpected risks.

The technology maturation tasks from TRL 6 to 7 will be done in parallel with the design
and fabrication of the circulator itself. A mature circulator reference design will be developed
from the various design options by the end of the conceptual design phase with the support of
trade studies. Once a mature reference design is achieved, ad hoc tests will validate some of the
technologies used in the circulator assembly, followed by the integrated test.

A Test Specification is provided to cover each of the maturation tasks as shown in
Section C1.2.

C1.1.2 Scope

The maturation tasks and associated testing and other activities necessary to advance the
maturity of the technology of the PHTS circulator from TRL 6 to TRL 7 are as shown below.
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e Validation of the use of EMBs, if they are selected over oil bearings, for use in helium
and in a nuclear environment.

e Validation of primary boundary external rotating seals if the electric motor is located
outside.

¢ Integrated test of a partial or full-scale model of the circulator subsystem.

The tasks above will be described fully in individual Test Specifications provided in
sections to follow.

C1.1.3 Anticipated Schedule

The work described by the Test Specification in this Technology Maturation Plan could
be accomplished during the period FY2010 through FY2013. Work described in the Test
Specifications to validate the performance of individual portions on the circulator assembly can
be done in parallel.

C1.1.4 Overall Cost

Cost and schedule for the overall maturation plan with associated specifications are
addressed in Section 17 of this document.

C1.2 Test Specifications

Ci1.21 Electro Magnetic Bearings (EMBs), and Catcher Bearings Test
Specification

C1.2.1.1 Objectives

If electromagnetic bearings are selected by the trade studies over oil bearings for the
circulator reference design, some technology development may be required since EMBs of this
size have not been previously used in helium and in a nuclear environment.

The EMB subsystem comprises of the EMB rotor and stator, the rotor position sensors,
the EMB control system and the associated power supplies, cabling, etc. Catcher Bearings (CB)
are included to provide auxiliary and backup support for the PHTS circulator rotor when either
the primary support from the EMB subsystem is not available, or when transient loads exceed its
capabilities.

The objective of this task is to address, through validation tests, the following technical
issues for the EMBs and CBs:

e Static and dynamic EMBs load response
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e (Control of shaft rotordynamic

e Modeling of EMBs redundancy features to increase reliability and verification of on-line
maintenance

¢ Adequacy of the CB for the assigned plant duty cycle
e Validation of techniques for assessing the condition of the CBs following actuation
without circulator assembly removal.

C1.2.1.2 Test Conditions

Cl1.2.1.2.1 Test Configuration/Set-up

A full scale model of the radial and axial EMBs with their CBs will be used to
support a full scale rotor with a simulated impeller. The shaft will be rotated by an
electric motor.

Cl1.2.1.2.2 Test Duration

The duration of this activity could be up to 12 months.

Cl1.2.1.2.3 Proposed Test Location
The work should likely be performed at the EMBs supplier test facility.

C1.2.1.3 Measured Parameters

The supplier is to determine the measured parameters, which may include the following:

e Rotor rotordynamic stability as a function of bearings stiffness and location during
simulated startups and shutdowns.

¢ [.oads and rotordynamic stability during rundown on CBs.

e Electric currents, temperatures, loads, shaft displacements, rotor mode shapes and
amplitudes, vibration frequencies, and unbalances.

C1.2.1.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA that will be developed, identified, and/or agreed to as part of the test program.

C1.2.1.5 Test Evaluation Criteria

The EMBs and CBs must perform according to specifications during simulated steady
state plant operating conditions and Anticipated Operational Occurrences (AOO) and Design
Basis Accidents (DBA).
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C1.2.1.6 Test Deliverables

Deliverables are as follows.

Validated EMBs and CBs specifications

Procurement requirements and specifications for EMBs and CBs

Specifications and design of the test facility

Test Procedure

Report confirming that the EMBs and CBs meet all specifications and requirements

C1.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the PHTS
circulator technology for TRL 6 to TRL 7 is addressed in Sections C1.1.3 and C1.1.4. There is
no or only minimal risk associated with Section C1.2.1.

C1.2.2 Helium Rotating Seals Test Specification

C1.2.2.1 Objectives

Trade studies will determine whether the PHTS circulator electric motor is submerged
(inside the primary pressure boundary) or outside this boundary. If the circulator motor is
submerged, internal rotating shaft seals are required to keep the motor cavity from being
contaminated by the primary coolant and allow for periodic maintenance without remote
handling. If the circulator motor is located outside the primary boundary, external rotating shaft
seals are required to keep the primary coolant from leaking and affecting the plant personnel and
eventually the public. Rotating shaft seals are industrially available, and in the case of a
submerged motor do not require technology development. For an external motor, the safety
implications of accidental leaks of contaminated primary coolant dictate a more rigorous
verification of the external seals technology.

The objective of this task is to address, through validation tests, the following technical
issues for the helium external rotating seals:

Leakage control during normal and off-normal operations
Need for buffer purified helium and helium recovery
Leakages during plant pressurized shutdowns (external motor)
Safety related leakage monitoring system.

C1.2.2.2 Test Conditions

C1.2.2.2.1 Test Configuration/Set-up
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A full scale model of the primary boundary rotating seal will be used with a
simulated full scale shaft. The shaft will be rotated by an electric motor and supported by
oil bearings.

C1.2.2.2.2 Test Duration

The duration of this activity could be up to 12 months.

Cl1.2.2.2.3 Proposed Test Location
The work should likely be performed at the test facility of the rotating seal supplier.

C1.2.2.3 Measured Parameters

The supplier is to determine the measured parameters, which may include the following:
Leakages across the rotating seal as a function of pressure differential, shaft rotating speed,
buffer gas flow rates, and gas pressures and temperatures.

C1.2.2.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA that will be developed, identified, and/or agreed to as part of the test program.

C1.2.2.5 Test Evaluation Criteria

The primary boundary external rotating seals must perform according to specifications
during simulated steady state plant operating conditions and Anticipated Operational
Occurrences (AOO) and Design Basis Accidents (DBA).

C1.2.2.6 Test Deliverables

Deliverables are as follows.
e Validated rotating seal specifications
e Report confirming that the rotating seal meets all specifications and requirements.

C1.2.2.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the PHTS
circulator technology for TRL 6 to TRL 7 is addressed in C1.1.3 and C1.1.4. There is no or only
minimal risk associated with Section C1.2.2.

C1.2.3 Partial or Full Scale Circulator Model Test Specification
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C1.2.3.1 Objectives

The PHTS circulator comprises of a rotating impeller/shaft assembly supported by EMBs
or oil bearings that transmits static and dynamic loads between the stationary and rotating
portions of the circulator. A water or helium cooled variable speed electric motor rotates the
shaft. Rotating internal shaft seals keep the motor cavity accessible for maintenance for a design
with a submerged motor or prevent primary coolant helium for escaping if the motor is located
outside.

A partial or full-scale model of the circulator must be tested to verify the performance of
each of its components in an integrated representative environment. This integrated test is
desirable because some of the operating conditions and design features to be used in the NGNP
(depending on which PHTS circulator reference design will be selected) do not match the
experience with similar circulators used in previous gas cooled reactors.

At this early stage of the design, a full rather than a partial scale model of the circulator is
preferred (if schedule and budget allows) because of the different scaling requirements of its
various components and their complex interaction (to be confirmed at appropriate time). The test
environment and the scale of the circulator model will be better defined later on when the
reference design is selected. Air, nitrogen or combination of other gases will be considered for
the individual circulator components and for the entire circulator tests.

The objective of this task is to address, through validation tests, technical issues for the
integrated partial or full-scale circulator model which may include the following (suppliers to
ultimately define tests):

e Compressor gas dynamic performance under steady state, full and part load conditions,

and during design transients

Shaft stability as it passes through its critical speeds

Thermal performance of the motor and bearings cooling systems

Strength of the circulator acoustic source under key operating conditions

Verification of the clearances between the rotor and the EMBs and catcher bearings while

turning the circulator on EMB system suspension

e Transition from EMBs full suspension to operation on catcher bearings under loss of
power simulation

e Rotating shaft seal performance when operating from O rpm to the circulator maximum
speed

e Verification of maintenance and handling techniques.

C1.2.3.2 Test Conditions

C1.2.3.2.1 Test Configuration/Set-up

A full or partial scale model of the circulator will be tested.

C1.2.3.2.2 Test Duration
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The duration of this activity could be up to 18 months.

C1.2.3.2.3 Proposed Test Location
The circulator integrated tests are likely to be done at the CTF site.

C1.2.3.3 Measured Parameters

Supplier to provide measured parameters which may include the following:

¢ (Circulator performance under steady state and transient conditions.

e Gas temperatures and pressures at the circulator inlet and outlet, circulator assembly
temperatures, loads and frequency/amplitudes of vibrations.

® Acoustic intensity and frequencies at the inlet and outlet of the impeller and flow induced
vibrations at the outlet.

e Rotational speed and shaft mode shapes and amplitudes.

C1.2.3.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA that will be developed, identified, and/or agreed to as part of the test program.

C1.2.3.5 Test Evaluation Criteria

The full or partial scale circulator must perform according to specifications during
simulated steady state plant operating conditions and Anticipated Operational Occurrences
(AOO) and Design Basis Accidents (DBA).

C1.2.3.5 Test Deliverables

Deliverables are as follows.
e Validated circulator model design specifications
® Report confirming that the circulator model meets all specifications and requirements

C1.2.3.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the PHTS
circulator technology for TRL 6 to TRL 7 is addressed in Sections C1.1.3 and C1.1.4. There is
only minimal risk associated with Section C1.2.3.
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C2 TECHNOLOGY MATURATION PLAN FOR PHTS CIRCULATOR
(TRL 7 TO TRL 8)

C2.1 TECHNOLOGY MATURATION PLAN SUMMARY

C.2.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the PHTS circulator from a TRL of 7 to a TRL of 8.
The final integrated tests of the PHTS circulator will take place in the first NGNP nuclear power
plant.

In the first phase, the testing will take place without a heat source and the PHTS
circulator will be used to move the coolant around the primary loop and provide heat of
compression. The main objective of these tests is to verify the integrated performance of all the
PHTS subsystems operating as a system in the first NGNP plant. More specifically, the scope
for the circulator tests will be similar to that of the integrated partial or full-scale model tests
done to progress it from a TRL of 6 to 7, with the difference that the remaining PHTS and SHTS
subsystems will be also involved. Since the reactor core has not yet gone critical, there will still
be access during and after these tests for inspection and possible design improvements of PHTS
circulator(s), if necessary.

C2.1.2 Scope

The maturation task and associated testing necessary to advance the maturity of the
technology of the PHTS circulator from TRL 7 to TRL 8 involves the non-nuclear testing of the
circulator prototype integrated within the NGNP PHTS loop

The task above will be described fully in a test specification provided in the following
section.

C2.1.3 Anticipated Schedule

The work described by the Test Specification in this Technology Maturation Plan could
be accomplished during the period FY2016 through FY2018.
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C2.1.4 Overall Cost

Cost and schedule for the overall maturation plan with associated specifications are

addressed in Section 17 of this document.

C2.2 Test Specifications

C2.2.2 Prototype Circulator Test Specification

C2.2.2.1 Objectives

The objective of testing the circulator in helium without nuclear heat, while mounted in

the PHTS loop, is too verify its interaction with the other loop subsystems in an environment that
is as close as possible with the NGNP operating conditions. The heat to bring the helium to
temperatures representative of the NGNP nuclear operation is provided by the circulator
compression. The IHX and the bearing and motor cooling subsystems will be acting as heat
sinks. The absence of nuclear heating allows access for inspections and adjustments.

The technical issues to be addressed by the prototype circulator test in helium are:

Compressor gas dynamic performance under steady state, full and part load conditions,
and during design transients

Shaft stability as it passes through its critical speeds

Thermal performance of the motor and bearings cooling systems

Presence of flow induce phenomena upstream and downstream of the circulator

Strength of the circulator acoustic source under key operating conditions and its
propagation throughout the PHTS loop

Verification of clearances between the rotor and the EMBs and catcher bearings while
turning the circulator on EMB system suspension

Transition from EMBs full suspension to operation on catcher bearings under loss of
power simulation

Rotating shaft seal performance when operating from O rpm to the circulator maximum
speed

Maintenance and handling techniques

It is anticipated that testing will likely be conducted in air also. This will be specified

at a later stage.

C2.2.2.2 Test Conditions

C2.2.2.2.1 Test Configuration/Set-up
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The circulator prototype will be tested in the PHTS loop mounted with all the
other subsystems in helium under pressures and temperatures selected to represent as
close as possible the NGNP operating environment.

C2.2.2.2.2 Test Duration
The duration of this activity is expected to be in the range of 3 months but could be as
long as 12 months.

C2.2.2.2.3 Proposed Test Location

The circulator integrated tests in helium will be done at the NGNP site.

C2.2.2.3 Measured Parameters

The supplier is to determine the measured parameters, which may include the following:

¢ (Circulator performance under steady state and transient conditions.

e (Gas temperatures and pressures at the circulator inlet and outlet, circulator assembly
temperatures, loads and frequency/amplitudes of vibrations.

e Acoustic intensity and frequencies at the inlet and outlet of the impeller and in key
locations around the PHTS loop and flow induced disturbances at the inlet and outlet of
the circulator assembly.

e Rotational speed and shaft mode shapes and amplitudes.

C2.2.2.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA.

C2.2.2.5 Test Evaluation Criteria

The prototype circulator must perform according to specifications during simulated
steady state plant operating conditions and Anticipated Operational Occurrences (AOO) and
Design Basis Accidents (DBA).

C2.2.2.6 Test Deliverables

Deliverables are as follows.
e Validated Circulator performance specifications in helium
e Report confirming that the circulator prototype meets all specifications and requirements.
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C2.2.2.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the PHTS
circulator technology for TRL 7 to TRL 8 is addressed in Sections C2.1.3 and C2.1.4. There is
only minimal risk associated with Section C2.2.2.
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ACRONYMS & ABBREVIATIONS

Acronym Definition
Al Inner Annulus (active cooling piping)
AMS Activity Measurement System
AO Outer Annulus (active cooling piping)
AOO Anticipated Operational Occurrence
AS Automation System
ASME American Society of Mechanical Engineers
AVR Arbeitsgemeinschaft Versuchs-Reaktor
BOP Balance of Plant
BUMS Burn-up Measurement System
CB Core Barrel
CCS Core Conditioning System
CEA Commissariat a I'Energie Atomique
CFD Computational Fluid Dynamics
CHE Compact Heat Exchanger
CIP Core Inlet Pipe
CO2 Carbon Dioxide
COC Core Qutlet Connection
COP Core Qutlet Pipe
COTS Commercial Off The Shelf
CRADA Co-operative Research and Development Agreement
CRD Control Rod Drive
CsC Core Structure Ceramics
CTF Component Test Facility
CTF Component Test Facility
CuUD Core Unloading Devices
DAU Data Acquisition Unit
DBA Design Base Accident
DBE Design Base Event
DDN Design Data Need
DFC Depressurized Forced Cooling
DLOFC De-pressurized Loss of Forced Cooling
DOE Department of Energy
DPP Demonstration Power Plant
DRL Design Readiness Level
DWS Demineralized Water System
ELE Elecrolyser System
EM Evaluation Model
EMB Electomagnetic Bearing
EOFY End of Fiscal Year
EPCC Equipment Protection Cooling Circuit
EPCT Equipment Protection Cooling Tower
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Acronym Definition
F&OR Functional and Operational Requirements
FHS Fuel Handling System
FHSS Fuel Handling and Storage System
FIMA Fissions per Initial Metal Atoms
FMECA Failure Modes, Effects and Criticality Analysis
FS Fuel Spheres
FTA Fault Tree Analysis
FUS Feed and Utility System
H2 Hydrogen
H2S04 Sulfuric Acid
HC Helium Circulator
He Helium
HETP Height Equivalent of the theoretical Plate
HGD Hot Gas Duct
HI Hydro-lodic
HLW High Level Waste
HPB Helium Pressure Boundary
HPC High Pressure Compressor
HPS Helium Purification System
HPS Hydrogen Production System
HPT High Pressure Turbine
HPU Hydrogen Production Unit
HRS Heat Removal System
HTF Helium Test Facility
HTGR High Temperature Gas-Cooled Reactor
HTR High Temperature Reactor
HTS Heat Transport System
HTSE High Temperature Steam Electrolysis
HTTR High Temperature Test Reactor
HVAC Heating Ventilation and Air Conditioning
HX Heat Exchanger
HyS Hybrid Sulfur
1&C Instrumentation and Control
12 lodine
ID Inner Diameter
IHX Intermediate Heat Exchanger
ILS Integrated Laboratory Scale
I-NERI International Nuclear Energy Research Initiative
INL Idaho National Laboratory
INL Idaho National Laboratory
IPT Intermediate Pressure Turbine
ISR Inner Side Reflector
K-T Kepner-Tregoe
KTA German nuclear technical committee

NGNP-CTF MTECH-TDRM-004_Rev1-final.doc

12/9/2008

6 of 103



NGNP-CTF MTECH-TDRM-004

NGNP Technology Development Road Mapping Report
Section 4: Intermediate Heat Exchanger A

Acronym Definition
LEU Low Enriched Uranium
LOFC Loss of Forced Cooling
LPT Low Pressure Turbine
MES Membrane-electrode assembly
MTR Material Test Reactor
NAA Neutron Activation Analysis
NCS Nuclear Control System
NGNP Next Generation Nuclear Plant
NHI Nuclear Hydrogen Initiative
NHS Nuclear Heat Supply
NHSS Nuclear Heat Supply System
NNR National Nuclear Regulator
NRG Nuclear Research and consultancy Group
NRV Non-Return Valve
02 Oxygen
oD Outer Diameter
PBMR Pebble Bed Modular Reactor
PCC Power Conversion System
PCDR Pre-Conceptual Design Report
PCHE Printed Circuit Heat Exchanger
PCHX Process Coupling Heat Exchanger
PCS Power Conversion System
PFHE Plate Fin Heat Exchanger
PHTS Primary Heat Transport System
PIE Post-irradiation Examination
PLOFC Pressurized Loss of Forced Cooling
POC Power Conversion System
PPM Parts per million
PPU Product Purification Unit
PPWC Primary Pressurized Water Cooler
QA Quality Assurance
RAMI Reliability, Availability, Maintainability and Inspectability
RC Reactor Cavity
RCCS Reactor Cavity Cooling System
RCS Reactivity Control System
RCSS Reactivity Control and Shutdown System
RDM Rod Drive Mechanism
RIM Reliability and Integrity Management
RIT Reactor Inlet Temperature
RM Road Map
ROT Reactor Outlet Temperature
RPS Reactor Protection System
RPT Report
RPV Reactor Pressure Vessel
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Acronym Definition
RS Reactor System
RSS Reserve Shutdown System
RUS Reactor Unit System
SAD Acid Decomposition System
SAR Safety Analysis Report
SAS Small Absorber Spheres
SG Steam Generator
SHTS Secondary Heat Transport System
S-l Sulfur lodine
SiC Silicon Carbide
SNL Sandia National Laboratory
S02 Sulfur Dioxide
SOE Sulfuric Oxide Electrolyzers
SOEC Sulfuric Oxide Electrolyzers Cells
SR Side Reflector
SSC System Structure Component
SSCs Systems, Structures and Components
SSE Safe Shutdown Earthquake
SubD Software Under Development
TBC To Be Confirmed
TBD To Be Determined

Technology Development Loop (As incorporated in Concept

TDL 1)
TDRM Technology Development Road Map
TER Test Execution Report
THTR Thorium High Temperature Reactor
TRISO Triple Coated Isotropic
TRL Technology Readiness Level
TRM Technology Road Map
uco Uranium Oxycarbide
uo2 Uranium Dioxide
USA. United States of America
V&V Verification and Validation
V&Ved Verified and Validated
VLE Vapor-Liquid Equilibrium
WBS Work Breakdown Structure
WEC Westinghouse Electric Company
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SUMMARY AND CONCLUSIONS

The IHX is a critical high-temperature component of the NGNP and its main function is
to transfer thermal energy from the Primary Heat Transport System (PHTS) to the Secondary
Heat Transport System (SHTS). Previous studies related to the NGNP Heat Transport System
(HTS) have shown the advisability of splitting the IHX into two units, IHX A operating at up to
950°C and IHX B operating at up to ~760°C — particularly when metallic are employed.
Uncertainties related to achieving full service life at 950°C using metallic materials argue for
parallel development of metallic and ceramic heat exchangers. This portion of the document
deals only with ceramic and metallic versions of IHX A. The lower temperature heat exchanger,
IHX B, will be addressed in a later section.

Decision Discriminators were established and exercised in decisions taken relative to heat
exchanger designs and materials. Cost/performance, state-of-the-art, robustness, environmental
compatibility, RIM, IHX integration, and design/licensing basis were considered in the down
select of potential designs. A wide range of heat exchanger designs were evaluated and the
result was the selection of a compact design (PCHE or PFHE) for a metallic heat exchanger. A
down select has not been made for a ceramic IHX design and awaits the completion of future
Trade Studies as proposed in this document.

Decision discriminators applied to the selection of a metallic material for IHX A were
materials database (e.g., maturity of data and service experience), materials lifetime (e.g., creep
lifetime and corrosion behavior), and fabrication related factors. The choice based on the above
was Ni-base Alloy 617. As for the ceramic heat exchanger design, selection of specific ceramic
materials awaits completion of future Trade Studies.

Evaluations of the status of technology for metallic and ceramic heat exchangers were
made and resulted in the determination of TRL 2 for both. The underlying bases for these
selections are described in the TRL rating sheets provided for both metallic and ceramic heat
exchanger versions.

TDRMs are provided to summarize down select tasks, TRL status, and maturations tasks
necessary to increase the maturity of technology for metallic and ceramic IHX designs to a level
of TRL 8. These tasks include consideration of materials properties and performance, material
and design codes, model development for thermal and mechanical performance, and testing of
IHX modules progressing from unit cells to full-size IHX units. Details of the tasks necessary for
technology advancement between TRL levels are presented as a series of Technology Maturation
Plans that include information on objectives, test conditions, measured parameters, data
requirements, test evaluation criteria, test deliverables, and cost/schedule/risk. It is noted that the
technology roadmap and maturation plans will need to be adjusted as new DDNs evolve as part
of the conceptual and detail designs.
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4 INTERMEDIATE HEAT EXCHANGER A

4.1 Function and Operating Requirements

The IHX is a critical high-temperature component of the NGNP. Because of cost and
performance goals for the NGNP and related commercial process heat plants, compact heat
exchangers have been selected as the reference design. The IHX has been separated into two
regions, a high-temperature IHX A and a lower temperature IHX B, because it is unlikely that
the corrosion resistance of the candidate metallic materials can provide for full service life (60
years) at the higher temperatures. Therefore, one or more replacements of a metallic based IHX
A are anticipated and planned. A parallel development of an IHX based on ceramics is to be
pursued because a ceramic IHX A should be able to provide for the full desired life. The alloy
selected for IHX B should provide for the entire life of the plant without replacement.

The THX transfers thermal energy between the Primary Heat Transport System (PHTS)
and the Secondary Heat Transport System (SHTS). The PHTS is comprised of the primary
piping, primary circulator, and primary helium working fluid. By current definition, the IHX is
considered part of the PHTS. Its main functions are to contain the primary and secondary helium
coolants and to transport thermal energy from the reactor to the SHTS working fluid. The SHTS
is comprised of the secondary piping, secondary circulator and secondary helium working fluid.
Its main function is to transport thermal energy from the IHX to the Process Coupling Heat
Exchanger and Steam Generator.

The Intermediate Heat Exchanger (IHX) is comprised of:

e Heat exchanger cores and/or modules containing the heat transfer surface

e The IHX vessel

e Headers and/or piping that provide a transition between the heat exchanger cores and/or
modules and the PHTS/SHTS piping

¢ Internal structures that provide for support (steady state, transients and seismic loading)
of the IHX and related internal components within the IHX vessel

e Thermal baffles and/or insulation that is attached to the above IHX components

The IHX Vessel is part of the helium pressure boundary and includes internal support
features, incorporated within the vessel structure, that interface with the IHX internal supports.
It also includes thermal baffles and/or insulation that are directly attached to the vessel. The
allocation of the IHX vessel (or parts thereof) as being part of the PHTS or SHTS will depend
upon which fluids (PHTS or SHTS) are contained within the shell-side of the heat exchanger.
This, in turn will be subject to the further selection of which circuit (PHTS or SHTS) will be
coupled to the “shell” side of the heat exchanger.

The specified service conditions and other key requirements for IHX A are as given
below.
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of:

The nominal helium temperature at the primary side entrance to IHX A is 950°C.

The nominal helium temperature at the secondary side entrance to IHX A is 710°C.

The nominal helium temperature at the secondary side exit from IHX A is 900°C.

The nominal helium temperature at the primary side exit from IHX A is 760°C.

IHX A will provide for transfer of ~160 MWt.

Helium in both the PHTS and SHTS will have controlled levels of impurities.

Primary loop pressure will be nominally 9 MPa and essentially pressure balanced with
the secondary loop pressure.

The forced outage allocation is <1 %.

Required operating life is >10 years for a metallic IHX A and 60 years for a ceramic
version.

The pressure loss across the entire IHX (IHX A + IHX B) primary side and also across
secondary side of IHX shall be smaller than 1.23 % of its respective inlet pressures.

Further, there are a substantial number of fixed and preferred requirements in the areas

Interfaces (e.g., IHX internal structures and fluid flow shall ensure that the vessel
temperature be limited to 371°C during normal operation).

System Configuration (e.g., the size ratio of IHX B to IHX A shall be as large as possible
and overall capacity shall be 510 MW).

Operation (e.g., the components of IHX A shall be able to accommodate 600 start-up and
shut-down cycles).

Tritium Migration Allowance (Tritium migration is s NHSS-level issue taking into
account production and mitigation provided by various barriers and the He purification
system. The specific IHX requirement is TBD.)

Structure - the IHX vessel diameter shall be smaller than 6 m.

Environment - all subject to further review

Instrumentation & Control — to be determined

Availability and Reliability — inherent availability of the IHX shall be >99.98%.
Maintenance (e.g., the IHX shall not require preventive maintenance)

Transport — design features shall be included to allow for transportation of subassemblies
with final assembly on-site.

Testing, Qualification, Commissioning — the entire PHTS, including the THX, shall be
pressure tested in accordance to ASME requirements.

All of the above are discussed in more detail in the IHX and Heat Transport System

(NGNP-HTS-RPT-TI00] ) report.
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4.2 IHX Down Selection Status

4.2.1 Candidate Designs and Materials

Various designs and materials for IHX A were proposed and evaluated in a series of
recent studies. These studies were described and discussed in the following reports:

e Special Study 20.3: High-Temperature Process Heat Transfer and Transport, NGNP-20-
RPT-003, Rev 0, January 2007 [4-1]

e PCDR Section 6: Heat Transport Systems, NGNP-06-RPT-003, Rev 0, April 2007 [4-2]

e NGNP Conceptual Design Study: IHX and Heat Transport System, NGNP-HTS-RPT-
TIOO1, Rev 0, April 2008 [4-3].

The first of these studies considered both helical shell and tube and compact designs,
primarily the Heatric based PCHE for the latter, and evaluated a broad range of Ni- and Fe/Ni
base alloys for their construction. Based on this study, it was recommended that the compact
heat exchanger design should be pursued with separate high-temperature (IHX A) and lower
temperature (IHX B originally specified at <850°C and subsequently at <760°C) sections. It was
also noted that a full life (60 year) IHX A was, because of corrosion limitations, almost certainly
unobtainable with existing metallic materials. This implies one or more replacements during life,
and argues that a compact IHX concept with a ceramic core should be pursued in parallel to
achieve a 60 year version of IHX A. Alloy 617 was proposed as the reference material for the
metallic version of IHX A with Alloy 230 as a backup; no specific ceramic material was
proposed.

The second study confirmed the conclusions above (i.e., IHX A and IHX B sections, a
PCHE compact design, Alloy 617 and Alloy 230 metallics, and parallel development of a
ceramic based IHX) and further recommended that the IHX A/IHX B split be set at <760°C to
take advantage of the ASME Section III qualification of Alloy 800H (760°C max).

The third study above was by far the most comprehensive in its evaluation of designs,
performance, and materials. It also included two additional designs, a Capillary Heat Exchanger
(small-diameter tube shell-and-tube) and a novel Involute (small-diameter tubes in an involute
configuration) design. Also, an extensive study and evaluation of a plate-fin version of a
compact heat exchanger was performed. No new recommendations were made relative to
materials of construction for IHX A but data needs and concerns were covered in detail.
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4.2.2 Decision Discriminators

This section provides discussion of the decision discriminators that were used in the THX
and Heat Transport study (NGNP-HTS-RPT-TIO0I) to evaluate various IHX designs and
candidate materials. The five designs considered are as shown below.

e Conventional helical coil shell & tube
Capillary tube
PCHE
Plate-fin
Involute
Candidate materials evaluated were Alloy 230, Alloy 617, Alloy 800H, Hastelloy X, and
ceramics (undefined). The metallic materials above were selected based on analyses of a much
wider range of Alloys (Ref. 1).

The qualitative comparisons of the heat exchanger concepts were based on the following
parameters.
e (Cost/Performance Indicators
o Compactness in terms of heat transfer density (M Wi/m®)
o Materials utilization (t/MWt)
o Manufacturing cost
® State-of —the-Art
o Experience base
o Design & manufacturing
e Robustness
o Normal operation
o Transients
¢ Environmental Compatibility
o Corrosion effects
o Erosion effects
o Tritium transport
e Reliability & Integrity Management
o Detection of leaks/degradation during operation
o Detection of leaks/degradation during outages
o Leak location/isolation/repair/replacement
e [HX Integration
o Integration with vessels and piping
o Compatibility with multi-stage designs
o Compatibility with multi-module designs
o Compatibility with alternate heat transfer fluids
® Design & Licensing Basis
o Code basis for design

The Decision Discriminators applied for the materials were those shown below.
¢ Thermal Conductivity

NGNP-CTF MTECH-TDRM-004_Rev1-final.doc 12/9/2008
13 of 103




NGNP-CTF MTECH-TDRM-004 NGNP Technology Development Road Mapping Report

Section 4: Intermediate Heat Exchanger A

e Materials Database

o Maturity of data

o Specifications and standards status

o ASME Code qualification requirement
o Service experience

o R&D status

e Materials Lifetime

o Maximum operating temperature

Thermal and mechanical fatigue

Creep and creep-rupture

Erosion

Loss-of-secondary-pressure (LOSP) effects
Transient behavior

o Corrosion

O O O O O

e Fabrication Related Factors

o Product availability

Workability

Joining technology maturity and effects
Cost

O O O

The application of the factors above to both the design and materials down select process
is given and discussed below.

The following was indicated for design concepts based on the Decision Discriminators

for design:

Cost/Performance Indicators

The shell & tube design is poor except for established manufacturing processes.

The capillary concept appears to be very expensive and labor intensive in terms of
manufacturing.

The PCHE is relatively good in all aspects.

The plate-fin is good overall and best in terms of materials utilization

PCHE and PFHE are best in terms of compactness (MWt/m3).

Materials costs for all are high, but least for the plate-fin assuming the same metallic
materials.

State-of-the Art

There is a reasonable and applicable experience base with design, manufacturing, and
operation of metallic IHXs of shell & tube, PCHE, and plate-fin designs, although at
somewhat lower temperatures.

The experience base and technology for the capillary and involute designs are
essentially nonexistent.

There is no metallic material currently proven for any design for 10-year operation at
950°C. Further, no specific ceramic candidates have been identified.
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Robustness

Shell & tube designs are by far the most robust under normal operating conditions.
The integrity of the braze joints in the plate-fin design offers some concern or
uncertainty but the design appears good under normal operation and transients.

The PCHE should be good under both normal operation and transients.

Assessment of the capillary and involute designs is at best speculative at this time.
There is concern relative to corrosion in the compact designs because of the use of
very thin sections; the shell & tube design is of less concern because of the use of
greater material thicknesses.

Environmental Compatibility

As noted above, the shell & tube design would provide the maximum resistance to
corrosion and erosion effects and tritium transport because of its heavier section
thicknesses.

The compact PCHE and plate-fin concepts are inferior to the shell & tube design
because of associated thin sections and small fluid passages.

The capillary and involute designs are intermediate in all of these factors.

Corrosion allowances to be applied to the thin metallic sections of the PCHE and
plate-fin designs are not currently quantitative and are somewhat worrisome.

Reliability & Integrity Management

Detection of leaks during operation is possible and equivalent for all concepts.

Easiest inspection for leaks during outages is for the shell & tube design but is
possible for all concepts.

Shell & tube, capillary, and involute designs permit plugging of individual tubes but
the number of tubes to be accessed for the latter two is very large.

Leaks in the PCHE and plate-fin designs can be identified and isolated at the module
level.

HX Integration

Integration with vessels and piping has been demonstrated for the shell & tube
concept and appears acceptable for the PCHE and plate-fin designs; further
evaluation would be needed for the capillary and involute designs.

The PCHE and plate-fin designs are superior with respect to multi-stage and multi-
module concepts.

Code Basis for Design

There is an existing ASME Section VIII Code for design of shell & tube heat
exchangers. This would likely also apply to the tubes for the capillary and involute
designs but their headers have no precedent in the ASME Code.

There is no existing ASME Code basis for either the PCHE or plate-fin designs.
There are no existing ASME Code bases for either ceramic materials or a ceramic
[HX design.

Application of the materials Decision Discriminators resulted in the following
observations and decisions:
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Materials Database

All of the metallic candidates have significant databases but those for Alloy 800H and
Hastelloy X are the most complete.

All of the metallic candidates are recognized by the ASTM and the ASME but only
Alloy 800H has ASME Section III approval and only to a maximum temperature of
760°C.

All metallic candidates have substantial elevated temperature service in non-nuclear
environments; Alloy 800H and Hastelloy X have seen some application in nuclear
plants.

Little if any R&D is ongoing on any of the metallic candidates.

Little can be said about the database for a ceramic until specific selections have been
made.

Materials Lifetime

Potential lifetime of the metallic candidates at 950°C based on high-temperature
creep strength increases from Alloy 800H, to Hastelloy X, to Alloy 230, and to Alloy
617.

The fatigue resistance of all of the metallic candidates is likely sufficient for IHX
operation.

There is no current basis for down select of the metallic materials candidates based on
transient behavior or erosion.

The time before creep-rupture or creep-collapse under 950°C LOSP conditions is
almost ten times greater for Alloy 617 than for Alloy 230. This was a significant
factor in the selection of Alloy 617 for IHX A.

The corrosion performance of any of the candidate metallics in NGNP He is suspect
and possibly life-limiting at 950°C.

Fabrication Related Factors

e Product forms necessary for the fabrication of the compact heat exchanger designs are
available for all of the metallic material candidates.

® Brazing and diffusion bonding processes for all of the alloys remain to be proven but all
can likely be achieved.

¢ Alloy 800H is the least expensive material but will not suffice for construction of IHX A;
the costs for Hastelloy X, Alloy 230, and Alloy 617 are higher but comparable.

e Costs for ceramic materials will exceed those for the metallics and a number of
fabrication problems will need to be resolved.

4.2.3 Reference Design

The single alternate relative to the metallic IHX A is a decision to be taken at TRL 5 on
the PCHE versus plate-fin design.
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No alternates currently exist for the ceramic IHX. However, alternates could emerge as a
result of Trade Studies recommended in Technology Maturation Plan from TRL 1-2.

4.2.4 Summary of IHX A Down Selection Task

The IHX A down select evaluation conducted for the IHX and reported in the NGNP
Conceptual Design Study: IHX and Heat Transport System resulted in the various conclusions
and recommendations listed below.

e The earlier recommendation to utilize PCHE or plate-fin compact heat exchanger
technology as the basis for the metallic IHX design has been confirmed. This is the
current metallic reference design and both are to employ Alloy 617 in the high
temperature sections.

e A compact IHX configuration (applicable to both PCHE and plate-fin heat exchangers)
that potentially allows leak detection, location and isolation at the module-level has been
identified.

e Due to potential life limitations associated with high-temperature corrosion, the
acceptability of a compact metallic IHX at 950°C remains to be confirmed. The present
database for thin section materials is inadequate to support a definitive assessment.

e The earlier recommendation to separate the IHX into IHX-A and IHX-B sections, based
on temperature, is supported by the results of the present study. Alloy 617 will be used
for IHX A and Alloy 800H for IHX B.

The earlier recommendation to undertake a parallel development of ceramic HX
technology for IHX A is confirmed.

4.3 TRL Status

Evaluations of the status of technology for the metallic and ceramic heat exchangers were
made and resulted in the determination of TRL 2 for both heat exchangers. The underlying bases
for these selections are described in TRL rating sheets provided for both metallic and ceramic
heat exchanger versions (refer to section 0).

4.4 Technology Development Road Map Summary

4.4.1 Overview

The TDRM for IHX A begins (left side) with a listing of candidate materials considered
for the IHX core and a listing of candidate designs for both the metallic and ceramic versions of
the IHX. The Decision Discriminators shown just to the right of the materials candidates on the
NGNP-CTF MTECH-TDRM-004_Rev1-final.doc 12/9/2008
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Road Map were used to guide a down select to Alloy 617 for the metallic IHX A. Decision
Discriminators shown in association with candidate designs formed the basis for the selection of
both PCHE and plate-fin designs as options. Similarly, a ceramic version of IHX A was
selected, but with Trade Studies (shown as down select tasks) still needed to finalize ceramic
materials selections and ceramic heat exchanger designs.

Further to the right on the Road Map are shown the Maturation Tasks necessary to
achieve succeedingly higher levels of Validated TRLs up to a TRL 8. For the metallic IHX A
the paths for materials and designs merge at TRL 4 and a final design concept is achieved at TRL
5. The ceramic IHX A paths merge at TRL 4 with a final design concept at TRL 5.

The IHX A Technology Development Road Map is attached in Appendix B while the
maturation tasks are described below.

4.5 Technology Maturation Plan Summary

4.5.1 Summary of Maturation Tasks — Metallic IHX A

The section below describes maturation tasks needed to advance the technology of the
metallic IHX A from a validated TRL 2 to a validated TRL 8. The materials tasks include
studies of thermal/physical and mechanical properties of Alloy 617, joining and fabrication
techniques applicable to the alloys use in compact heat exchangers, determination of corrosion
allowances for Alloy 617, and the establishment of appropriate ASME Code qualification.
Significant levels of effort will also be devoted to methods for thermal/fluid and stress/strain
modeling and to establishment of structural integrity criteria. Methods for performance
modeling of compact heat exchangers will also be developed. Small elements or modules
containing the heat transfer surface of the IHX will be fabricated, tested, and evaluated. These
maturation tasks will be keyed to the DDNs described in the NGNP Conceptual Design Study:
IHX and Heat Transport System whenever possible.

At this point on the TDRM, IHX A will have achieved a level of validated TRL 5 and a
PCHE versus plate-fin decision will have been made. Advancement to a validated TRL 6 will
require manufacture of a nominally 1.2 MW single module of ITHX A, its testing in a
representative environment, and verification of its performance. It will also be necessary to
establish an ASME Code Case design of compact heat exchangers.

Moving the technology of IHX A from TRL 6 to TRL 7 will require tests to assess shell-
side flow distribution and bypass leakage and multi-module tests for confirmation of heat
transfer and flow performance.

Advancement of IHX technology from TRL 7 to TRL 8 will be fulfilled by the
manufacture of a full-size IHX A compact heat exchanger and its testing in the NGNP.
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The costs and schedules associated with the DDNs given in the NGNP Conceptual
Design Study: IHX and Heat Transport System report were first presented in PCDR Section 6:
Heat Transport System. Subsequently, more extensive and detailed estimates of schedules and
costs for IHX A design, development, testing, and manufacture were performed and can be
examined in Metallic Component Schedule Risk and Cost Uncertainty Assessment,
NGNP_RPT_, 30 April, 2008. Further, schedules and costs will be provided in each of the
Maturation Plans.

The Technology Maturation Plan required to mature the technology for a metallic IHX A
to a TRL of 8 is attached in Appendix C.

4.5.2 Summary of Maturation Tasks — Ceramic IHX A

It is generally recognized that the maturity of the technology for a ceramic IHX is no
better than TRL 2 and is probably several years behind that of the metallic IHX. However, the
importance of achieving a heat exchanger capable of full-life service at 950°C compels its
development.

The maturation tasks listed in the ceramic technology maturation plans follow parallel in
many ways those for the metallic IHX but do not have a parallel benefit of well defined DDNSs.
The PCDR report (Ref. 2) provided only 6 DDNs, and only as placeholders. They were as
follows:

e HTS-02-01 — Review Existing Technology
HTS-02-02 — Materials Property Database
HTS-02-03 — Design Methods
HTS-02-04 — Performance Verification
HTS-02-05 — Manufacturing Technology
HTS-02-06 — Codes & Standards

These DDN5s can be used, however, as a rough guide to technology needs. Costs for
ceramics materials and methods development were estimated in PCDR Section 16 in 2007 to be
at least 50% greater than those for similar activities for the metallic counterpart. Manufacturing
costs have not been addressed.

The Technology Maturation Plan required to mature this technology for a ceramic IHX A
to a TRL of 8 is attached in Appendix D.

4.6 Inputsinto CTF

The metallic and ceramic versions of the IHX A will be tested in the CTF for
qualification of a TRLS5, TRL 6 as well as a TRL 7.
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The following tasks noted in the Maturation Plans will be qualified in the CTF:

Metallic IHX Unit Cell (In the Small Scale Development Test Facility)
1.2 MW Metallic IHX Module (In the Technology Development Loop)
Testing of a Multiple Metallic IHX Modules (In the Component Qualification Loop).
Ceramic IHX Unit Cell (In the Small Scale Development Test Facility)
1.2 MW Ceramic IHX Module (In the Technology Development Loop)
Testing of a Multiple Ceramic IHX Modules (In the Component Qualification Loop).

4.7 References

[4-1] Special Study 20.3: High-Temperature Process Heat Transfer and Transport,
NGNP-20-RPT-003, Rev 0, January 2007

[4-2] PCDR Section 6: Heat Transport Systems, NGNP-06-RPT-003, Rev 0, April
2007

[4-3] NGNP Conceptual Design Study: IHX and Heat Transport System, NGNP-HTS-
RPT-TIOO01, Rev 0, April 2008
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Table A-1: Technology Readiness Levels for the IHX A (Metallic)

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System MSubsystem/Structure O Component O Technology

Title: Intermediate Heat Exchanger (IHX A - Metallic) (950°C)

Description:
The Technology Readiness Level for a metallic intermediate heat exchanger operating in

the NGNP at 950°C for up to 10 years has been assessed as TRL 2 based on studies noted below.
The actions required to go to a level of TRL 3 are also shown below.

Area(s): O NHSS M HTS O HPS O PCS O BOP
ISSCTBS: N/A Parent: N/A WBS: N/A
Technology Readiness Level
NPTXt Calculated . Ngxt
Lower Rating Ratin Higher Rating
Level 9 Level
Generic Definitions (abbreviated) L Basic Application Proof of
principles observed | formulated concept
TRL 1 2 3

Basis for Rating (Attach additional sheets as needed)

Various designs and metallic materials for an IHX operating at 950°C (IHX A) were proposed

and evaluated in recent studies reported in:

Special Study 20.3: High-Temperature Process Heat Transfer and Transport, NGNP-20-RPT-003,
Rev 0, January 2007

PCDR Section 6: Heat Transport Systems, NGNP-06-RPT-003, Rev 0, April 2007

NGNP Conceptual Design Study: IHX and Heat Transport System, NGNP-HTS-RPT-TIO01, Rev
0, April 2008

The recommendation resulting from these studies was a compact heat exchanger design (PCHE or

plate-fin) using Alloy 617 as the material for the heat exchanger core.
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Outline of a plan to get from current level to next level (Attach additional sheets as needed)

Actions (list all) Schedule Cost (K$)
e Alloy 617 Material Specifications and FY 2009 — Refer to
Procurement FY 2012 Section C6

Alloy 617 Joining Technology and Resultant
Properties

Thermal/Physical and Mechanical Properties of
Alloy 617

Effects of Thermal Aging and Environment on
Alloy 617 Properties

Effects of Grain Size and Section Thickness on
Alloy 617 Properties

Corrosion Allowances for Alloy 617

DDN(s) supported: HTS-01-01, HTS-01-02, HTS-01-03, HTS-01-04, HTS-01-05, HTS-

01-06, HTS-01-20, HTS-01-21, HTS-01-30

SME Making Determination: Phil Rittenhouse

2008

Date: August 25,

Originating Organization: Technology Insights
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Table A-2: Technology Readiness Levels for the IHX A (Ceramic)

TRL Rating Sheet

Vendor Name: Document Number: Revision:

O Island O System MSubsystem/Structure O Component O Technology

Title: Intermediate Heat Exchanger (IHX A - Ceramic) (950°C)

Description:
The Technology Readiness Level for a ceramic intermediate heat exchanger operating in

the NGNP at 950°C for up to 60 years has been assessed as TRL 1 based on studies noted below.
The actions required to go to a level of TRL 2 are also shown below.

Island(s): O NHSS M HTS O HPS O PCS O BOP

ISSCTBS: N/A Parent: N/A WBS: N/A

Technology Readiness Level

N?Xt Calculated . Ngxt
Lower Rating Ratin Higher Rating
Level 9 Level
. . . Basic Application
Generic Definitions (abbreviated) principles observed formulated
TRL 1 2 3

Basis for Rating (Attach additional sheets as needed)

Various designs and materials for an IHX operating at 950°C (IHX A) were proposed and

evaluated in recent studies reported in:

Special Study 20.3: High-Temperature Process Heat Transfer and Transport, NGNP-20-RPT-003,
Rev 0, January 2007

PCDR Section 6: Heat Transport Systems, NGNP-06-RPT-003, Rev 0, April 2007

NGNP Conceptual Design Study: IHX and Heat Transport System, NGNP-HTS-RPT-TIO01, Rev
0, April 2008

A recommendation resulting from these studies was to select and develop a ceramic heat

exchanger.

Work on evaluation of ceramic heat exchanger materials, joining techniques, and heat exchanger

performance was reported by Ceramatec in several venues (e.g., UNLV/DOE NHI Review and UNLVRF
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HTHX Project Review) in 2006. The work supports a TRL level of 2.

Outline of a plan to get from current level to next level (Attach additional sheets as needed)

Actions (list all) Schedule Cost (K$)
e Trade Study to evaluate ceramic materials for FY 2009- Refer to
heat exchangers with the goal of selecting a 2011 Section D7

reference material or materials.

e Trade Study to evaluate candidate ceramic heat
exchanger designs with the goal of selecting a
reference design or designs.

DDN(s) supported: HTS-02-01, HTS-02-02, HTS-02-03

SME Making Determination: Phil Rittenhouse

Date: August 25,
2008

Originating Organization: Technology Insights
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APPENDIX B: TECHNOLOGY DEVELOPMENT ROAD MAP
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REQUIRED SPECIFICATIONS/TEST TO ACHIEVE NEXT TRL

TRL 2 to TRL 3:

e Specification 1: Alloy 617 Material Specifications and Procurement (WEC-TS-IHXA-
001)

e Specification 2: Alloy 617 Joining Technology and Resultant Properties (WEC-TS-IHXA-
002)

e Specification 3: Thermal/Physical and Mechanical Properties of Alloy 617 (WEC-TS-
IHXA-003)

e Specification 4: Effects of Thermal Aging and Environment on Alloy 617 Properties
(WEC-TS-IHXA-004)

e Specification 5: Effects of Grain Size and Section Thickness on Alloy 617 Properties
(WEC-TS-IHXA-005)

e Specification 6: Corrosion Allowances for Alloy 617 (WEC-TS-IHXA-006)

TRL 3 to TRL 4:

e Specification 1: ASME Section III Code Case for Alloy 617 (WEC-TS-IHXA-007)

e Specification 2: Thermal/Fluid Modeling Methods for Metallic IHX A (WEC-TS-IHXA-
008)

e Specification 3: Methods for Stress/Strain Modeling of Metallic IHX A (WEC-TS-IHXA-
009)

e Specification 4: Criteria for Structural Integrity of IHX A (WEC-TS-IHXA-010)

e Specification 5: Performance Modeling Methods for IHX A (WEC-TS-IHXA-011)

TRL 4 to TRL 5:
e Specification 1: Testing of unit cell compact heat exchanger (WEC-TS-ITHXA-012)

TRL 5 to TRL 6:

e Specification 1: Testing of integrated compact heat exchanger module (~1.2MW) (WEC-
TS-IHXA-013)

e Specification 2: Establishing ASME III Code Case for Metallic Compact Heat Exchanger
Designs (WEC-TS-IHXA-014)

TRL 6 to TRL 7

e Specification 1: Shell-side flow distribution and bypass leakage testing (WEC-TS-IHXA-
015)

e Specification 2: Multi-module heat transfer testing (WEC-TS-ITHXA-016)

TRL 7 to TRL 8:

e Specification 1: Testing of full size compact heat exchanger (Full scale NGNP IHX A)
(WEC-TS-IHXA-0017)
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C1 TECHNOLOGY MATURATION PLAN FOR IHX A (METALLIC) -
TRL2TO TRL 3

C1.1 TECHNOLOGY MATURATION PLAN SUMMARY

C1.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the metallic IHX A from a TRL level of 2 to a TRL
level of 3. Several of the maturations tasks required to achieve this goal involve the mechanical
and thermal/physical properties of Alloy 617 and how they are affected by material thickness,
grain size, thermal aging, and environmental exposure. Joining processes (welding, brazing, and
diffusion bonding) and their effects on properties are also addressed. Finally, one of the
maturation tasks addresses the corrosion (scale formation, internal oxidation, etc.) of Alloy 617
in NGNP primary and secondary He atmospheres containing low levels of impurities. A Test
Specification is provided to cover each of the maturation tasks. These are given in Section C1.2.

C1.1.2 Scope

The maturation tasks and associated testing and other activities necessary to advance the
maturity of the technology of the metallic version of IHX A from TRL 2 to TRL 3 are as shown
below.

Alloy 617 material specifications and procurement

Alloy 617 joining technology and resultant properties

Determine and/or confirm thermal/physical and mechanical properties of Alloy 617
Confirm effects of thermal aging and environmental exposure on Alloy 617 properties
Assess effects of grain size and section thickness on Alloy 617 properties

Determine corrosion allowances for Alloy 617

The tasks above will be described fully in individual Test Specifications provided in the
sections to follow.

C1.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan could
be accomplished during the period FY2009 through FY2012. No individual Test Specification
describes work requiring more than 42 months and the work in most Test Specifications can be
done in parallel.
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C1.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.

C1.2 Test Specifications

C1.2.1 Alloy 617 Material Specifications and Procurement (WEC-TS-IHXA-001)

C1.2.1.1 Objectives

Activities covered in this Test Specification are the finalization of the material
specifications (alloy chemistry, fabrication processes etc.), development of procurement
requirements for NGNP Alloy 617, and procurement of three heats of Alloy 617 for evaluation
and testing. With respect to the former, it is expected that existing ASTM standards will
encompass the NGNP specification. No actual physical testing will be performed. This Test
Specification responds to DDN HTS-01-01.

C1.2.1.2 Test Conditions

Cl1.2.1.2.1 Test Configuration/Set-up

No test equipment/facility is needed except for existing conventional test
machines (e.g., tensile test machine) for confirming that the procured Alloy 617 meets
specifications.

Cl1.2.1.2.2 Test Duration
The duration of this activity could be up to 12 months.

Cl1.2.1.2.3 Proposed Test Location

The work could be performed at an appropriate National Laboratory.

C1.2.1.3 Measured Parameters

Properties, chemistry, grain size, etc. specified in the material specifications and
requirements.
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C1.2.1.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA.

C1.2.1.5 Test Evaluation Criteria

Heats of Alloy 617 acquired shall meet all procurement requirements and material
specifications.

C1.2.1.6 Test Deliverables

Deliverables are as follows.

¢ Alloy 617 material purchase specification

¢ Three heats of Alloy 617 acquired per the above

e Report confirming that the heats of Alloy 617 meet all specifications and requirements
(e.g. Certified Materials Test Report, for each heat)

C1.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 2 to TRL 3 is addressed in Sections C1.1.3 and
C1.1.4 Risks include that the material doesn’t qualify and that the overall schedule will be
delayed.

C1.2.2 Alloy 617 Joining Technology and Resultant Properties (WEC-TS-IHXA-
002)

C1.2.2.1 Objectives

Work conducted under this Test Specification will demonstrate that Alloy 617 can be
welded, brazed, and diffusion bonded to produce structurally sound unit cells and modules of
compact heat exchangers and that the properties of these joints will have properties appropriate
to this use. This Test Specification responds to DDN HTS-01-03 and to DDN HTS-01-30.

C1.2.2.2 Test Conditions

C1.2.2.2.1 Test Configuration/Set-up

These activities require the following.
¢ Equipment and facilities for welding, brazing, and diffusion bonding
¢ Equipment for microscopic examination
¢ Equipment for mechanical property testing
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Cl1.2.2.2.2 Test Duration

The duration of these joining and testing activities could be up to 30 months.

C1.2.2.2.3 Proposed Test Location

A National Laboratory or University could perform the work on microscopic examination
and mechanical properties. Commercial organizations involved in compact heat
exchanger manufacture would be appropriate for the joining studies, and to produce the
bonded unit cells for test specimens.

C1.2.2.3 Measured Parameters

Parameters to be measured include the following.

Conditions and parameters applied in producing the joints

Condition of the Alloy 617 joints as evidenced by metallography
Chemistry profiles in the joints determined by SEM

Tensile, creep, fatigue, and fracture toughness at temperatures up to 1000°C

C1.2.2.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.

C1.2.2.5 Test Evaluation Criteria

This work or an accepted variation thereof will provide the basis for determination of the
suitability of the three joining methods to the manufacture of compact heat exchangers. Criteria
involved in the evaluation of each joint type will include:

e Structural integrity as evidenced by metallography and SEM
e Minimal or no reduction in strength or ductility of the Alloy 617 joints

C1.2.2.6 Test Deliverables

Deliverables are as follows.

Brazing procedure specifications

Diffusion bonding procedure specifications

Conventional welding procedure specifications

Reports on structural integrity of joints formed by welding, brazing, and diffusion
bonding

e Reports on mechanical properties of welded, brazed, and diffusion bonded joints

C1.2.2.7 Cost, Schedule, and Risk
Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 2 to TRL 3 is addressed in Sections C1.1.3 and
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C1.1.4. The risks associated with Section C1.2.2 are small but include the possibility that one or
more of the joining techniques may prove unsuitable for thin section of Alloy 617.

C1.2.3 Thermal/Physical and Mechanical Properties of Alloy 617 (WEC-TS-IHXA-
003)

C1.2.3.1 Objectives

The objective of this work is to confirm that Alloy 617 materials procured to NGNP
specifications will have thermal/physical and mechanical properties adequate for a compact IHX
A. This Test Specification responds to DDN HTS-01-02.

C1.2.3.2 Test Conditions

C1.2.3.2.1 Test Configuration/Set-up

Accomplishment of testing prescribed in DDN HTS-01-02 requires:
¢ Equipment for thermal/physical property testing
e Equipment for mechanical property testing up to 1000°C

Cl1.2.3.2.2 Test Duration

Thermal/physical and mechanical property testing could require up to 36 months.

C1.2.3.2.3 Proposed Test Location

Property tests on NGNP Alloy 617 could be conveniently performed at a National Laboratory or
University.

C1.2.3.3 Measured Parameters

Data to be determined include:

Thermal conductivity to 1000°C

Coefficients of thermal expansion to 1000°C

Elastic properties to 1000°C

Tensile properties (yield strength, tensile strength, elongation, and RA) to 1000°C
Fatigue strength (LCF and HCF) to 1000°C

Creep strength to 1000°C for 10,000 h

Fracture toughness

C1.2.3.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.
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C1.2.3.5 Test Evaluation Criteria

Mechanical property data from the three heats of NGNP Alloy 617 shall agree to within
+/-15%; the data obtained shall also be representative of the existing database for Alloy 617.

C1.2.3.6 Test Deliverables

Deliverables are as follows.

e Reports of thermal/physical properties of Alloy 617 procured to NGNP specifications

e Reports on elastic, tensile, fatigue, creep, and fracture toughness of Alloy 617 procured to
NGNP specifications

C1.2.3.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 2 to TRL 3 is addressed in Sections C1.1.3 and
C1.1.4. The associated risk is high (since parameters are time and temperature dependant) and
includes the possibility that one or more of the properties measured falls short of what is required
for use of Alloy 617 in a high temperature compact heat exchanger.

C1.2.4 Effects of Thermal Aging and Environment on Alloy 617 Properties (WEC-
TS-IHXA-004)

C1.2.4.1 Objectives

The objective of the testing performed under this Test Specification is to demonstrate that
Alloy 617 purchased to the NGNP specification and weld, braze, and diffusion bond joints
prepared to accepted standards can be used at temperatures between 750°C and 950°C for up to
at least 10 years without unacceptable degradation of mechanical properties or microstructure.
Additionally, the work is to demonstrate that exposures conducted in NGNP He environment
(low levels of CO, CO,, Hy, H,O, O, and CHy) do not further degrade the properties of Alloy
617. This Test Specification responds to DDN HTS-01-03 and DDN HTS-01-04.

C1.2.4.2 Test Conditions

Cl1.2.4.2.1 Test Configuration/Set-up

Equipment/facilities must be available for:
e Thermal aging of Alloy 617 for up to 10,000 h at temperatures from 700°C to
1000°C.

e Exposure in representative NGNP He environment over the same
time/temperature range
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e Test equipment and facilities for measuring mechanical properties after thermal
and environmental exposures
e  Metallographic capability to determine structural changes

Cl.2.4.2.2 Test Duration

Thermal aging and environmental exposures of Alloy 617 and subsequent testing will require
about 42 months.

C1.2.4.2.3 Proposed Test Location

Thermal and environmental exposures of Alloy 617 and subsequent examinations are best suited
to be conducted at a National Laboratory.

C1.2.4.3 Measured Parameters

Data and exposure parameters to be measured/recorded include:

Thermal exposure times and temperatures

Environmental exposure times, temperatures, and He chemistry

Tensile properties (yield strength, tensile strength, elongation, and RA) after exposures
Fatigue strength (LCF and HCF) after exposures

Creep strength after exposures

Fracture toughness after exposures.

C1.2.4.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.

C1.2.4.5 Test Evaluation Criteria

Mechanical property data from the three heats of NGNP Alloy 617 obtained after thermal
and environmental exposures shall be in reasonable heat-to-heat agreement and shall be
consistent with the existing database for Alloy 617.

C1.2.4.6 Test Deliverables

Deliverables are as follows.

e Reports documenting details of the thermal and environmental exposures

e Reports describing the effects of thermal and environmental exposures on mechanical
properties of base metal, welds, braze joints, and diffusion bonds

e Report describing the effects of thermal and environmental exposures on Alloy 617
structure of base metal, welds, braze joints, and diffusion bonds.
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C1.2.4.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 2 to TRL 3 is addressed in Sections C1.1.3 and
C1.1.4. The risk associated with Section C1.2.4 is small but includes the possibility that one or
more of the properties measured after exposure may fall short of what is required for use of
Alloy 617 in a compact heat exchanger at up to 950°C for 10 years.

C1.2.5 Effects of Grain Size and Section Thickness on Alloy 617 Properties
(WEC-TS-IHXA-005)

C1.2.5.1 Objectives

The objective of the work prescribed in this Test Specification is to 1) demonstrate that
the very thin as-fabricated material sections of Alloy 617 (significantly less than 1 mm) required
in the IHX A compact heat exchanger will have creep and fatigue properties equivalent or only
slightly degraded relative to those of products of more typical thickness and 2) that fatigue and
creep properties of Alloy 617 with grain sizes smaller than those found in typical 617 products
are acceptable for compact heat exchanger operation. Smaller grain sizes normally favor
enhanced fatigue resistance at the expense of creep strength. This Test Specification responds to
DDN HTS-01-06 and DDN HTS-01-20.

C1.2.5.2 Test Conditions

C1.2.5.2.1 Test Configuration/Set-up
Conduct of this work requires equipment/facilities for creep and fatigue measurement and for
metallographic determination of grain size.
C1.2.5.2.2 Test Duration
The work relative to grain size and section thickness effects on Alloy 617 creep
and fatigue properties should require about 24 months.
C1.2.5.2.3 Proposed Test Location

Study and measurements relative to grain size and section thickness effects on properties are best
suited to be conducted at a National Laboratory.

C1.2.5.3 Measured Parameters

Data to be taken include:
e (Creep properties (up to 1000°C) as a function of fabricated material thickness
e (Creep properties (up to 1000°C) as a function of grain size
¢ Fatigue properties as a function of fabricated material thickness
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e Fatigue properties as a function of grain size.

C1.2.5.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.

C1.2.5.5 Test Evaluation Criteria

The creep and fatigue properties determined on thin section and small grain size Alloy
617 material must meet the requirements for fatigue and creep resistance in the IHX A compact
heat exchanger.

C1.2.5.6 Test Deliverables

Deliverables for this Test Specification shall include:
e Report on the influence of section thickness on creep and fatigue properties of Alloy 617
e Report on the influence of grain size on creep and fatigue properties of Alloy 617.

C1.2.5.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 2 to TRL 3 is addressed in Sections C1.1.3 and
C1.1.4. The risk associated with Section C1.2.5 is small but includes the possibility that either
thin sections or small grain size may result in creep or fatigue properties inconsistent with the use
of Alloy 617 in the IHX A compact heat exchanger.

C1.2.6 Corrosion Allowances for Alloy 617 (WEC-TS-IHXA-006)

C1.2.6.1 Objectives

The major objective of this activity is to ensure that exposure of Alloy 617 base metal,
weldments, braze joints, and diffusion bonds at high temperatures (up to 950°C) for up to 10
years in NGNP He does not compromise the structural integrity of the material cross-section by
oxide scale formation, internal oxidation, or other phenomena from either the primary or
secondary side of the HTS. This Test Specification responds to DDN HTS-01-21.

C1.2.6.2 Test Conditions

C1.2.6.2.1 Test Configuration/Set-up

Determination of corrosion allowances for Alloy 617 will require the following.
¢ Facility for exposure in He (700°C to 1000°C) / 9MPa with low levels of CO,
CO,, Hy, H;0, and CHy4 for up to 10,000 hours

NGNP-CTF MTECH-TDRM-004_Rev]1-final.doc 12/9/2008
44 of 103




NGNP-CTF MTECH-TDRM-004 NGNP Technology Development Road Mapping Report
Section 4: Intermediate Heat Exchanger A

¢ Provisions for introduction, control, and measurement of impurity levels

e Metallographic and SEM equipment for determination of thickness of the oxides,
depths of internal  oxidation, alloy element depletion, and
carburization/decarburization

C1.2.6.2.2 Test Duration

Conduct of this work will require 36 months.

C1.2.6.2.3 Proposed Test Location

This work can most effectively be done by ASME members from industry, with
supporting data from the test labs.

C1.2.6.3 Measured Parameters

Parameters to be measured and data taken include:

e Impurity levels in primary side NGNP He as a function of time at all exposure
temperatures

e Impurity levels in secondary side NGNP He as a function of time at all exposure

temperatures

Oxide scale thickness and composition

Depth of internal oxidation

Depth of depletion of alloy elements, primarily Cr

Depth affected by carburization or decarburization.

C1.2.6.4 Data Requirements
All data shall be acquired using best practice techniques and QA.

C1.2.6.5 Test Evaluation Criteria

The corrosion allowances determined for Alloy 617 must not be of such magnitude that
they degrade the structural integrity of the thin material sections (including welds, brazes, and
diffusion bonds) required for the IHX A compact heat exchanger.

C1.2.6.6 Test Deliverables C1.2.6.

The following will be provided to meet the objectives of this Test Specification.

e Reports providing details of all exposures in impure primary and secondary side NGNP
He

e Oxide scale thickness as a function of time, temperature, and He chemistry
e Depth of internal oxidation as a function of time, temperature, and He chemistry
e Depth of alloy element depletion as a function of time, temperature, and He chemistry
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e Depth of carburized or decarburized zone as a function of time, temperature, and He
chemistry

e Analysis of all data above for prediction of corrosion allowances for Alloy 617 and Alloy
617 joints for all temperatures and times of interest

C1.2.6.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 2 to TRL 3 is addressed in Sections C1.1.3 and
C1.1.4. The risk associated with Section C1.2.6 is that the measured corrosion allowances may
preclude the operation of IHX A at full life (~10 years) at full temperature (950°C).

C2 TECHNOLOGY MATURATION PLAN FOR IHX A (METALLIC) - TRL
3TOTRL 4

C2.1 TECHNOLOGY MATURATION PLAN SUMMARY

C2.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the metallic IHX A from a TRL level of 3 to a TRL
level of 4. The first of these maturation tasks is to develop and establish an ASME Section III
Code Case for the use of Alloy 617 in the NGNP IHX. Four other maturation tasks involve the
development of models to guide the design of high temperature compact heat exchangers and to
form the predictive basis for their operation and performance. A Test Specification is provided to
cover each of the maturation tasks. These are given in Section C2.2.

C2.1.2 Scope

The maturation tasks and associated testing and other activities necessary to advance the
maturity of the technology of the metallic version of IHX A from TRL 3 to TRL 4 are as shown
below.

¢ Establish ASME Section III Code Case for Alloy 617
Develop methods for thermal/fluid modeling of compact heat exchangers
Develop methods for stress/strain modeling of compact heat exchangers
Establish criteria for structural integrity of compact heat exchangers at very high
temperature
¢ Develop methods for performance modeling of compact heat exchangers

The tasks above will be described fully in individual Test Specifications provided in the
sections to follow.
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C2.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan could
be accomplished during the period FY2010 through FY2015.

C2.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.

C2.2 Test Specifications

C2.2.1 ASME Section lll Code Case for Alloy 617 (WEC-TS-IHXA-007)

C2.2.1.1 Objectives

This Test Specification has the overall objective of developing and establishing a Section
III ASME Code Case for Alloy 617. It will involve the drafting of the code case, interactions
with ASME during the approval process, and provision of any additional specific
data/information requested by the ASME. This Test Specification responds to DDN HTS-01-18.

C2.2.1.2 Test Conditions

C2.2.1.2.1 Test Configuration/Set-up

No test equipment or facility is needed.

C2.2.1.2.2 Test Duration

The duration of this activity will be a minimum of 48 months.

C2.2.1.2.3 Proposed Test Location

The supplier / design authority may be best suited to perform the modeling work.

C2.2.1.3 Measured Parameters
Not applicable.

C2.2.1.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA.
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C2.2.1.5 Test Evaluation Criteria
Not applicable.

C2.2.1.6 Test Deliverables

The test deliverable is a Section III ASME Code case fully qualifying Alloy 617 for
service in the NGNP IHX up to 950°C.

C2.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 3 to TRL 4 is addressed in Sections C2.1.3 and
C2.1.4 There is minimal technical risk associated with C2.2.1. There is some risk that the Code
Case will not be approved per the desired schedule; however, the schedule should be achievable
with dedicated and directed efforts by a designer team.

C2.2.2 Thermal/Fluid Modeling Methods for Metallic IHX A (WEC-TS-IHXA-008)

C2.2.2.1 Objectives

The work to be conducted under this Test Specification is the development of thermal
structural models to provide a predictive basis for operation and performance characteristics of
compact heat exchangers. This is required for both quasi-steady state and transient analyses.
This Test Specification responds to DDN HTS-01-13.

C2.2.2.2 Test Conditions

C2.2.2.2.1 Test Configuration/Set-up

None currently identified but the models will likely be applied to the results obtained
under Section C3.2.1 and DDN HTS-01-17. Relative to the latter, see Technology Maturation
Plans for TRL 5 to TRL 7 and TRL 7 to TRL 8.

C2.2.2.2.2 Test Duration

Development of the thermal/fluid models would occur over a 36-month period.

C2.2.2.2.3 Proposed Test Location

The supplier / design authority may be best suited to perform the modeling work.
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C2.2.2.3 Measured Parameters

The models to be developed will incorporate and combine the mechanical and
thermal/physical property database for Alloy 617 with finite element analysis (FEA) techniques
and known relationships relative to temperature, fluid flow, interface conditions, and structural
stresses.

C2.2.2.4 Data Requirements

Model development activities will follow best standard practice and QA requirements.

C2.2.2.5 Test Evaluation Criteria

The usefulness and predictive capability of the models developed will be assessed based
on its application to testing described in Section C3.2.1 and in DDN HTS-01-17.

C2.2.2.6 Test Deliverables

The test deliverable is a model for predicting operation and performance characteristics
of compact heat exchanger IHX A.

C2.2.2.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 3 to TRL 4 is addressed in Sections C2.1.3 and
C2.1.4. There are no risks associated with Section C2.2.2.

C2.2.3 Methods for Stress/Strain Modeling of Metallic IHX A (WEC-TS-IHXA-009)

C2.2.3.1 Objectives

The objective of this work is to develop structural modeling methods to provide a
physical and mechanical design and predictive basis for operation and performance
characteristics of compact heat exchanger IHX A. No physical testing is required to accomplish
this task. This Test Specification responds to DDN HTS-01-14.

C2.2.3.2 Test Conditions

C2.2.3.2.1 Test Configuration/Set-up
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None currently identified but the models will likely be applied to the results obtained
under Section C3.2.1 and DDN HTS-01-17. Relative to the latter, see Technology Maturation
Plans for TRL 5 to TRL 6, TRL 6 to TRL 7, and TRL 7 to TRL 8.

C2.2.3.2.2 Test Duration

Development of the thermal/fluid models would occur over a 36-month period

C2.2.3.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

C2.2.3.3 Measured Parameters

The models to be developed will incorporate and combine the mechanical property
database for Alloy 617 with finite element analysis (FEA) techniques and know relationships
relative to temperature, fluid flow, interface conditions, and structural stresses.

C2.2.3.4 Data Requirements

Model development activities will follow best standard practice and QA requirements.

C2.2.3.5 Test Evaluation Criteria

The usefulness and predictive capability of the models developed will be assessed based
on its application to testing described in Section C3.2.1 and in DDN HTS-01-17. They will also
form a part of an ASME design code (see DDN HTS-01-19 for TRL 5 to TRL 7).

C2.2.3.6 Test Deliverables

The test deliverable is a model for predicting operation and performance characteristics
and to form a design basis for compact heat exchanger IHX A.

C2.2.3.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 3 to TRL 4 is addressed in Sections C2.1.3 and
C2.1.4. There is no risk associated with Section C2.2.3.

C2.2.4 Criteria for Structural Integrity of IHX A (WEC-TS-IHXA-010)
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C2.2.4.1 Objectives

The objective of this Test Specification is to establish criteria for the structural integrity
of compact heat exchangers operating at very high temperature. This includes criteria for
stresses and strains as well as development of safety factors needed in ASME Code
development. These criteria will help to establish acceptable operational boundaries for compact
heat exchangers. No physical testing is required to establish structural integrity criteria. This
Test Specification responds to DDN HTS-01-15.

C2.2.4.2 Test Conditions

C2.2.4.2.1 Test Configuration/Set-up

None currently identified.

C2.2.4.2.2 Test Duration

Establishment of structural integrity criteria will occur over a 36-month period.

C2.2.4.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

C2.2.4.3 Measured Parameters

Criteria for structural integrity will be developed from a review of appropriate ASME
Code documentation, discussions with ASME Code personnel, and interactions during the
development of stress/strain models (see activities associated with DDN HTS-01-14 under
Section C2.2.3).

C2.2.4.4 Data Requirements

Structural integrity criteria development activities will employ best standard practice and
QA requirements.
C2.2.4.5 Test Evaluation Criteria

The usefulness and predictive capability of the structural integrity models developed will
be assessed based on its application to testing described in Section C3.2.1 and in DDN HTS-01-
17. They will also form a part of an ASME design code (see DDN HTS-01-19 for TRL 5 to
TRL 6).

C2.2.4.6 Test Deliverables

Deliverables are as follows.
e (riteria for acceptable stresses and strains

NGNP-CTF MTECH-TDRM-004_Rev]1-final.doc 12/9/2008
51 of 103




NGNP-CTF MTECH-TDRM-004 NGNP Technology Development Road Mapping Report
Section 4: Intermediate Heat Exchanger A

e Safety factors for application to an ASME design code.

C2.2.4.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 3 to TRL 4 is addressed in Sections C2.1.3 and
C2.1.4. There is no risk associated with Section C2.2.4.

C2.2.5 Performance Modeling Methods for IHX A (WEC-TS-IHXA-011)

C2.2.5.1 Objectives

The objective of the work prescribed in this Test Specification is to provide performance
modeling methods to adequately evaluate the results of performance testing of compact heat
exchangers and to assist in the development of an ASME Code Case for design of compact heat
exchangers. No physical testing is required for performance modeling. This Test Specification
responds to DDN HTS-01-16.

C2.2.5.2 Test Conditions

C2.2.5.2.1 Test Configuration/Set-up

None, but the performance models will be applied to the results obtained under DDN HTS-01-17
(see Technology Maturation Plans for TRL 4 to TRL 5, TRL 5 to TRL 7 and TRL 7 to TRL 8.

C2.2.5.2.2 Test Duration

Establishment of structural integrity criteria will occur over a 48-month period.

C2.2.5.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

C2.2.5.3 Measured Parameters

The performance models to be developed will incorporate all parameters necessary to
predict the thermal and structural behavior of compact heat exchangers.

C2.2.5.4 Data Requirements

Model development activities will follow best standard practice and QA requirements.
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C2.2.5.5 Test Evaluation Criteria

The usefulness and predictive capability of the models developed will be assessed based
on its application to testing associated with DDN HTS-01-17 (see Technology Maturation Plans
for IHX A from TRL 4 to TRL 5, TRL 5 to TRL 7 and TRL 7 to TRL 8).

C2.2.5.6 Test Deliverables

The deliverable for this Test Specification is a model to assess the thermal and structural
performance of the compact heat exchanger modules to be tested in association with DDN HTS-
01-17.

C2.2.5.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 3 to TRL 4 is addressed in Sections C2.1.3 and
C2.1.4. There is no risk associated with Section C2.2.5.
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C3 TECHNOLOGY MATURATION PLAN FOR IHX A (METALLIC) - TRL
4 TOTRLS5

C3.1 TECHNOLOGY MATURATION PLAN SUMMARY

C3.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the metallic IHX A from a TRL level of 4 to a TRL
level of 5. The maturation task required to achieve this goal involve the testing of the compact
heat exchanger unit cell (It is assumed that the compact heat exchanger unit cell will be provided
by a compact heat exchanger vendor). A Test Specification is provided to cover the maturation
task. This is given in Section C3.2.

C3.1.2 Scope

The maturation task necessary to advance the maturity of the technology of the metallic
version of IHX A from TRL 4 to TRL 5 is as shown below.
e Specification 1: Testing of unit cell compact heat exchanger

The task above will be described fully in a Test Specification in the following section.

C3.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan could
be accomplished during the period FY 2014 through FY 2016.

C3.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.
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C3.2 Test Specifications

C3.2.1 Specification of testing of unit cell of compact heat exchanger (WEC-TS-
IHXA-012)

C3.2.1.1 Objectives

The objective of testing the compact heat exchanger unit cell is:
e To determine the joint integrity of the compact heat exchanger unit cell joints under
tensile load at a typical pressure environment and elevated temperatures.

C3.2.1.2 Test Conditions

C3.2.1.2.1 Component Requirements

Component requirements include the following:

Size limitation: dependant on testing environment (e.g. furnace)
Temperature threshold — see test requirements

Pressure threshold — see test requirements

Environment — Helium with controlled impurity levels

C3.2.1.2.2 Interfacing Requirements

n/a

(C3.2.1.2.3 Test Requirements

Test requirements for the compact heat exchanger unit cell tests (not integrated) are as
follows:
e Test environment which compact heat exchanger unit cell will be subjected to
before post test evaluation:
o Temperature = 950°C
o Pressure = 9MPa
o Cyclic loading (magnitude and cycles TBD)

® Proposed setup and relevant parameters (see following page):
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Figure C-1: Proposed setup and relevant parameters in testing the unit cell

C3.2.1.2.4 Test Duration

The duration of this activity will be a minimum of 24 months.

C3.2.1.2.5 Facility Requirements

1. Furnace suitable for test requirements
2. Facilities required for metallographic analysis of material and joints after testing
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C3.2.1.2.6 Proposed Test Location

Manufacturers of metallic unit cells would most appropriately evaluate the joint
integrities of the as-manufactured unit cells.

C3.2.1.3 Measured Parameters

The following parameters will be measured:
o Temperature
o Pressure
o Post-test joint integrity inferred from SEM, microscopic/metallographic
evaluations and tests
= Creep and creep rupture data

C3.2.1.4 Data Requirements

It is assumed that the compact heat exchanger unit cell will be produced by a vendor of
metallic heat exchangers. The fabricated unit cell will require the following before progressing
with testing:

® Materials certificates

e Weld certificates

¢ Inspection certificates

e All other quality assurance documents (bonding procedures, etc)

All new data shall be acquired using recognized techniques, codes, standards, and QA.

C3.2.1.5 Test Evaluation Criteria

Satisfactory structural integrity of the compact heat exchanger unit cell joints as
evidenced by post-testing examinations relating to metallographic procedures and tests.

C3.2.1.6 Test Deliverables

Deliverables are as follows.

e Test Data for all areas as indicated in section C3.2.1.3.

¢ Documentation containing performance verification criteria and test results relating to the
joint integrities of the CHE unit cell as observed through microscopic/metallographic
evaluations and tests.

C3.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 4 to TRL 5 is addressed in Sections C3.1.3 and
C3.1.4.
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The risk associated with Section C3.2 1 involves the non-satisfactory condition/integrity
of the CHE unit cell joint, and may consequently require a re-evaluation of the unit cell design
(or certain aspects thereof).
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C4 TECHNOLOGY MATURATION PLAN FOR IHX A (METALLIC) - TRL
5TOTRL 6

C4.1 TECHNOLOGY MATURATION PLAN SUMMARY

C4.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the metallic IHX A from a TRL level of 5 to a TRL
level of 6. The maturation tasks required to achieve this goal involve the testing of the integrated
compact heat exchanger module (~1.2MW) in the CTF (It is assumed that the compact heat
exchanger module will be provided by a compact heat exchanger vendor) and the establishment
of a Section III ASME Code case fully qualifying compact heat exchanger designs for service in
the NGNP IHX. Test Specifications are provided to cover these maturation tasks (given in
Section C4.2).

C4.1.2 Scope

The maturation tasks necessary to advance the maturity of the technology of the metallic
version of IHX A from TRL 5 to TRL 6 is as shown below.
e Specification 1: Testing of integrated compact heat exchanger module (~1.2MW)
e Specification 2: Establishing ASME Section III design code for compact heat exchanger
designs

The tasks above will be described in the test specification provided hereafter.

C4.1.3 Anticipated Schedule

The work described by the Test Specification in this Technology Maturation Plan will be
accomplished during the period FY 2017 through FY 2019.

C4.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.
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C4.2 Test Specifications

C4.2.1 Specification of testing of compact heat exchanger module (~1.2MW)
(WEC-TS-IHXA-013)

C4.2.1.1 Objectives

The objectives of testing the compact heat exchanger module (~1.2MW) are:
¢ To demonstrate the operating effectiveness of the compact heat exchanger module
¢ To demonstrate the fatigue life of the integrated compact heat exchanger module in terms

of thermal fatigue, joint integrity and corrosion & high temperature oxidation
[ ]

C4.2.1.2 Test Conditions

C4.2.1.2.1 Compact Heat Exchanger Module (subsystem and system) Requirements

Subsystem and system requirements include the following:
e Size limitation: TBD
Certain interface design requirements and specifications (see interfacing
requirements)
Heat transfer fluid — Helium with controlled impurities
Temperature threshold — see test requirements
Pressure threshold — see test requirements
Mass flow threshold — see test requirements
Pressure drop threshold — see test requirements

C4.2.1.2.2 Interfacing Requirements

e TBD by Technology Development Loop and Subsystem Configuration / Design.
e (Certain interface design requirements and specifications:

o Appropriate surface finish of interfacing components

o Gasket materials applicable

o Flange torque values where applicable

C4.2.1.2.3 Measurement Requirements

Measurement of strains

Measurement of internal and external pressures
Measurement of temperature

Measurement of mass flow

Measurement of fluid composition
Measurement of leak rates from CHE module
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C4.2.1.2.4 Test Requirements

Test requirements for the compact heat exchanger module tests (integrated) are
as follows:
1) Test compact heat exchanger module operating effectiveness and behavior in
typical steady state pressure, temperature and temperature/pressure drop
environment (Helium)

i. Temperature = 950°C

ii. Pressure = 9MPa

iii. Temperature A=  250°C

iv. Pressure A = 500 — 600 kPa sustained (Primary to Secondary)
v. Massflow = tbd

vi. He environment with varied composition

2) Test compact heat exchanger module behavior in typical pressure transient
environment:
i. Expose module to a high frequency, normal operating pressure transient,
present with a startup / shutdown sequence
1. Pressurizing transient (ambient to 9MPa in certain time frame)
2. De-pressurizing transient (9MPa to ambient in certain time frame)
ii. Number of cycles and temperature level TBD

3) Test compact heat exchanger module behavior in typical temperature transient
environment:
i. Expose module to a high frequency, normal operating temperature
transient (ambient to 950°C) present with a startup / shutdown sequence
1. Heat up transition
2. Cool down transition
ii.  Number of cycles and pressure level TBD

4) Test compact heat exchanger module behavior at varying process parameters:
i. Temperature = 950°C
ii. Pressure = 9MPa primary (secondary TBD)
iii. Pressure A TBD (Rapid depressurization)
iv. Massflow = TBD

Proposed setup and parameters (see following page):
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Implementation of ~1.2MW CHE Module into CTF TDL Test Section vessel for Important Parameters
integrated testing
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Figure C-2 :Proposed setup and durability parameters in testing the CHE Module
C4.2.1.2.5 Tests Duration
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The duration of this activity will be a minimum of 24 months.

C4.2.1.2.6 Facility Requirements

The following facilities will be required:
1. TDL facilities (TBD)
2. Gas analyzing facilities
3. Facilities required for metallographic analysis of material and joints after testing

C4.2.1.2.7 Proposed Test Location

Proposed tests will take place at the CTF or in a representative environment. This work can most
effectively be done by ASME members from industry.

C4.2.1.3 Measured Parameters

The following parameters will be measured:

e Temperatures

® Pressures

Measurement of magnitude and number of temperature gradients and temperature
gradient cycles respectively up to thermal fatigue failure

Fluid composition

Leak rates at varying process conditions

Operating effectiveness of compact heat exchanger module

Corrosion of module materials and joints over a predetermined time

Oxidation of module materials and joints over a predetermined time

Thermal fatigue observations through SEM, TEM and other analyses techniques,
inclusive of Element Distribution Maps of selected joint samples

e Joint integrity(ies) — Tensile tests, SEM, microscopic/metallographic evaluations and

testing of joint sections.

C4.2.1.4 Data Requirements

It is assumed that the compact heat exchanger module will be produced by a vendor of
metallic heat exchangers. The fabricated module of the compact heat exchanger will require the
following before progressing with testing:

® Materials certificates

e Weld certificates

® Inspection certificates

e All other quality assurance documents (bonding procedures, etc)

All new data shall be acquired using recognized techniques, codes, standards, and QA.
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C4.2.1.5 Test Evaluation Criteria

e Satisfactory number of transient cycles up to thermal fatigue of the module
material/joints
e Structural integrity of the whole compact heat exchanger module assembly (system) as
evidenced by
o metallographic procedures and tests
o analyses inclusive of remaining life assessments (if applicable)
o comparison of data with assessment models, FEM’s or other calculations
® An acceptable level of deformation of the compact heat exchanger module (subsystem) as
evidenced by strain measurement measures
e The corrosion must not be of such magnitude as to degrade the structural integrity of the
module material sections and joints.
¢ Limited oxidation formation thickness or no oxidation over a predetermined time
e An acceptable effectiveness of the compact heat exchanger module
e An acceptable rate of leakage of the compact heat exchanger module at varying process
conditions.

C4.2.1.6 Test Deliverables

Deliverables are as follows.

e Test Data for all areas as indicated in section C4.2.1.3

¢ Documentation containing test requirements, performance verification criteria and test
results verified against stress/strain models of the compact heat exchanger module and
material properties.

C4.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 5 to TRL 7 is addressed in Sections C4.1.3 and
C4.1.4.

The risk involved is the substantial difference that might be present between the
generated test data and the predictions derived from the simulation models.

C4.2.2 ASME Section lll Code Case for Compact Heat Exchanger Designhs (WEC-
TS-IHXA-014)

C4.2.2.1 Objectives

This Test Specification has the overall objective of developing and establishing a Section
III ASME Code Case for compact heat exchanger designs. It will involve the drafting of the code
case, interactions with ASME during the approval process, and provision of any additional
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specific data/information requested by the ASME. This Test Specification responds to DDN
HTS-01-19

C4.2.2.2 Test Conditions

C4.2.2.2.1 Test Configuration/Set-up

No test equipment or facility is needed.

C4.2.2.2.2 Test Duration

The duration of this activity will be a minimum of 48 months.

C4.2.2.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

C4.2.2.3 Measured Parameters
Not applicable.

C4.2.2.4 Data Requirements

Measured parameters will be determined using recognized techniques, codes, standards,
and QA.

C4.2.2.5 Test Evaluation Criteria
Not applicable.

C4.2.2.6 Test Deliverables

The test deliverable is a Section III ASME Code case fully qualifying metallic compact
heat exchanger designs for service in the NGNP IHX up to 950°C.

C4.2.2.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for IHX A from TRL 5 to TRL 6 is addressed in Sections C4.1.3 and
C4.1.4.

The risk associated with Section C4.2.2 entails the failure to establish an ASME Code
Case for compact heat exchanger designs.
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C5 TECHNOLOGY MATURATION PLAN FOR IHX A (MEALLIC) - TRL 6
TO TRL 7

C5.1 TECHNOLOGY MATURATION PLAN SUMMARY

C5.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the metallic IHX A from a TRL level of 6 to a TRL
level of 7. The maturation tasks required to achieve this goal involve the testing of models to
determine shell-side flow distribution and bypass leakage and the heat transfer testing of multi-
modules (e.g., 3 x ~1.2MW). Test Specifications are provided to cover the maturation tasks
(given in section C5.2).

C5.1.2 Scope

The maturation task necessary to advance the maturity of the technology of the metallic
version of IHX A from TRL 6 to TRL 7 is as shown below.

e Specification 1: Shell-side flow distribution and bypass leakage tests.
e Specification 2: Multi-module heat transfer tests.

These tasks will be described in C5.2.

C5.1.3 Anticipated Schedule

The work described by the Test Specification in this Technology Maturation Plan could
be accomplished during the period FY 2018 through FY 2020.

C5.1.4 Overall Cost

Cost and schedule for the overall maturation plan with associated specifications are
addressed in Section 17 of this document.

C5.2 Test Specifications

C5.2.1 Shell-side Flow Distribution and Bypass Leakage Testing (WEC-TS-IHXA-
015)
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C5.2.1.1 Objectives

The objectives of testing are to
¢ Confirm shell-side flow distribution modeling
¢ (Confirm that shell-side bypass leakage is acceptable
e Confirm shell-side pressure losses.

There is also the potential to use this test to characterize dust transport/dropout as a
function of particulate size.

C5.2.1.2 Test Conditions

This likely would be an ambient temperature test with air as the working fluid. The test
article would model inlet and outlet regions of the heat exchanger, features that promote good
distribution to the core modules on the shell-side, and features that minimize bypass leakage.
Details of the testing will be finalized at later stage.

C5.2.2 Multi-module Heat Transfer Testing (WEC-TS-IHXA-016)

C5.2.2.1 Objectives

The objectives of this testing are to

¢ Investigate module-to-module interactions on both the tube- and shell-sides of the heat
exchanger

¢ Confirm bypass leakage and effects.

C2.2.2.2 Test Conditions

The multi-module test would be a heated test in the CTF with 3 or more core modules (~4MWt
would be required for 3 modules) representing a segment of the IHX. Details of the testing
will be finalized at later stage.

C6 TECHNOLOGY MATURATION PLAN FOR IHX A (METALLIC) - TRL
7TOTRLS8

C6.1 TECHNOLOGY MATURATION PLAN SUMMARY

C6.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the metallic IHX A from a TRL level of 7 to a TRL
level of 8. The maturation task required to achieve this goal involve the testing of the full-scale
compact heat exchanger. (It is assumed that the full-scale compact heat exchanger will be
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provided by a compact heat exchanger vendor and/or assembled by vendor staff on the NGNP
site). The scope of this test on the full-scale compact heat exchanger will vary slightly from the
scope of test noted to progress from a TRL 5 to TRL 6 and TRL 6 to TRL 7. A Test
Specification is provided to cover the maturation task (given in section C6.2).

C6.1.2 Scope

The maturation task necessary to advance the maturity of the technology of the metallic
version of IHX A from TRL 7 to TRL 8 is as shown below.
e Specification 1: Testing of full scale compact heat exchanger in the NGNP

This task will be described in the following test specification.

C5.1.3 Anticipated Schedule

The work described by the Test Specification in this Technology Maturation Plan could
be accomplished during the period FY 2019 through FY 2020.

C5.1.4 Overall Cost

Refer to Section C7 for the estimated costs regarding the development of metallic IHX A

C5.2 Test Specifications

C5.2.1 Specification of testing of a full scale compact heat exchanger (WEC-TS-
IHXA-017)

C5.2.1.1 Objectives

The objectives of testing the full-scale compact heat exchanger are:
e To determine the leak rate of the compact heat exchanger (system) at various typical
process parameters.

® To determine the operating effectiveness of the full-scale compact heat exchanger at
various typical process parameters.

The metallic IHX A will be fully tested and commissioned in the NGNP. Details of the
testing and commissioning will be finalized at later stage.
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APPENDIX D: TECHNOLOGY MATURATION PLAN — CERAMIC IHX A
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REQUIRED SPECIFICATIONS/TEST TO ACHIEVE NEXT TRL
TRL 2 to TRL 3:
e Specification 1: Trade study on candidate ceramic materials for [IHX A (WEC-TS-IHXA-
018)
e Specification 2: Trade study on candidate ceramic designs for [HX A (WEC-TS-IHXA-
018)

TRL 3 to TRL 4:

e Specification 1: Ceramic Heat Exchanger Detailed Design Data Needs (DDNs) (WEC-
TS-IHXA-018)

e Specification 2: Ceramic Materials Specifications and Procurement (WEC-TS-IHXA-
018)

e Specification 3: Thermal/Physical Properties of Ceramics (WEC-TS-IHXA-018)

e Specification 4: Mechanical Properties of Ceramics (WEC-TS-IHXA-018)

e Specification 5: Compatibility of ceramic Materials to NGNP He Environment (WEC-
TS-IHXA-018)

e Specification 6: Manufacturing Technology for Ceramic Heat Exchangers (WEC-TS-
[HXA-018)

e TRL4toTRLS5:

e Specification 1: Ceramic Materials Codes and Standards (WEC-TS-IHXA-018)

e Specification 2: Methods for Thermal/Fluid and Stress/Strain Modeling (WEC-TS-
[HXA-018)

e Specification 3: Structural Integrity Criteria for Ceramic Heat Exchangers (WEC-TS-
IHXA-018)

e Specification 4: Performance Modeling of Ceramic Heat Exchangers (WEC-TS-IHXA-
018)

e Specification 5: Testing of unit cell of compact heat exchanger (WEC-TS-IHXA-018)

e TRL5toTRL 6:

e Specification 1: Testing of integrated compact heat exchanger module (~1.2MW) (WEC-
TS-IHXA-018)

e Specification 2: Establishing ASME III Code Case for Ceramic Compact Heat Exchanger
Designs (WEC-TS-IHXA-018)

TRL 6 to TRL 7

e Specification 1: Shell-side flow distribution and bypass leakage tests. (WEC-TS-IHXA-
018)

e Specification 2: Multi-module heat transfer tests. (WEC-TS-IHXA-018)

TRL 7 to TRL 8:
e Specification 1: Testing of full size compact heat exchanger (Full scale NGNP IHX A)
(WEC-TS-IHXA-018)
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D1. TECHNOLOGY MATURATION PLAN FOR IHX A (CERAMIC) - TRL
2TOTRL3

D1.1 TECHNOLOGY MATURATION PLAN SUMMARY

D1.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the ceramic IHX A from a TRL level of 2 to a TRL
level of 3. Advancing the technology of a ceramic heat exchanger to a level higher than TRL 2
will require Trade Studies to guide selection of candidate ceramic materials and ceramic heat
exchanger designs for the NGNP. Test Specifications are provided to cover both of these trade
study maturation tasks. These are given in Section D1.2.

D1.1.2 Scope

The maturation tasks and associated testing and other activities necessary to advance the
maturity of the technology of the ceramic version of IHX A from TRL 2 to TRL 3 are as shown
below.

e Specification 1: Trade study on candidate ceramic materials for [HX A
e Specification 2: Trade study on candidate ceramic designs for [HX A

The tasks above will be described fully in individual Test Specifications provided in
sections to follow.

D1.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan could
be accomplished during FY2009 to FY2010.

D1.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.
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D1.2 Test Specifications

D1.2.1 Trade Study on Candidate Ceramic Materials for IHX A (WEC-TS-IHXA-018)

D1.2.1.1 Objectives

The Trade Study prescribed by this Test Specification responds to DDN HTS-02-01. It
will evaluate, assess, and select ceramic materials for application in ceramic heat exchangers
under the demanding conditions required of IHX A.

D1.2.1.2Test Conditions

D1.2.1.2.1 Test Configuration/Set-up
Not applicable

D1.2.1.2.2 Test Duration
The duration of the trade study could be up to 12 months.

D1.2.1.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

D1.2.1.3 Measured Parameters

Parameters to be considered include the following.

Environmental compatibility of candidates at high temperatures

Service temperature capability of candidates

Product forms available and processing/forming potential of candidates

Joining potential

Thermal, physical and mechanical properties of candidates (including thermal shock
resistance, thermal conductivity, CTE and creep properties)

¢ Chemical composition of candidate precursor materials/powders.

D1.2.1.3.1 Data Requirements

Personnel employed to conduct this Trade Study will be qualified by education and/or
experience in the areas of heat exchanger design and materials.

D1.2.1.3.2 Test Evaluation Criteria

Ceramic materials identified as candidates for ceramic heat exchangers must have a
reasonable expectation of achieving the goals and requirements for IHX A.
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D1.2.1.3.3 Test Deliverables

Deliverables are as follows.

Report on ceramics potentially capable of meeting IHX A service requirements

Report on ceramics product form availability and potential forming/shaping methods
Report on joining of candidates

Summary of thermal, physical, and mechanical properties of ceramics

Recommendation of candidate ceramic materials for further study with respect to IHX A

D1.2.1.3.4 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing metallic
materials technology for ceramic IHX A from TRL 2 to TRL 3is addressed in Sections D1.1.3
and D1.1.4 The only risk associated with Section D1.2.1 would be the inability to identify
suitable candidate ceramic material and this is extremely small.

D1.2.2 Trade Study on Candidate Ceramic Designs for IHX A (WEC-TS-IHXA-019)

D1.2.2.1 Objectives

The Trade Study prescribed by this Test Specification responds to DDN HTS-02-01. It
will explore existing applications of ceramics heat exchangers and service experience with such
heat exchangers. A major goal is to select candidate ceramic heat exchanger designs and
potential heat exchanger vendors.

D1.2.2.2 Test Conditions

D1.2.2.2.1 Test Configuration/Set-up
Not applicable

D1.2.2.2.2 Test Duration
The duration of the trade study could be up to 12 months.

D1.2.2.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

D1.2.2.3Measured Parameters

The following parameters will be considered.
e Existing and potentially viable ceramic heat exchanger designs
e Commercially available ceramic heat exchangers and vendors
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e Experience with ceramic heat exchangers in service with special reference to feasibility
of joining, joint integrity/debonding on thermal shock.

1.2.2.3.1 Data Requirements

Personnel employed to conduct this Trade Study will be qualified by education and/or
experience in the areas of heat exchanger design and materials.

1.2.2.3.2 Test Evaluation Criteria

Designs identified must have a reasonable expectation of achieving the goals and
requirements for [HX A.

1.2.2.3.3 Test Deliverables

Deliverables are as follows.

e Report on integrated ceramic heat exchanger designs (notably including report on
integrating ceramics with metallic piping/vessel)

e Report on service experience with ceramic heat exchangers

e Report on commercial availability of ceramic heat exchangers

e Recommendation for candidate ceramic heat exchanger designs for IHX A (inclusive of

materials selection applicable to designs).
([ ]

1.2.2.3.4 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing ceramic
heat exchanger technology for IHX A from TRL 2 to 3 is addressed in Sections D1.1.3 and
D1.1.4. There is essentially no risk associated with Section D1.2.2.

D2 TECHNOLOGY MATURATION PLAN FOR IHX A (CERAMIC) - TRL
3TOTRL 4

D2.1 TECHNOLOGY MATURATION PLAN SUMMARY

D2.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the ceramic IHX A from a TRL level of 3 to a TRL
level of 4. These tasks include the preparation of detailed DDNSs, establishing specifications for
candidate ceramic materials, materials acquisition, property determinations, and fabricability
questions. A Test Specification is provided to cover each of the maturation tasks. These are
given in Section D2.2.

NGNP-CTF MTECH-TDRM-004_Rev]1-final.doc 12/9/2008
76 of 103




NGNP-CTF MTECH-TDRM-004 NGNP Technology Development Road Mapping Report
Section 4: Intermediate Heat Exchanger A

D2.1.2 Scope

The maturation tasks and associated testing and other activities necessary to advance the
maturity of the technology of the ceramic version of IHX A from TRL 3 to TRL 4 are as shown
below.

Specification 1: Ceramic Heat Exchanger Detailed Design Data Needs (DDN5s)
Specification 2: Ceramic Materials Specifications and Procurement
Specification 3: Thermal/Physical Properties of Ceramics

Specification 4: Mechanical Properties of Ceramics

Specification 5: Compatibility of ceramic Materials to NGNP He Environment
Specification 6: Manufacturing Technology for Ceramic Heat Exchangers

The tasks above will be described in individual Test Specifications provided in sections
to follow.

D2.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan could
be accomplished during the period FY2011 through FY2016. No individual Test Specification
describes work requiring more than 48 months and the work in most Test Specifications can be
done in parallel.

D2.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.

D2.2 Test Specifications

D2.2.1 Ceramic Heat Exchanger Detailed Design Data Needs (DDNs) (WEC-TS-
IHXA-020)

D2.2.1.1 Objectives

The objective of this Test Specification is to develop detailed DDNs relative to materials,
properties, modeling, and codes and standards for the ceramic IHX. Placeholder DDNs were
provided in the NGNP PCDR but the more detailed DDNs to be provided here are necessary to
define an efficient and effective path forward for ceramic IHX technology maturation.

D2.2.1.2 Test Conditions

D2.2.1.2.1 Test Configuration/Set-up
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Not applicable.

D2.2.1.2.2 Test Duration

The duration of this activity could be up to 18 months.

D2.2.1.2.3 Proposed Test Location
TBD.

D2.2.1.3 Measured Parameters
Not applicable.

D2.2.1.4 Data Requirements

Knowledgeable personnel qualified by education and/or experience should do preparation
of the DDNEs.

D2.2.1.5 Test Evaluation Criteria

The DDNs produced must provide a quantitative description of the technology
maturation work needed.

D2.2.1.6 Test Deliverables

Deliverables (DDNs) are, as a minimum, the following.

Specifications for ceramic materials to be acquired for test

Processing of ceramic materials

Determination of thermal, physical, and mechanical properties of ceramic

Aging and environmental effects on properties of ceramic materials

Codes and Standards development for ceramic materials

Methods for modeling of the thermal and structural performance of the ceramic IHX
Performance testing of the ceramic IHX.

D2.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing technology
of ceramic IHX A from TRL 3 to TRL 4 is addressed in Sections D2.1.3 and D2.1.4. There is no
risk associated with D2.2.1.

D2.2.2 Ceramic Materials Specifications and Procurement (WEC-TS-IHXA-021)
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D2.2.2.1 Objectives

Work conducted under this Test Specification will define the specifications for the
ceramic materials selected in Test Specification D1.2.1 and provide for their procurement with
appropriate documentation and QA. This Test Specification responds in general to placeholder
DDN HTS-02-02.

D2.2.2.2 Test Conditions

D2.2.2.2.1 Test Configuration/Set-up

No testing will be required

D2.2.2.2.2 Test Duration
Preparation of ceramic material specifications and procurement of the ceramic
materials will require up to 30 months.
D2.2.2.2.3 Proposed Test Location
N/A

D2.2.2.3 Measured Parameters

Parameters to be measured include the following.

e Manufacturing/processing history of the ceramic material acquired

¢ Condition (dimensions, absence of defects, etc.) composition in terms of major, minor
and trace elements of the ceramic materials

D2.2.2.4 Data Requirements

All materials shall be acquired/processed using best procurement practices, QA and
certification.

D2.2.2.5 Test Evaluation Criteria

e The ceramic material acquired must meet all requirements of the materials specification,
procurement procedures, and QA.

D2.2.2.6 Test Deliverables

Deliverables are as follows.
e Material specifications for candidate ceramic materials
¢ Procurement requirements for candidate ceramic materials
e Representative lots of candidate ceramic materials
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¢ Inspection reports and test certificates on the material procured.

D2.2.2.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing technology
for a ceramic IHX A from TRL 3 to TRL 4 is addressed in Sections D2.1.3 and D2.1.4. The
risks associated with D2.2.2 are very small.

D2.2.3 Thermal/Physical Properties of Ceramics (WEC-TS-IHXA-022)

D2.2.3.1 Objectives

The objective of this work is to confirm by testing that the ceramic materials procured to
NGNP specifications will have thermal/physical adequate for a compact IHX A. This Test
Specification responds in general to placeholder DDN HTS-02-02. However, a more detailed
and directed DDN addressing thermal/physical properties will be prepared as part of the Test
Specification in section D2.2.1 above.

D2.2.3.2 Test Conditions

D2.2.3.2.1 Test Configuration/Set-up

Conduct of thermal/physical property testing (principally thermal conductivity
and coefficients of thermal expansion) of ceramics materials should involve only test rigs
normally used for such work. However, testing will be required up to at least 1000°C.

D2.2.3.2.2 Test Duration
Thermal/physical property testing could require up to 18 months.

D2.2.3.2.3 Proposed Test Location

Property tests of ceramic materials could be conveniently performed at a National Laboratory or
University.

D2.2.3.3 Measured Parameters

Data to be determined include:

Thermal conductivity to at least 1000°C
Coefficients of thermal expansion to at least 1000°C
Thermal shock resistance

Permeability to various gases (up to 1000°C)

NGNP-CTF MTECH-TDRM-004_Rev]1-final.doc 12/9/2008
80 of 103




NGNP-CTF MTECH-TDRM-004 NGNP Technology Development Road Mapping Report
Section 4: Intermediate Heat Exchanger A

D2.2.3.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.

D2.2.3.5 Test Evaluation Criteria

All thermal/physical property data obtained shall be reasonably consistent with values in
the literature.
.D2.2.3.6 Test Deliverables
Deliverables, at a minimum, are as follows.
e Reports of thermal conductivity measurements on ceramic materials procured to NGNP

specifications

e Reports of coefficient of thermal expansion measurements on ceramic materials procured
to NGNP specifications

e Reports on thermal shock resistance on ceramic materials procured to NGNP
specifications.

D2.2.3.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology of ceramic IHX A from TRL 3 to TRL 4 is addressed in Sections D2.1.3 and D2.1.4.
The risk associated with D2.2.3 is very small but includes the possibility that one or more of the
properties measured falls short of what is required for use in a high temperature compact heat
exchanger.

D2.2.4 Mechanical Properties of Ceramics (WEC-TS-IHXA-023)

D2.2.4.1 Objectives

The objective of the testing performed under this Test Specification is to demonstrate that
the mechanical properties of ceramic materials purchased to the NGNP specification are
appropriate for their use in a high temperature ceramic IHX. This Test Specification responds in
general to placeholder DDN HTS-02-02.

D2.2.4.2 Test Conditions

D2.2.4.2.1 Test Configuration/Set-up

Equipment/facilities must be available for testing to determine the mechanical
properties (strength, creep, fatigue, and toughness) of NGNP ceramics up to at least
1000°C and to provide for thermal aging and environmental exposures and post test
evaluations.
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D2.2.4.2.2 Test Duration

Mechanical property determinations and evaluations will require up to 36 months.

D2.2.4.2.3 Proposed Test Location

Property tests of ceramic materials could be conveniently performed at a National Laboratory or
University.

D2.2.4.3 Measured Parameters

Data and exposure parameters to be measured/recorded include:
Test temperatures and test techniques

Thermal and environmental exposure conditions
Compression/tensile properties to 1000°C

Fatigue strength to 1000°C

Creep strength to 1000°C for 10,000 h

Fracture toughness.

D2.2.4.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.

D2.2.4.5 Test Evaluation Criteria

All mechanical property data obtained shall be reasonably consistent between lots and
with values in the literature.

D2.2.4.6 Test Deliverables

Deliverables are as follows.

Reports on strength of candidate ceramic materials

Reports on fatigue properties of candidate ceramic materials

Reports on creep properties of candidate ceramic materials

Reports on toughness of candidate ceramic materials

Reports on any effects of aging or environmental exposures on the mechanical properties
of candidate ceramic materials.

D2.2.4.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 3 to TRL 4 is addressed in Sections D2.1.3 and
D2.1.4. The risk associated with D2.2.4 is small but includes the possibility that one or more
of the properties measured may fall short of what is required for use in a ceramic IHX.
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D2.2.5 Compatibility of Ceramic Materials to NGNP He Environment (WEC-TS-
IHXA-024)

D2.2.5.1 Objectives

The objective of the work prescribed in this Test Specification is to confirm that there
are no adverse surface or internal structure effects when candidate ceramic IHX materials are
exposed to NGNP He environment. No significant effects are expected but this work should
to done to minimize risk A DDN has not previously been prepared for this work.

D2.2.5.2 Test Conditions

D2.2.5.2.1 Test Configuration/Set-up
Conduct of this work requires equipment/facilities for exposure of ceramic materials in
NGNP He for prolonged periods of time (duration to be determined). Equipment for post-
exposure examination for surface and internal structure changes is also required.
D2.2.5.2.2 Test Duration
Work on NGNP He exposure and post-test examinations will require about 18
months.

D2.2.5.2.3 Proposed Test Location

Exposures and examinations of ceramic materials could be conveniently performed at a
National Laboratory.

D2.2.5.3 Measured Parameters

Parameters and data to be taken include:
¢ He exposure chemistry history
® Any observable surface changes on the ceramics
® Any exposure-related subsurface changes in the ceramics

D2.2.5.4 Data Requirements

All data shall be acquired using recognized techniques, codes, standards, and QA.

D2.2.5.5 Test Evaluation Criteria

Any observable effects on the surface condition or internal structure of the IHX ceramics
must be insignificant relative the integrity of the ceramic cross-section.
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D2.2.5.6 Test Deliverables

Deliverables for this Test Specification shall include:
e Reports on the exposure conditions and history of ceramic materials
e Reports on surface effects if observed
e Reports on sub-surface effects if observed.

D2.2.5.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 3 to TRL 4 is addressed in Sections D2.1.3 and
D2.1.4. The risk associated with D2.2.5 is very small because no significant corrosion effects
are expected.

D2.2.6 Manufacturing Technology for Ceramic Heat Exchangers (WEC-TS-IHXA-
025)

D2.2.6.1 Objectives

The major objective of this activity is to ensure that methods and techniques are available
and effective for the manufacture of a ceramic IHX. This Test Specification responds to
placeholder DDN HTS-02-02.

D2.2.6.2 Test Conditions

D2.2.6.2.1 Test Configuration/Set-up

Facilities, equipment, and fixing/joining must be available to develop ceramic-to-
ceramic joints, C/C composite joints, ceramic-to-metal joints, and core/piping interfacing.
Facilities must also be available to demonstrate that product forms needed for the IHX
are fabricable.

D2.2.6.2.2 Test Duration

Conduct of this work will require 36 months.

D2.2.6.2.3Proposed Test Location

Conduct of the manufacturing technology tasks should be contracted to commercial
organizations with expertise in ceramic materials, composites, ceramic heat exchangers, etc.

D2.2.6.3 Measured Parameters

Parameters and information to be measured and recorded include:
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e Techniques and processes employed in producing ceramic-to-ceramic joints

e Techniques and processes employed in producing ceramic-to-metal joints

e Details of methods employed to investigate the integrity of the ceramic-to-ceramic and
ceramic-to-metal joints

e Techniques and processes employed to produce required product forms

D2.2.6.4 Data Requirements
All data shall be acquired using best practice techniques and QA.

D2.2.6.5 Test Evaluation Criteria

The basis for evaluation of the results of the fabrication studies will be the success or
failure of the processes employed to produce satisfactory joints and structures.

D2.2.6.6 Test Deliverables

The following will be provided to meet the objectives of this Test Specification.
e Fabrication reports for all processes/materials used in producing ceramic-to-ceramic
joints
Fabrication reports for all processes/materials used in producing ceramic-to-metal joints
Fabrication reports describing production of required product forms
Reports providing characterization of all joints produced
Reports describing structural integrity test methods and results.

D2.2.6.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 3 to TRL 4 is addressed in Sections D2.1.3 and
D2.1.4. The risk associated with D2.2.6 is that some of the procedures and techniques necessary
for the fabrication of a ceramic heat exchanger may pose significant difficulties relative to cost
and success.
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D3 TECHNOLOGY MATURATION PLAN FOR IHX A (CERAMIC) - TRL 4
TOTRL 5

D3.1 TECHNOLOGY MATURATION PLAN SUMMARY

D3.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the ceramic IHX A from a TRL level of 4 to a TRL
level of 5. The tasks required to achieve this advancement include establishment of ASTM and
ASME standards, modeling activities supporting ceramic heat exchanger design and
performance evaluation, and testing of unit cells of ceramic IHX cores. A Test Specification is
provided to cover each of the maturation tasks. These are given in Section D3.2.

D3.1.2 Scope

The maturation tasks and associated testing and other activities necessary to advance the
maturity of the technology of the ceramic version of IHX A from TRL 4 to TRL 5 are as shown
below.

e Specification 1: Ceramic Materials Codes and Standards
Specification 2: Methods for Thermal/Fluid and Stress/Strain Modeling
Specification 3: Structural Integrity Criteria for Ceramic Heat Exchangers
Specification 4: Performance Modeling of Ceramic Heat Exchangers
Specification 5: Testing of unit cell of compact heat exchanger

The tasks above will be described fully in individual Test Specifications provided in the
sections to follow.

D3.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan could
be accomplished during the period FY2017 through FY2020. No individual Test Specification
describes work requiring more than 48 months and the work in most Test Specifications can be
done in parallel.

D3.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.
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D3.2 Test Specifications

D3.2.1 Ceramic Materials Codes and Standards (WEC-TS-IHXA-026)

D3.2.1.1 Objectives

This Test Specification has the overall objective of developing and establishing of ASTM
standards and an ASME Code Case for ceramic materials. It will involve the drafting of the code
case, interactions with ASTM and ASME during the approval process, and provision of any
additional specific data/information requested by the ASTM and/or ASME. This Test
Specification responds to placeholder DDN HTS-02-06.

D3.2.1.2 Test Conditions

D3.2.1.2.1 Test Configuration/Set-up

No test equipment or facility is needed.

D3.2.1.2.2 Test Duration

The duration of this activity will be a minimum of 48 months.

D3.2.1.2.3 Proposed Test Location
N/A

D3.2.1.3 Measured Parameters
Not applicable.

D3.2.1.4 Data Requirements

The ASME Section III Code case developed will meet all QA and ASME requirements;
Similarly, ASTM ceramic materials standards will meet all QA and ASTM requirements.

D3.2.1.5 Test Evaluation Criteria
N/A

D3.2.1.6 Test Deliverables

Deliverables are as follows.
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e A Section Il ASME Code Case qualifying the use of specific ceramic materials for
service in the NGNP IHX up to at least 1000°C
e An ASTM Standard specifying allowable commercial ceramic materials and their

characteristics
[ ]

D3.2.1.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 4 to TRL 5 is addressed in Sections D3.1.3 and
D3.1.4. The major risk associated with D3.2.1 is that the time required to obtain ASTM/ASME
approvals could extend to 60 months.

D3.2.2 Methods for Thermal/Fluid and Stress/Strain Modeling (WEC-TS-IHXA-027)

D3.2.2.1 Objectives

The work to be conducted under this Test Specification is development of thermal and
mechanical structural models to provide a basis for design and predictive capability for operation
and performance characteristics of compact heat exchangers. This is required for both quasi-
steady state and transient analyses. This Test Specification responds to placeholder DDN HTS-
02-03.

D3.2.2.2 Test Conditions

D3.2.2.2.1 Test Configuration/Set-up

None currently identified but the models will likely be applied to the results obtained under
D3.2.5 and larger scale tests responding to placeholder DDN HTS-02-04.

D3.2.2.2.2 Test Duration

The duration of the modeling activities could be up to 48 months.

D3.2.2.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

D3.2.2.3Measured Parameters

The models to be developed will incorporate and combine the mechanical and
thermal/physical property database of ceramic materials with finite element analysis (FEA)
techniques, and known relationships relative to temperature, fluid flow, interface conditions, and
structural stresses.
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D3.2.2.4 Data Requirements

Model development activities will follow best standard practice and QA requirements.

D3.2.2.5 Test Evaluation Criteria

The usefulness and predictive capability of the models developed will be assessed based
on its application to testing conducted in D3.2.5 and in later larger scale tests of ceramic heat
exchanger modules.

D3.2.2.6 Test Deliverables

The test deliverable is a model for combining thermal/fluid and stress/strain parameters to
guide the design of a ceramic heat exchanger IHX A and to predict its operation and performance
characteristics.

D3.2.2.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 4 to TRL 5 is addressed in Sections D3.1.3 and
D3.1.4. There are no risks associated with D3.2.2.

D3.2.3 Structural Integrity Criteria for Ceramic Heat Exchangers (WEC-TS-IHXA-
021)

D3.2.3.1 Objectives

The objective of this Test Specification is to establish criteria for the structural integrity
of ceramic heat exchangers operating at very high temperature. This includes criteria for stresses
and strains as well as development of safety factors needed in ASME Code development. These
criteria will help to establish acceptable operational boundaries for ceramic heat exchangers.
This Test Specification responds to the placeholder DDNs HTS-02-03, HTS-02-04, and HTS-02-
06.

D3.2.3.2 Test Conditions

D3.2.3.2.1 Test Configuration/Set-up

None currently identified.

D3.2.3.2.2 Test Duration
Establish of structural integrity criteria for ceramic heat exchangers could require up to
48 months.
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D3.2.3.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

D3.2.3.3 Measured Parameters

Criteria for structural integrity will be developed from a review of appropriate ASME
Code documentation, discussions with ASME Code personnel, and interactions during the
development of stress/strain models (see activities associated D3.2.2).

D3.2.3.4 Data Requirements

Structural integrity criteria development activities will employ best standard practice and
QA requirements.

D3.2.3.5 Test Evaluation Criteria

The usefulness and predictive capability of the structural integrity models developed will
be assessed based on its application to testing described in D3.2.5 and in later larger scale tests
responding to placeholder DDN HTS-02-04. They will also form a part of an ASME design
code for moving from TRL 5 to TRL 7.

D3.2.3.6 Test Deliverables

Deliverables are as follows.
¢ (riteria for acceptable stresses and strains in ceramic heat exchangers
e Safety factors for application to an ASME design code.

D3.2.3.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 4 to TRL 5 is addressed in Sections D3.1.3 and
D3.1.4. There is no risk associated with D3.2.3.

D3.2.4 Performance Modeling of Ceramic Heat Exchangers (WEC-TS-IHXA-029)

D3.2.4.1 Objectives

The objective of the work prescribed in this Test Specification is to provide performance-
modeling methods to adequately evaluate the results of performance testing of ceramic heat
exchangers and to assist in the development of an ASME Code Case for their design. This Test
Specification responds to placeholder DDN HTS-02-04.
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D3.2.4.2 Test Conditions

D3.2.4.2.1 Test Configuration/Set-up

None, but the performance models will be applied to the results obtained under DDN HTS-02-04
(see Technology Maturation Plans for TRL 4 to TRL 5, TRL 5 to TRL 6, and TRL 6 to TRL
7).

D3.2.4.2.2 Test Duration

Establishment of structural integrity criteria will occur over a 48-month period

D3.2.4.2.3 Proposed Test Location
The supplier/design authority might be best suited for this task.

D3.2.4.3 Measured Parameters

The performance models to be developed will incorporate all parameters necessary to
predict the thermal and structural behavior of compact heat exchangers.

D3.2.4.4 Data Requirements

Model development activities will follow best standard practice and QA requirements.

D3.2.4.5 Test Evaluation Criteria

The usefulness and predictive capability of the models developed will be assessed based
on its application to testing associated with placeholder DDN HTS-02-04 (see Technology
Maturation Plans for ceramic IHX A from TRL 4 to TRL 5, TRL 5 to TRL 6, and TRL 6 to TRL
7).

D3.2.4.6 Test Deliverables

The deliverable for this Test Specification is a model to assess the thermal and structural
performance of the compact heat exchanger modules to be tested in association with placeholder
DDN HTS-02-04.

D3.2.4.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing the
technology for a ceramic IHX A from TRL 4 to TRL 5 is addressed in Sections D3.1.3 and
D3.1.4. There is no risk associated with D3.2.4.
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D3.2.5 Testing of Unit Cell of Compact Heat Exchanger (WEC-TS-IHXA-030)

D3.2.5.1 Objectives

The objective of testing the compact heat exchanger unit cell is:
e To determine the joint integrity of the compact heat exchanger unit cell joints under
tensile load at a typical pressure environment and elevated temperatures.

D3.2.5.2 Test Conditions

D3.2.5.2.1 Component Requirements

Component requirements include the following:

Size limitation: dependant on testing environment (e.g. furnace)
Temperature threshold — see test requirements

Pressure threshold — see test requirements

Environment - Helium

D3.2.5.2.2 Interfacing Requirements

n/a

D3.2.5.2.3 Test Requirements

Test requirements for the compact heat exchanger unit cell tests (not integrated) are as
follows:
e Test environment which compact heat exchanger unit cell will be subjected to
before post test evaluation:
o Temperature = 1000°C (at least)
o Pressure = 9MPa
o Cyclic loading (magnitude and cycles TBD)

D3.2.5.2.4 Test Duration

The duration of this activity will be a minimum of 12months.

D3.2.5.2.5 Facility Requirements

The following facilities will be required:
4. Furnace suitable for test requirements
5. Facilities required for metallographic analysis of material and joints after testing

D3.2.5.2.6 Proposed Test Location

Manufacturers of ceramic / metallic heat exchangers (depending on joint type) would
most appropriately evaluate the joint integrities of the as manufactured unit cells.
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D3.2.5.3 Measured Parameters

The following parameters will be measured:
o Temperature
o Pressure
o Post-test joint integrity inferred from SEM, microscopic/metallographic
evaluations and tests
= Creep and creep rupture data

D3.2.5.4 Data Requirements

It is assumed that the compact heat exchanger unit cell will be produced by a vendor of
ceramic heat exchangers. The fabricated unit cell will require the following before progressing
with testing:

® Materials certificates

e Joining certificates (if and when applicable)

¢ Inspection certificates

e All other quality assurance documents (bonding procedures, etc)

All new data shall be acquired using recognized techniques, codes, standards, and QA.

D3.2.5.5 Test Evaluation Criteria

Satisfactory structural integrity of the compact heat exchanger unit cell joints as
evidenced by post-testing examinations relating to metallographic procedures and tests.

D3.2.5.6 Test Deliverables

Deliverables are as follows.

e Test Data for all areas as indicated in section D3.2.5.3

¢ Documentation containing performance verification criteria and test results relating to the
joint integrities of the CHE unit cell as observed through microscopic/metallographic
evaluations and tests.

D3.2.5.7 Cost, Schedule, and Risk

Cost and schedule for the overall Technology Maturation Plan for advancing ceramic
materials technology for IHX A from TRL 4 to TRL 5 is addressed in Sections D3.1.3 and
D3.1.4.

The risk associated with Section D3.2.5 involves the non-satisfactory condition/integrity
of the CHE unit cell joints, and may consequently require a reevaluation of the unit cell design
(or certain aspects thereof).
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D4 TECHNOLOGY MATURATION PLAN FOR IHX A (CERAMIC) - TRL 5
TO TRL 6

D4.1 TECHNOLOGY MATURATION PLAN SUMMARY

D4.1.1 Objectives

The purpose of this Technology Maturation Plan is to describe the activities required to
advance the maturity of the technology for the ceramic IHX A from a TRL level of 5 to a TRL
level of 6. The maturation tasks required to achieve this goal involve the testing of the integrated
compact heat exchanger module (~1.2MW) in the CTF (It is assumed that the compact heat
exchanger module will be provided by a compact heat exchanger vendor) and the establishment
of a Section Il ASME Code case fully qualifying compact heat exchanger designs for service in
the NGNP IHX. Test Specifications are provided to cover these maturation tasks.

D4.1.2 Scope

The maturation tasks necessary to advance the maturity of the technology of the ceramic
version of IHX A from TRL 5 to TRL 6 is as shown below.

e Specification 1: Testing of integrated compact heat exchanger module (~1.2MW)
e Specification 2: Establishing ASME Section III design code for compact heat exchanger
designs

The tasks above will be described in the test specification provided hereafter.

D4.1.3 Anticipated Schedule

The work described by the Test Specifications in this Technology Maturation Plan will
be accomplished during the period FY 2020 through FY 2022.

D4.1.4 Overall Cost

Cost and schedule for the overall maturationplan with associated specifications are
addressed in Section 17 of this document.
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D4.2 Test Specifications

D4.2.1 Specification of testing of compact heat exchanger module (~1.2MW)
(WEC-TS-IHXA-031)

D4.2.1.1 Objectives

The objectives of testing the compact heat exchanger module (~1.2MW) are:

¢ To demonstrate the operating effectiveness of the compact heat exchanger module

¢ To demonstrate the fatigue life of the integrated compact heat exchanger module in terms
of thermal fatigue, joint integrity and corrosion & high temperature oxidation.

D4.2.1.2 Test Conditions

D4.2.1.2.1 Compact Heat Exchanger Module (subsystem and system) Requirements

Subsystem and system requirements include the following:

Size limitation: dependant on test vessel size in Technology Development Loops
1 -3 (TBD)

Certain interface design requirements and specifications (see interfacing
requirements)

Heat transfer fluid — Helium with controlled impurities

Temperature threshold — see test requirements

Pressure threshold — see test requirements

Mass flow threshold — see test requirements

Pressure drop threshold— see test requirements

D4.2.1.2.2 Interfacing Requirements

TBD by Technology Development Loop and Subsystem Configuration / Design.
Certain interface design requirements and specifications:

o Appropriate surface finish of interfacing components

o Gasket materials applicable

o Flange torque values where applicable

D42.1.2.3 Measurement Requirements

1. Measurement of internal and external pressures
2. Measurement of temperatures
3. Measurement of mass flows
4. Measurement of fluid composition
5. Measurement of leak rates from CHE module
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D4.2.1.2.4 Test Requirements

Test requirements for the compact heat exchanger module tests (integrated) are
as follows:
1) Test compact heat exchanger module operating effectiveness and behavior in
typical steady state pressure, temperature and temperature/pressure drop
environment (Helium)

i. Temperature = 950°C

ii. Pressure = 9MPa

iii. Temperature A=  250°C

iv. Pressure A = 500 — 600 kPa sustained (Primary to Secondary)
v. Massflow = tbd

vi. He environment with varied composition

2) Test compact heat exchanger module behavior in typical pressure transient
environment:
i. Expose module to a high frequency, normal operating pressure transient,
present with a startup / shutdown sequence
1. Pressurizing transient (ambient to 9MPa in certain time frame)
2. De-pressurizing transient (9MPa to ambient in certain time frame)
ii.  Number of cycles and temperature level TBD

3) Test compact heat exchanger module behavior in typical temperature transient
environment:
i. Expose module to a high frequency, normal operating temperature
transient (ambient to 950°C), present with a startup / shutdown sequence
1. Heat up transition
2. Cool down transition
ii. Number of cycles and pressure level TBD

4) Test compact heat exchanger module behavior at varying process parameters:
1. Temperature = 950°C
ii. Pressure = O9MPa primary (secondary TBD)
iii. Pressure A TBD (Primary to Secondary and Inlet to Outlet)
iv. Mass flow = TBD

D4.2.1.2.5 Tests Duration

The duration of this activity will be a minimum of 12 months.

D4.2.1.2.6 Facility Requirements

The following facilities will be required:
1. TDL facilities 1-3 (TBD)
2. Gas analyzing facilities

NGNP-CTF MTECH-TDRM-004_Rev]1-final.doc 12/9/2008
96 of 103




NGNP-CTF MTECH-TDRM-004 NGNP Technology Development Road Mapping Report

Section 4: Intermediate Heat Exchanger A

3. Facilities required for metallographic analysis of material and joints after testing

D4.2.1.2.7 Proposed Test Location

Proposed tests will take place at the CTF.

D4.2.1.3 Measured Parameters

The following parameters will be measured:

Temperatures

Pressures

Measurement of magnitude and number of temperature gradients and temperature
gradient cycles respectively up to thermal fatigue

Fluid composition

Leak rates at varying process conditions

Operating effectiveness of compact heat exchanger module

Corrosion of module materials an