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Executive Summary

One of the great challenges of designing and licensing the Very High Temperature Reactor
(VHTR) is to confirm that the intended VHTR analysis tools can be used confidently to make decisions
and to assure all that the reactor systems are safe and meet the performance objectives of the Generation
IV Program. The research and development (R&D) projects defined in the Next Generation Nuclear
Plant (NGNP) Design Methods Development and Validation Program will ensure that the tools used to
perform the required calculations and analyses can be trusted. The Methods R&D tasks are designed to
ensure that the calculational envelope of the tools used to analyze the VHTR reactor systems
encompasses, or is larger than, the operational and transient envelope of the VHTR itself.

The Methods R&D focuses on the development of tools to assess the neutronic and thermal fluid
behavior of the plant. The fuel behavior and fission product transport models are discussed in the
Advanced Gas Reactor (AGR) program plan. Various stress analysis and mechanical design tools will
also need to be developed and validated and will ultimately also be included in the Methods R&D
Program Plan.

The calculational envelope of the Scenario Identification: Operational and accident
neutronics and thermal-fluids software tools scenarios that require analysis are identified
intended to be used on the NGNP is defined by
the scenarios and phenomena that these tools
can calculate with confidence. The software

tools can only be used confidently when the
results they produce have been shown to be in
reasonable agreement' with first-principle

PIRT: Important phenomena are identified for each
scenario (Phenomena Identification &Ranking Tables)

describe the “highly ranked” phenomena

results, thought-problems, and data that l
inherent in all operational conditions and

important accident scenarios for the VHTR. Validation: Analysis tools are evaluated to determine
whether important phenomena can be calculated
The R&D process itself is outlined in

the figure at right. The requirements

associated with scenario identification, Yes Yes l No
defining the phenomena identification and

ranking tables (PIRT), completing the required Development: If

important phenomena

cannot be calculated by
analysis tools, then further
development is undertaken

development, and performing the necessary
validation studies must all be completed prior
to performing the required analyses
confidently.

Presently, the status of the methods to be v

used for analyzing the VHTR is: Analysis: The operational and accident scenarios that

require study are analyzed
e The current software and

methods are not ready to
perform design and analysis to Figure ES-1. Research and development process

1 Reasonable agreement is achieved when the calculation generally lies within the uncertainty band of the data used for
validation and always shows the same trends as the data. Code deficiencies are minor.
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the Generation IV standards that will be required by the NGNP. Considerable validation,
and probably development of the necessary software tools, is required.

e The above conclusion also applies to present software capabilities to perform NGNP
licensing calculations to achieve Generation IV system objectives.

e The practices and procedures acceptable for both validating and developing the necessary
software tools for the NGNP must be defined and implemented to the satisfaction of the
community.

These conclusions are true because: (a) the key phenomena for the most challenging scenarios that
must be analyzed for the to-be-selected VHTR have not been identified yet, (b) software tools that have a
low calculational uncertainty will likely be required to analyze the behavior of the VHTR to enable the
plant to operate at a high efficiency with a competitive economic margin, and (c¢) most of the software
tools that will be used have not been sufficiently validated for the scenarios and phenomena that must be
analyzed. For example, although systems analysis software has been validated for selected cases, a full
validation has not been performed nor is the data available that will enable a full validation to be
performed. Also, computational fluid dynamics (CFD) software, which will be widely used to analyze
the VHTR behavior, has never been used in large measure to perform auditing, design, or licensing
calculations for a nuclear plant.

The VHTR design has not yet been selected. Consequently, the R&D process is focused on
scenarios and “highly ranked” phenomena that have already been identified as important by the advanced
gas-cooled reactor community for the designs being considered as candidates for the VHTR. This
approach has resulted in a VHTR-specific PIRT from which the methods R&D is being defined using the
following assumptions:

e The selected VHTR design could be either a pebble-bed or a block-type reactor.

e The calculational and experimental needs, and consequently the required R&D, are focused
in eight distinct areas based on the relative state of the software in each. The areas are

(1) Basic differential and integral nuclear cross-section data measurement and
evaluation, including mathematically rigorous sensitivity studies of the effects
of uncertainties in the differential nuclear data and other independent design
variables on key integral reactor properties (the task of characterizing the effects
of the nuclear fuel, fission products, moderator, and other relevant materials on
the system reactivity, neutron flux distribution, and power production)

(i1)  Reactor assembly cross-section preparation (the task of translating the
fundamental data characterized in area (i) into formats and states useful for

analysis)

(iii)  Discrete ordinates transport (the process of approximating the neutron flux in a
tractable manner for analysis)

(iv)  Nodal diffusion (calculation of the energy and spatial flux profiles, reaction
rates, reactivity changes, etc.)

vi
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(v)  Reactor kinetics (calculation of spatial changes in flux and power level as
functions of time during postulated transients)

(vi)  Thermal-fluids (the models that describe the fluid behavior and heat transfer
behavior during steady-state and transient conditions for the scenarios of
interest)

(vii) Fuel behavior

(viii) Fission product transport (determination of fission product movement once
fission products have escaped from the confines of the fuel).

The Methods R&D is tailored to follow the guidance and timelines defined by the Energy Policy
Act of 2005. That is, between now and perhaps until 2011 Methods R&D will be performed to enable
analyses to be performed that can characterize the behavior of the candidate VHTR designs. The period
beginning from the passage of the Energy Policy Act until the design is selected is Phase 1. Phase 2 will
begin when Phase 1 is completed. During Phase 2 validation of the software tools will be completed
using data directly scaled to the NGNP design and the operational, off-normal, and accident behavior of
the design will be analyzed.

The commercial companies (for example Areva, Ltd and PBMR Pty) that are currently designing
the future gas-cooled reactors are still, in large measure, using legacy analysis tools to describe the
operating and accident characteristics of their designs and intend to use them for licensing purposes.
Recent visits by NGNP Program Methods personnel to the headquarters of Areva Ltd, General Atomics,
Inc and PBMR Pty have allowed important interactions between the commercial researchers and the
national laboratory researchers to occur. The outcome of these interactions has clarified that the R&D
ongoing at the national laboratories is on track to produce high-quality NGNP design and evaluation
methods that are independent of the commercial companies and are in keeping with Generation IV system
objectives. These tools will be available for use by the U.S. Department of Energy (DOE) and the U.S.
Nuclear Regulatory Commission (NRC). In addition, these software tools may also be used by the
vendors via agreements with the DOE.

Between March, 2006 and August, 2006 a number of interactions have taken place between the
NGNP Methods Program personnel and both the vendors and the thermal gas-cooled reactor community.
In general the findings were the same in all of these meetings. The NGNP Design Methods Workshop
was convened in Salt Lake City, Utah, on August 22 and 23, 2006 to discuss the direction being taken in
the methods R&D planning. The audience was composed of technical staff from the NRC, three national
laboratories, two vendors, a consulting firm, and three universities. The experts from these organizations
were about equally divided between the reactor physics and thermal fluids areas.

The Workshop was convened to review the R&D activities presently ongoing in the NGNP Design
and Evaluation Methods Development Program as well as the future plans of the program. The
discussion centered on whether any “gaps” between the NGNP methods needs and the present R&D
tasks/plans exist. If gaps were identified, the workshop would then focus on how the gaps would be
eliminated.

During the Workshop it was determined that presently all of the “gaps” and “issues and

inadequacies” identified by the Workshop participants are being addressed either directly by formulating
the practices and procedures that are to be used for planned verification and validation or are planned to

vii
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be implemented at some stage in the NGNP Methods R&D Program. Further details are given in
Appendix B of this document.

In general the activities associated with Methods R&D are divided into 5 distinct areas (as shown
in the following figure): (1) phenomena identification and ranking—PIRT, (2) nuclear data R&D, (3)
neutronics methods validation R&D, (4) thermal-fluids methods validation R&D, and (5) analysis and
evaluation.

For fiscal years 2007 and 2008 the highest-priority R&D is aimed at: properly calculating the
thermal-fluid conditions in the lower plenum during normal operation, developing and validating
neutronics techniques that are necessary for analyzing both prismatic and pebble-bed reactors, and
analyzing the behavior of the plant during depressurized conduction cooldown and pressurized
conduction cooldown accident scenarios.

Subsequent years will sharpen the focus in these and other areas that require analyses with low
uncertainties for the most challenging scenarios identified by the PIRTs. The PIRTs form the heart of the
Methods R&D effort in that the R&D needs are both identified and prioritized. Hence the PIRTs used to
govern the R&D needs will be updated throughout the cycle leading to the construction of the VHTR at
INL.

a| o L = = sl 1 1M i
Phase 1 R&D
Phanomena ldentification and ranklng IF'RT] I:I:I

Nuciear data RAD
Noutronics methods valldation RAD
Thaemral-flulds methods validation RAD

Vendor Design Evalustion

PIRT
Amalysis & ovaluatdon

Phase 2 R&D and Final Analyses |

PIRT J
Nouironice methods valldation
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YHTR analyses and confimratory calculations ]
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Next Generation Nuclear Plant
Methods Technical Program Plan

1. Introduction

President George W. Bush signed the Energy Policy Act of 2005 on August 8, 2005. As
summarized in the September, 2005 issue of Nuclear News, page 15, in the article, “Compromise Energy
Bill Becomes Law,” the nuclear provisions specific to the Next Generation Nuclear Plant (NGNP) are:

The DOE shall establish the Next Generation Nuclear Plant project, with a prototype to be
sited at Idaho National Laboratory. The centerpiece is to be the development of reactor,
fuel, and associated technology for the production of hydrogen as well as electricity. The
DOE and the NRC are to submit jointly a licensing strategy to Congress within three years
after enactment. Hydrogen production technology and initial reactor design parameters
are to be chosen by September 30, 2011, or an alternative date is to be submitted to
Congress by that time. The reactor is to begin operation by September 30, 2021, or an
alternative date is to be submitted to Congress by that time. The project is authorized to
receive $1.25 billion over fiscal years 20006 through 2015, and such sums as are necessary
thereafter.

Research and development (R&D) specific to the NGNP mentioned in the Energy Policy Act and
conducted to date is based on the gas-cooled very high temperature reactor (VHTR) concept promulgated
in the Generation I'V technology roadmap (see Generation I'V International Forum, 2002). Presently, the
most likely VHTR candidates are the prismatic and pebble-bed designs.>. Consequently, the R&D
described in this document is focused on these types of gas-cooled thermal reactors. The fuel behavior
and source term models are discussed in the Technical Program Plan for the Advanced Gas Reactor Fuel
Development and Qualification Program (Petti, Hobbins, Kendall, and Saurwein 2005).

1.1 The Role of the NGNP Design and Evaluation Methods Program

An important ingredient in the spectrum of R&D that must be accomplished to make the NGNP a
reality is development and validation of design and evaluation tools or “Methods.” Various design and
analysis tools’ are needed to calculate the behavior of the NGNP within its operating envelope and within
its off normal and accident envelopes. Thus, examples of products that will be provided by the NGNP
Design and Evaluation Methods Development Program are software tools and the pertinent experiments
for their validation or “benchmarking” these tools that will allow the plant operational and licensing
requirements to be calculated:

1. For operational conditions. Specific analysis tools are needed to calculate
a. The prescribed distribution of the fuel in the core both initially and at any time

during the life of the reactor. The fuel in the prismatic reactors is fixed—but the
capability to define where each fuel element should be located (given a defined

2 The Ft. St. Vrain power plant was a prismatic configuration (also called a block-type) reactor, and the German
Arbeitsgemeinschaft Versuchsreaktor (AVR) was a pebble-bed configuration reactor.

3 End products are usually computer software, analysis reports, comparison with experimental results (physical benchmarks) and
procedures for performing these analyses.
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enrichment) both initially and during reloads is essential; also the capability to
calculate the burn up histories of each fuel element over its tenure in its prescribed
location is essential. The fuel in the pebble-bed reactor (PBR) begins its journey
through the core as a function of where it is initially placed at the top of the core;
the trajectory of the pebbles and how they influence the core power at each point
along their paths must be calculated.

The three-dimensional core power distribution.

The helium coolant core flow distribution—including the bypass flows.

The flow distribution and flow dynamics throughout the remainder of the reactor
vessel, for example in the outlet plenum.

The potential for cyclic flows and/or equipment flutter and vibration.
How to prescribe fuel enrichments and locations for reloads.

The graphite dust generation rate.

The graphite dust distribution throughout the system.

Whether localized hot spots exist throughout the system that may lead to premature
structural failures.

Whether excessive thermal gradients are present that may lead to premature
structural failures.

The reactor vessel wall temperature distribution and the interaction between the
reactor and the reactor cavity.

The parasitic energy losses to the reactor cavity and the cavity cooling system.
The inlet, in-component, and exit conditions (most likely two- or three-

dimensional) for the plant power conversion systems, for example an intermediate
heat exchanger.

2. For off-normal and accident conditions. Specific analysis tools are needed to calculate:

a.

The leakage rates for various break configurations and the resulting effects on the
system such as (i) graphite dust redistribution—both within the reactor and through
the leak to the reactor cavity, (ii) pressure pulse propagation, (iii) structural loads,
(iv) depressurization rates, (v) flow distributions within the reactor system
resulting from prolonged leaks, and (vi) the effect of the leaks on the fluid
dynamics and pressurization rates in the reactor vault, i.e., the reactor cavity.

Potential reactivity events including the fuel power transients and reactivity
interactions with the system.

The fuel temperatures and fuel failure rates.
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d. The core temperature distribution throughout the various off normal and accident
scenarios.

e. Density-gradient flow distributions both for depressurized conduction cool down
and pressurized conduction cool down scenarios including the presence of
localized hot spots and potentially excessive thermal gradients.

f. The stratified flow behavior that will occur when a break unchokes and the flow
from the vessel and the flow into the vessel are governed by the density differences
between the outgoing helium and incoming air—for densimetric Froude numbers
less than one.

g. The air ingress into the core region including the extent of graphite oxidation that
will occur.

h. The fluid dynamics of potential water ingress scenarios.

i. The energy transfer between the reactor (and any discharge from the reactor) to the
reactor cavity and the cavity cooling systems.

j.  The potential for boiling and dryout of the cavity cooling working fluid (two of the
candidate designs use water to cool the reactor cavity walls).

k. The trajectories of the released fission products and the fraction of the fission
products that are released to the out-plant environment.

1. The reactor system behavior during seismic events.

To demonstrate whether or not the NGNP analysis software is capable of analyzing the above
phenomena and plant integral behavior, a set of data are required for almost every item identified for
operational conditions, off normal conditions, and accident conditions to allow a rigorous validation to be
performed. In some cases the data are available, but need to be qualified. However, there are a
considerable number of phenomena or plant integral behavior scenarios that require new experiments to
be performed.

1.2 The National Laboratory Niche in Methods

The gas-cooled thermal reactors built and operated in the United States and elsewhere to date are
characterized by sustained operations at conditions that provide or have substantial design and safety
margins. The margins were designed to be large because the legacy analysis tools, used to calculate
limiting parameters on the systems to date, were not capable of calculating important local limiting
parameters with sufficient accuracy to reduce the safety margins to more desirable levels such that the
economics of the plant operational, off normal, and accident envelopes can be optimized. That is, until
recently analysis tools and the required boundary conditions (material properties and neutronics cross-
sections) either were not available such that the required parameters (for example localized power
distributions and localized wall temperatures) could be calculated with a sufficiently low calculational
uncertainty. This approach has resulted in sustained operating temperatures and sustained operational
efficiencies that are below the Generation IV system goals.
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The commercial companies (for example Areva, Ltd, General Atomics, Inc and PBMR Pty) that
are currently designing the future gas-cooled reactors are still, in large measure, using legacy analysis
tools to describe the operating and accident characteristics of their designs and intend to use them for
licensing purposes. Recent visits by NGNP Program Methods personnel to the headquarters of Areva
Ltd, General Atomics, Inc. and PBMR Pty have allowed important interactions between the commercial
researchers and the national laboratory researchers to occur (Schultz et al, 2006a, 2006b). The outcome
of these interactions is that it is clear that the products of the NGNP Methods development program will
be useful to the vendors.

The NGNP Methods development program will provide advanced, state-of-the-art tools that are
independent of those used by the vendors. Of these tools, most of them are already available and they
consist of a mixture of commercial software and software written in the national laboratories. Only
limited tool development is necessary for NGNP methods. Therefore, the majority of the NGNP Methods
Program (in terms of cost) is focused on software verification and validation (V&V). The cost
distribution is projected to be approximately $120M of which 16% is for neutronics and 84% is for
thermal-fluids®. Although it is projected that $120M is required to complete the entire scope of work
outlined in the NGNP Methods Program including software development, benchmark activities, and
actual physical experiments, the cost will be more than recovered by the capability of the plant to operate
at peak thermal efficiencies with maximum outlet temperatures. A summary of the benefits stemming
from achieving the objectives of the NGNP Methods Program is given in Chapter 2 together with a short
economic analysis.

1.3 The Methods Qualification Process and Planning Approach

The process of identifying R&D needs and then formulating plans is straightforward, although
there are many unknowns and the process itself is iterative. The process is shown in flowchart form in
Figure 1. In essence it is a five stage process that consists of (i) identifying the scenarios of importance,
(i) identifying the key phenomena for the scenarios of importance, (iii) determining whether the tools to
be used to analyze the scenario progressions are adequate, (iv) correcting or completing existing software
and carrying out any software development that may be needed to ensure that the analysis tools are
adequate, and finally (v) performing the required analyses.

Presently, the status of the methods to be used for analyzing the VHTR is:

e State-of-the-art software and advanced, detailed methods are not ready to perform design
and analysis to the standard required by the VHTR. Considerable validation, and limited
development of the necessary software tools, is required.

e The above conclusion also applies to present software capabilities to perform VHTR
licensing calculations.

e The practices and procedures acceptable for both validating and developing the necessary
software tools for the VHTR must be defined and implemented to a standard defined by the
community.

4 The cost distribution projections are heavily weighted towards the cost of required experiments. Once verification and
validation of the NGNP software is completed, the NGNP Methods-generated tools may be used by the vendors and will be
available for use by the U.S. Department of Energy and the U.S. Nuclear Regulatory Commission.
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These conclusions are true because: (a) the key phenomena for the most challenging scenarios that
must be analyzed for the to-be-selected VHTR have not been identified yet, (b) software tools that have a
low calculational uncertainty will be required to analyze the behavior of the VHTR to enable the plant to
operate at a high efficiency with a competitive economic margin, and (c) most of the software tools that
will be used have not been validated for the scenarios and phenomena that must be analyzed for licensing.
For example, although systems analysis software has been validated for selected cases, a full validation
has not been performed nor is the data available that will enable a full validation to be performed. Also,
computational fluid dynamics (CFD) software, which will be widely used to analyze the VHTR behavior,
have never been used in large measure to perform auditing, design, or licensing calculations for a nuclear
plant previously.

Scenario Identification: Operational and accident
scenarios that require analysis are identified

l

PIRT: Important phenomena are identified for each
scenario (Phenomena Identification &Ranling Tables)

l

Validation: Analysis tools are evaluated to determine
whether important phenomeng can be calculated

No
Yes Yes

Development: If
important phenomena
cannot be calculated by
analysis tools, then further
development is undertaken

¥

Analysis: The operational and accident scenarios that
require study are analyzed

Figure 1. PIRT informed R&D process

1.4 NGNP Methods Qualification Procedures Based on
Regulatory Guide 1.203 Requirements

The U.S. Nuclear Regulatory Commission (NRC) describes a process, in their Regulatory Guide
1.203, they consider acceptable for use in developing and assessing evaluation models that may be used to
analyze transient and accident behavior that is within the design basis of a nuclear power plant. In
general the Evaluation Model Development and Assessment Process (EMDAP), described in Regulatory
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Guide 1.203, consists of: (1) determining the requirements for the evaluation model’, (2) developing an
assessment base® consistent with the determined requirements, (3) developing the evaluation model, (4)
assessing the adequacy of the evaluation model, (5) following an appropriate quality assurance protocol
during the EMDAP, and (6) providing comprehensive, accurate, up-to-date information.

Although a specific NGNP design has not been selected, the NGNP Methods development effort
has proceeded by examining and postulating the evaluation model requirements in conjunction with
making a preliminary formulation of the required assessment base (Lee, Wei, and Schultz et al 2005), i.e.,
Steps 1 and 2. Because the NGNP will likely be either a prismatic or a pebble-bed type gas-cooled
thermal reactor with known general characteristics, the various steady-state and transient characteristics
are known in general. The assessment base (i.e., the benchmark experiments) cannot be defined and
selected until the final design selection since many of the thermal-fluids experiments are very geometry
specific and very dependent on initial conditions that would reflect initial operating and accident
conditions. The most probable VHTR design basis scenarios are described in Chapter 3.

The evaluation models have been selected (Step 3), as will be noted in Chapter 3. A different suite
of methods software is required to calculate the reactor physics behavior for the prismatic as opposed to
the pebble-bed gas-cooled reactor. However, the software used to calculate the thermal-fluids behavior is
the same for both reactor types.

In essence, much of this plan deals with defining (a) the appropriate experiments to enable methods
software validation to meet the Regulatory Guide 1.203 requirements and (b) the practices and procedures
that must be developed and used to ensure the evaluation models are deemed adequate. Thus, much of
this plan addresses Steps 2 and 4 of the EMDAP; discussion on these topics is given in Chapters 4, 5, and
6.

In summary, the NGNP Methods development program’s R&D are being planned and executed in
conformance with the approach, practices, and methodologies recommended in Regulatory Guide 1.203.

1.5 Review of NGNP Methods

Two techniques have been used to review the approach and plans of NGNP Methods over the past
year. The first set of reviews of the NGNP Methods development effort’s approach and plans was done
by two commercial vendors independently of one another: Areva Ltd and PBMR Pty. Areva Ltd and
PBMR Pty design prismatic-type and pebble-bed type helium-cooled thermal reactors respectively. The
reviews by the commercial vendors were in the context of a dialogue between national laboratory staff
members who visited the vendor faculties with a view toward determining areas of collaboration. A
second review was done by a Methods Working Group in a Workshop held specifically to determine what
“gaps” if any existed in the NGNP Methods planning. The outcome of the three reviews was the same:
general agreement with the approach taken by the NGNP Methods development effort and specific
suggestions on: (a) regions of collaboration between the national laboratories and the vendors and (b) on
how to improve the NGNP Methods planning to date. The outcomes of these reviews are summarized in
Chapter 3.

5 An evaluation model is the calculational framework for evaluating the behavior of the reactor system during a postulated
transient or design-basis accident.

6 That is, either certifying existing experimental data as being adequate or designing physical experiments that will provide high-
quality, acceptable data.
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The remainder of this report is divided into seven sections. Chapter 2 summarizes the benefits and
cost savings inherent to the achieving the goals of the NGNP Methods Program. Chapter 3 defines the
methodology for producing validated analytical tools for the analysis of the VHTR. Chapters 4, 5, and 6
details the planned research program in the three key areas of Nuclear Data Measurements, Reactor
Kinetics and Neutronics, and Thermal-Fluid behavior, respectively. Chapter 7 gives a summary of the
R&D while Chapter 8 gives the references.

Following the main body of the report, five appendices are attached. Appendix A describes the
phenomena identification and ranking table analyses for three of the scenarios that define the NGNP
operating envelope together with a description of the gas-cooled VHTR design concepts including
operating conditions and transients. Appendix B summarizes the results of the August, 2006 NGNP
Methods Workshop. Appendix C describes the differential nuclear data measurements that are needed
using the Argonne National Laboratory (ANL) Intense Pulsed Neutron Source. Appendix D has a short
discussion regarding the use of nuclear energy for process heat. Appendix E summarizes the cost and
schedule for the NGNP Methods R&D. Appendix E is published separately and is available on request
with the permission of the U.S. Department of Energy (DOE).



NGNP Methods Technical Program Plan INL/EXT-06-11804
January 2007

2. NGNP Methods: The Key to Maximizing NGNP Plant Operational
Efficiencies, Minimizing Uncertainties, and Optimizing Safety
Margins

On-line nuclear power plants can only operate within limits defined by the capability of the
licensee to demonstrate that all important figures-of-merit for plant safety parameters are never
challenged (that is, a sufficient margin must be observed so the figure-of-merits are not in danger of being
violated). A figure-of-merit is a key parameter indicative of whether or not a safety limit or an equipment
failure limit has been breached. For example, important figures-of-merit are fuel temperature and reactor
vessel wall temperature. Although there are a number of figures-of-merit crucial to the operation of a
power plant, for the sake of demonstrating the importance of NGNP Methods, the reactor vessel wall
temperature will be used as an example for the discussion that follows. Equivalent arguments are
applicable to all of the figures-of-merit.

Regardless of the figure-of-merit under consideration, each has the potential to limit the operational
envelope of the plant in some fashion such that restrictions (special precautions, operational procedures,
or equipment limitations for example) will be required to ensure the figure-of-merit is not challenged. In
some cases the restrictions translate to operating the plant at power levels that are less than the designed
power level. In some cases the restrictions may translate to reducing the rate-of-change of an operational
parameter in going from one condition to another and thus increase the operational transit time. In any
case, such restrictions have an economic penalty.

2.1 Conservative versus Best-Estimate Analysis Methodologies

Figures-of-merit for the present fleet of light water reactors were traditionally calculated using
conservative assumptions and approaches that were guaranteed to yield calculated results with very large
safety margins. Models of this sort were based on prescription of sometimes arbitrary restrictions (for
example, neglecting heat transfer for certain phases of a scenario) to ensure a large safety factor was
present in the licensing calculations. The approach codified in Title 10 of Part 50.46, Appendix K of the
Code of Federal Regulations is the most widely known example. The major drawback to the Appendix K
approach is that the calculational uncertainty, while known to be large, and conservative, is not
quantified.

Subsequent to the Appendix K approach, best-estimate approaches were developed and have been
used to perform some plant license re-evaluations. The best estimate approaches have the advantage of
enabling the calculational uncertainties to be defined and quantified. However, one-dimensional fluid
flow models were almost exclusively used to calculate average or bulk values of the figures-of-merit in
the various regions of the plant. Thus, to account for potential deviations from the one-dimensional
model results, because of three-dimensional behavior, safety factors have been used to provide a
sufficient margin from the limiting value.

The concepts discussed in the above two paragraphs are illustrated in Figure 2. The best estimate
approach for calculating the safety margin gives more operational latitude to the plant operator than using
a conservative approach with prescribed arbitrary models.
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Figure 2. Concept of safety margins

2.2 The VHTR Analysis Challenge

For LWR analysis one-dimensional techniques were usually adequate for calculating the plant
thermal-hydraulic behavior since the fluid temperatures, even under the most arduous conditions, were
considerably less than the temperatures that challenge the structural material limits, for example the
reactor vessel, however, that is not the case for the VHTR.

Bulk outlet temperatures for the VHTR must be in excess of 900°C and as close to 1000°C as
possible to: (a) enable the system to operate at its maximum thermodynamic efficiency and (b) provide an
optimal heat source to satisfy the NGNP mission requirements whether the mission is to generate process
heat or to generate hydrogen. Operation at bulk outlet temperatures in excess of 900°C and as close to
1000°C as possible is what is meant by having the VHTR meet Generation IV plant operating
requirements. For bulk outlet temperatures of 950°C, peak exit gas temperatures at particular outlet jet
locations may be considerably above 1000°C at operational conditions depending on the core power
distribution and the core bypass. Subsequent mixing in the outlet plenum allows for the reduction of
temperature in these plumes down to the bulk average temperature, however, these local gas jets exiting
the core have the potential to impinge on the walls of the flow path and create localized hot spots if the
design has not properly accounted for such behavior. This high temperature gas jet problem impacts
materials placement and selection for the accident scenarios and operational plant considerations. Similar
arguments apply to conditions that may exist for transient and the most challenging accident scenarios.

2.3 The Role of Legacy Analysis Tools

The vendors are using existing, legacy software to calculate the plant operational and accident
behavior for licensing purposes. Legacy software performs a rigorous one-dimensional calculation of the
bulk temperatures but does not have the capability to calculate localized hot spots. Hence prescribed
safety factors are used to ensure that local material temperatures do not exceed material property limits.
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Consequently, since the prescribed safety factors account for the large uncertainties inherent to the use of
legacy tools to calculate the localized core power distributions and maximum outlet jet temperatures, the
VHTR will have to operate at a derated power condition as a function of the magnitude of the prescribed
safety factor.

2.4 Mission of NGNP Methods

The mission of NGNP Methods is to develop and benchmark state-of-the-art analysis tools that will
enable the vendors, the NRC, and DOE analysts to accurately calculate the core power distribution, the
core bypass, and the peak outlet jet temperatures such that localized hot spots can be identified and either
eliminated by design or quantified to a degree that licensing calculations can demonstrate the VHTR plant
operation without challenging the safety margins, plant parameters, or figures-of-merit. Advanced tools
for analyzing the VHTR are consistent with the new safety concerns inherent to the new design and the
new system design requirements.

2.5 Advantages of Advanced Analysis Tools
Advanced analysis tools offer the following advantages over older legacy analysis tools:

1. Reduced design uncertainty and risk—since the localized conditions can be calculated with
a known uncertainty.

2. Reduced design iterations and design costs since the plant designers can more rapidly
converge on their desired design configuration with less uncertainty.

3. An accelerated licensing process since the process of prescribing arbitrary safety factors is
transformed to a process of using known quantities with quantified uncertainties.

4. The capability of quantifying the safety and operational margins to optimal values for
maximum outlet temperatures and maximum operational efficiencies.

2.6 Economics of Using Advanced Analysis Techniques

The NRC notes that U.S. utilities have been applying for power uprates to their operating licenses
for some time (http://www.nrc.gov). One of the most common uprates falls in the category of “stretch
power uprates” which are typically up to 7 percent and are within the design capacity of the plant. The
uprates have been achieved by using improved analysis tools to quantify and recapture margin. The actual
value for percentage increase in power a plant can achieve and stay within the stretch power uprate
category is plant-specific and depends on the operating margins included in the design of a
particular plant. These uprates have produced major cost savings and improved plant output well in
excess of the cost of developing and benchmarking LWR analysis tools.

For example, if the 600 MWt NGNP could produce 5 to 10% more power or 630 MWt to 660
MWs#, then based on current replacement power costs the cost savings for the above improvements are at a
minimum $210 million but have the potential to exceed $400 million for only one 600 MWt plant in
replacement costs over the life of the plant. Such a cost savings more than justifies the cost of producing,
validating, and benchmarking the advanced methods required to achieve the objectives of NGNP Methods
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Plan, which may cost approximately $120 million’ depending on the scope of work chosen for the
methods evaluation effort.

The NGNP Methods and Evaluation program will use the inherent accuracies of advanced analysis
techniques over legacy analysis techniques to:

e Make the design analysis techniques more efficient and less costly.

e Reduce the licensing analysis benchmarking and licensing process less time consuming
and more quantifiable.

e Reduce the plant operational and safety margins between 5 and 10% using benchmarked
analysis tools and quantified uncertainties.

Areas for NGNP Methods development and benchmarking include thermal-fluids modeling and
experiments, reactor physics and core kinetics and fuel management modeling, and some nuclear data
enhancements. These efforts will enable the NGNP plant designers to calculate plant safety margins,
uncertainties and reduce the effect of licensing assumptions and produce a safer, more cost-effective
design.

7 The $120M is required to complete the entire scope of work outlined in the NGNP Methods Program including software
development, benchmark activities, and actual physical experiments.

11
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3. Research and Development Methodology

This chapter describes the overall methodology used to define the R&D needed to produce the
validated analytical tools required for the VHTR analysis. It consists of the steps shown in Figure 1—
expanded to show other supporting activities in Figure 3.

1. NGNP Project Scenario Selection & Phenomena Identification: Phenomena
Identification & Ranking Table (PIRT) process used to select the scenarios and to identify <
the phenomena of importance.

2. NGNP Project [«
3. Validation & Soft
Development by € V(;li:lV:tl;(e)n' —»| 4. Collaborations with GIF-Partners:
Community: Analysis to;)ls are Use I-NERIs as medium for international <
Validation evaluated to ¢—]| relationships and collaboration projects to
performed by determine whether validate & develop software.
analysis community important
via international phenomena can be [ 5. Collaborations with Universities:
standard problems. P! calculated. Use NERIs as vehicle for R&D <
q—] relationships with universities to focus on
pertinent NGNP R&D issues (validation &
develobment).

T

6. Development coordinated by NGNP Project: If
important phenomena cannot be calculated by analysis <
tools, then further development is undertaken.

Y <
7. Analysis: The operational and accident scenarios that require study are analyzed. | >

8. Peer review: Nuclear community peer review of methods R&D process

Figure 3. Methods R&D process

The Design Methods Development and Validation R&D implementation methodology consists of
eight interacting activities—which are discussed in the remaining sections of this R&D plan:

1. Selection of the most challenging scenarios together with the dominant phenomena in each,
see Section 3.1

2. Internal validation of the software tools and data required to calculate the NGNP behavior
in each scenario, see Section 3.3, “Validation Process”

3. External validation of the software tools via non-NGNP Project nuclear engineering
community participation in international standard problems, see Section 3.3, “Validation
Process”

4. R&D performed through GIF-member and NGNP Project collaborations centered in
International Nuclear Engineering Research Initiatives, see Section 3.3, “Validation
Process”

12
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5. R&D performed through university and NGNP Project collaborations centered in Nuclear
Engineering Research Initiatives or GIF Project Management Board agreements, see
Section 3.3, “Validation Process”

6. Software development, when validation findings show that certain models are inadequate,
see Section 3.4

7. Analysis of the operational and accident scenarios, and finally, see Section 3.5

8. Review of the global process, and the process ingredients, using experts outside the
program, see Section 3.5.

3.1 Scenario Identification and Phenomena Identification
and Ranking Tables

In accordance with Figure 3 and the project schedule, this section describes task work which is
divided into two phases: (1) Pre-vendor/design selection and (2) Post-vendor/design selection. During
Phase 1, scenarios are identified for plant duty cycle events pertaining to two generic designs; a generic
PBR design and a generic prismatic reactor design. Phenomena are identified for these events for these
two designs at a high level to provide input to the planning for the R&D program. In particular, the
ranking of the phenomena allows the prioritization of model development for the design and safety tools
and in the planning of experimental facilities and experiment matrices. Phase 1 objectives include the
screening of existing facilities which have the potential for contributing validation data to the Methods
R&D process outlined in Figure 3, as well as the screening of existing data. Where the data are not
publicly available, in particular international data, interactions with the various organizations will be
initiated and pursued. Once vendor/design selection has occurred, then Phase 2 will be implemented in
close coordination with the plant vendor. During Phase 2, input will be provided not only to the R&D
Plan, but also to aid in the licensing effort and licensing interactions with the NRC. Two stages are
envisioned. Phenomena Identification and Ranking Tables (PIRTs) will be generated during the
conceptual design stage with the conceptual design. As the design proceeds to the final design stage, then
finalized PIRTs will be generated for the final design. This will all proceed in close collaboration with the
vendor.

311 Scenario Identification

To show that the VHTR meets all safety requirements, proven analysis capability must be available
to model not only the operational conditions, but also the accident conditions. Also, various aspects of
the core behavior must be modeled, including:

1. Operational characteristics of the tri-isotopic (TRISO) fuel throughout the VHTR’s life
cycle, e.g., the fuel temperature profile, the migratory characteristics of the fuel kernel
within the fuel micro-sphere, the shrinkage and swelling of the various pyrolytic carbon
coatings, and the stress distributions in the coating layers. All of these operational
characteristics are modeled numerically in the PARFUME software (Miller, Petti, Maki,
and Knudson 2004; Petti, Hobbins, Kendall, and Saurwein 2005)

2. Fuel power distribution as a function of exposure in both the fuel compacts or balls and in
the micro-spheres
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3. Thermal-fluid conditions during both operating conditions and transient conditions,
including the fuel temperature profiles and also the maximum temperatures of plant
structural members such as the core barrel, core support plate, vessel wall, etc.

4. Mixing characteristics of the fluid inventory in the plena: the lower plenum during
operating conditions since the hot exit gases are delivered to the turbine and both plena
during a loss-of-forced-flow scenario

5. Potential for air ingress and graphite oxidation subsequent to a loss-of-coolant accident
(LOCA)

6. Fission product release and transport as a function of projected TRISO fuel failure rates.

For fiscal years 2007 and 2008 the highest-priority R&D is aimed at properly calculating the
thermal-fluid conditions in the hot channels and the mixing in the lower plenum during normal operation.

The full spectrum of possible accident scenarios of importance is not fully defined, since it is
dependent on the presently undefined VHTR design. However, on the basis of the work done to license
the Fort Saint Vrain reactor and the AVR reactor, it is known that the following scenarios, at least, must
be analyzed, as indicated in the Fort Saint Vrain Final Safety Analysis Report (FSAR):

1. Anticipated operational occurrences:

a. Main loop transient with forced core cooling
b. Loss of main and shutdown cooling loops
c. Accidental withdrawal of a group of control rods followed by reactor shutdown
d. Small break LOCA (~1 in2 area break).
2. Design basis accidents (assuming that only “safety-related” systems can be used for
recovery):
a. Loss of heat transport system and shutdown cooling system (similar to scenario 1b

above)
Loss of heat transport system without control rod trip
Accidental withdrawal of a group of control rods followed by reactor shutdown

Unintentional control rod withdrawal together with failure of heat transport
systems and shutdown cooling system

Transient without scram
Earthquake-initiated trip of heat transport system

LOCA event in conjunction with water ingress from failed shutdown cooling
system

14
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h. Large break LOCA
i.  Small break LOCA.

On the basis of the experience of gas-cooled reactor designers and experimentalists (Ball, 2003;
Kriiger, et al., 1991), scenarios 2a and 2g [hereafter referred to as the Pressurized Conduction Cooldown
(PCC) scenario and the Depressurized Conduction Cooldown (DCC) scenario, respectively] are
considered the most demanding and most likely to lead to maximum vessel wall and fuel temperatures.
Hence, first-cut R&D specifications are based on calculation of the hot-channel temperatures and mixing
characteristics in the lower plenum during normal operation, and the PCC and the DCC scenarios from
the accident envelope.

3.1.2 Phenomena Identification and Ranking Tables (PIRT)

The PIRT process entails carefully identifying the most demanding scenarios, followed by
prioritizing the phenomena that are found in the most demanding scenarios. Key phenomena are those
exerting the most influence on the path taken during the most demanding scenarios. Thus, as discussed in
the previous paragraphs, the key phenomena for the PCC and DCC scenarios, or most “highly ranked”
phenomena, are those that exert the greatest influence on the peak core temperatures and peak vessel wall
temperatures (Gas Reactor Technology Course, ANS, 2003). During normal operation other key
phenomena such as stresses or irradiation-induced dimensional changes may be important.

Because the specific VHTR design has yet to be selected, a detailed PIRT cannot be completed.
However, during the interim, a “first-cut” PIRT has been used instead as a guide for the initial R&D work
and planning for both block-type and pebble-bed-type gas-cooled reactors. The “first-cut” PIRT is based
on (a) observations from seasoned gas-cooled reactor experts and (b) engineering judgment; these factors
were used by a team assembled to define the first PIRT for the prismatic and pebble-bed reactors—the
“first-cut” PIRT. The “first-cut” PIRT is given in Appendix A and is documented in detail in Lee, Wei,
and Schultz et al 2005. The results of the “first-cut” PIRT for steady-state operation, PCC, and DCC
scenarios are given in Table 1 for only the upper and lower plena, the core and the reactor cavity cooling
system (RCCS). Terminology used in the table is described in the following paragraphs and also in
Appendix A.

313 Mixing

Mixing refers to the degree to which coolant of differing temperatures entering a region mixes to
produce a uniform temperature. In the upper and lower plena, mixing is a three-dimensional phenomenon
and a function of a number of variables. In the upper plenum, where it is identified as important in the
PCC scenario, mixing occurs during natural convection as helium moves upward through the hottest
portion of the core while cooler helium moves downward through the bypass and the cooler regions of the
core. In the outlet plenum, mixing occurs between the bottom of the core and the turbine inlet during
normal operation. A preliminary calculation of the temperature variation in the lower plenum is shown in
Figure 4, where gas temperature variations are shown to exceed over 100°C. Although the specification
for temperature variation at the turbine inlet has not been set, it is thought that the helium temperature
variation at the turbine inlet must be less than £20°C. Also, it has been seen that helium has a surprising
resistance to thorough mixing (Ball, 2004, based on experience of Kunitoni, et al., 1986) and that the
temperature in the core outlet jet can vary over a considerable range, particularly since the bypass flow
may vary between 10% and 25%. Therefore, it is likely that special design features will be required to
ensure good mixing and minimal thermal streaking from the lower plenum to the turbine inlet.
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Table 1. Results: PIRT for normal operation, PCC and DCC scenarios

Scenario Upper Plenum Core RCCS Lower Plenum
Normal i. Flow i. Reactivity feedback behavior i Heat transfer at i Flow
operation distribution . . operational distribution

p ii. Core configuration (bypass) perati

. conditions .
ii. Pressure ii  Heat transfer
iii. Pressure drop .
drop ii  Natural .
. . . iii  Thermal
iv. Heat transfer circulation in ..
. striping
Flow distribution cavity
Ve iv Jet behavior
vi. Power distribution
DCC i. Mixingand |i Thermal radiation and conduction of i Laminar- i Thermal
stratification heat across the core turbulent mixing and
. . . . L transition flow stratification
ii. Hotplumes |ii Axial heat conduction and radiation
. . ii  Forced-natural ii  Flow
iii. Thermal iii  Natural circulation in the reactor . e
. mixed distribution
resistance of pressure vessel .
convection flow e e
structures . . . i1 Air ingress
iv  Air and water ingress
iii Heat transfer—
v Potential fission product transport radiation and
. o convection in
vi Power distribution
duct
vii Core configuration
viii Decay heat
ix Flow distribution
X  Material properties
xi Pressure drop
PCC i. Mixingand | i Thermal radiation and conduction of i Laminar- i Thermal
stratification heat across the core turbulent mixing and
. . . . L transition flow stratification
ii. Hotplumes |ii Axial heat conduction and radiation
. . ii  Forced-natural ii  Flo
iii. Thermal iii  Natural circulation in the reactor . oW
) mixed distribution
resistance of pressure vessel .
convection flow
structures . C
iv  Power distribution
iii Heat transfer—
v Core configuration radiation and
. convection in
vi Decay heat duct
vii Flow distribution
viii Material properties
ix Pressure drop
314 Bypass

The bypass flow passes through the reflector regions in both pebble-bed and block reactors and, in
a block-type reactor, between the blocks. Because the quantity of bypass flow is a direct function of the
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bypass area, which in turn is a function of the temperature distribution, fluence, and graphite properties,
the influence of the bypass on the core temperature distribution may be significant.

3.1.5 Neutronic Behavior

The current VHTR design candidates have a somewhat harder thermal neutron spectrum than
standard light-water reactors (LWRs), a more complex fuel geometry, and a fuel cycle with two to three
times the burnup. At the very high burnups expected for the VHTR, the higher isotopes of plutonium
contribute a significant amount of fission energy but the cross-section information available from the
current nuclear databases for 240Pu, 241Pu, and 242Pu is in need of improved absolute accuracy. It is
also crucial that a suitable suite of evaluated integral neutronics benchmark experiments be available for
reactor physics code validation at the appropriate time during the R&D process. These issues are
discussed in detail in Chapter 4.
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Figure 4. Computational fluid dynamics calculation of mixing in lower plenum (Courtesy of Fluent
Corp)

In addition to improvements in the cross-section data to increase the accuracy of the neutronics
calculations, improvements in cross-section processing methods are needed in the treatment of resonances
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in the thermal energy range in graphite-moderated reactors where upscattering is significant. The
inability to account properly for this effect leads to substantial errors in the harder spectrum of a graphite-
moderated reactor. Another aspect of improving cross-sections is to account better for the heterogeneity
on two scales in the VHTR. These two scales are the fine scale, from the fuel particles, and the coarse
scale, from the pebbles or fuel compacts. The improvement in cross-section generation will reflect
enhanced resonance treatment through the use of an improved Dancoff factor. These issues and related
matters pertinent to neutronics codes for VHTR analyses are discussed in detail in Chapter 5.

3.1.6 Laminar-Turbulent Transition Flow and Forced-Natural Mixed Convection Flow

Figure 5 shows a likely layout for the VHTR with the reactor pressure vessel and the vessel
containing the intermediate heat exchanger and primary coolant system circulator sited below grade.
During the PCC scenario in the core region and during both the PCC and DCC scenarios in the RCCS,
there is the potential for having convective cooling in the transition region as shown in Figure 6, where an
example is shown of convection flow regimes along the heater (reactor core) and cooler (heat exchanger
providing ultimate heat sink) at various pressures in a simplified Reynolds-Rayleigh number map
(Williams et al., 2003). Although Figure 6 was generated for a typical gas fast reactor core having
hexagonal blocks with circular coolant holes, analogous behavior may occur in the VHTR in various
locations and should be investigated. Because the convective cooling contribution is an important
ingredient in describing the total heat transfer from the core and thus the ultimate peak core and vessel
temperatures, these heat transfer phenomena are potentially important.
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Figure 5. Reactor Cavity Cooling System Figure 6. Convection flow regimes at various operating
Configuration pressures for both helium and CO, (from Williams, et

al, 2003)

3.1.7 Core Hot Channel Characterization

The characteristics of the hottest cooling channels at operational conditions are considered a key
calculational result since the hot channel temperature distribution defines the hottest initial condition for
the fuel and surrounding materials. Hence preliminary CFD studies have been initiated and validation
data are sought.
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3.1.8 Flow Distribution

The distribution of the flow between the various coolant channels in a prismatic reactor (and the
complementary behavior in both the upper and lower plena) are important to determine both the warmest
part of the core but also the location of potential hot spots in the plena wall where hot plumes or jets
might impinge.

3.1.9 Air and Water Ingress

For loss-of-coolant scenarios, such as the DCC, there is the potential for air and water ingress into
the core in perhaps harmful quantities—depending on the scenario assumptions. Air is present in the
reactor cavity and will enter the core by diffusion in a DCC accident. Water is normally present in the air
in the form of humidity, but it may enter the core in much greater quantities, with much greater potential
effect on reactivity, if the shutdown cooling system suffers a pipe break.

3.1.10 Fission Product Transport

Fission product transport must be calculated for cases where some fraction of the TRISO fuel
particles fail prior to or in conjunction with the DCC scenario and because certain fission products such as
silver and palladium may diffuse through the TRISO coatings. Dust that may contain fission products
must be tracked and accounted for using state-of-the-art calculational tools, particularly for the PBR.

3.2 Analysis Tools and Data

The analysis requirements (items 1 through 6 in Section 3.1.1) can only be achieved by using a
spectrum of software tools and associated data libraries (Figure 7). For some calculational needs there is
sometimes more than one software tool that may be used to achieve the calculational objective, each tool
having a unique strength. The calculational process that satisfies the analysis requirements identified in
Section 3.1 above is broken into seven steps, as shown in Figure 7. The seven steps are summarized in
paragraphs a through g below; each paragraph item letter corresponds to a box on the flow chart shown in
Figure 7. Figure 8 identifies the software associated with each of the steps in Figure 7.
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Figure 7. Calculation process
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Figure 8. Application of process to block-type and pebble-bed candidate designs for NGNP with
applicable software

a. Material Cross Section Compilation and Evaluation. Nuclear interaction cross sections
are among the most basic fundamental engineering data required for design, licensing, and
operation of nuclear systems. Compared to current LWRs, any of the proposed NGNP
configurations will feature a somewhat harder neutron spectrum, a more complex fuel
form, and two to three times greater burnup. Studies show that there is a near-term need
for improved cross section measurements in certain neutron energy ranges for some
isotopes to support the extensive computational modeling that will be required for the
NGNP design, regardless of the specific basic reactor configuration that is ultimately
selected. The isotopes 240Pu, 241Pu, and 242Pu are particularly important at high burnup.
Improved cross section data are ultimately incorporated into the Evaluated Nuclear Data
Files (ENDF) maintained by the US National Nuclear Data Center. These data are
subsequently processed to produce input libraries useful in reactor analysis software.
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b. Preparation of Homogenized Cross-Sections. Before it can be used for a specific reactor
application, the ENDF data, as processed into a general format by NJOY or a similar tool,
must be further processed into a case-specific form using local cell and assembly modeling
codes. The basic physical data are processed for case-specific resonance shielding and
then weighted with characteristic energy and spatial flux profiles generated from unit cell
or super-cell models. This step is performed using software that approximates the neutron
transport equation using PN or BN transport codes for the energy flux calculation and a
one- or two-dimensional transport code for the spatial flux. [In the advanced lattice codes,
spatial resolution is typically done using integral transport methods (collision probability or
method of characteristics approaches.)] Software that will be initially evaluated for this
function includes COMBINE, BONAMI/NITAWL, MICROX-2, WIMS-8, HELIOS, and
DRAGON. An appropriate suite of codes will be implemented and validated according to
accepted standards. The geometric aspects of this process are significantly different in the
prismatic and pebble-bed concepts, so two computational paths are shown in Figure 8. For
additional assurance that the computational results obtained using diffusion theory codes
are accurate, higher order deterministic transport methods should be employed to perform
selective benchmark checks. Representative software that might serve this function is
ATTILA, TWODANT, THREEDANT, or DORT/TORT. These transport packages are
also used as part of the assembly cross-section preparation process.

c. Whole-Core Analysis (Diffusion or Transport), Detailed Heating Calculations, and
Safety Parameter Determination. Nodal diffusion-theory codes, such as DIF3D and an
INL-developed code, PEBBED, which is designed specifically for PBR simulation, will be
the centerpiece production codes to perform NGNP reactor core analysis. Steady-state
eigenvalues, energy and spatial flux profiles, reaction rates, reactivity changes (burnup and
control rod movement), etc., will be calculated with the nodal diffusion-theory codes.
Multi-group cross section data generated in the reactor assembly cross section preparation
step (Step b above) will be provided to the nodal diffusion code. The DIF3D code also
contains a nodal transport option (VARIANT) based on the variational transport approach.
To consider the power behavior as a function of fuel depletion, additional capabilities are
required. This function is usually performed by the REBUS code in conjunction with
DIF3D, whereas it is internal to the PEBBED code for the pebble bed reactor case. All of
these software packages will be verified against alternate computational models, especially
models based on the well known MCNP stochastic simulation (Monte Carlo) code as
shown in the center of Figure 8, and various deterministic approaches. In addition, all of
the reactor physics models will be validated against various suitable experimental
benchmarks. A preliminary assessment of appropriate validation benchmarks pertinent to
the current gas-cooled NGNP reactor concepts has in fact been completed by INL and
ANL and more detailed benchmark evaluations are now underway. Output from the nodal
diffusion codes will not only provide the steady-state operational physics parameters for
each operational analysis conducted, but it will also be used as the initial condition for
reactor kinetics calculations required as part of the overall system analyses performed in
Steps d and e below. Spatial changes in flux and power level as functions of time during
postulated transients, predicted by the kinetics module, will provide the energy source term
required for the overall thermal-fluids systems code computations at each time step during
each transient. This process permits full coupling of thermal and neutronics computations,
consistent with modern practice for nuclear systems analysis. The NESTLE code, a
subroutine in the RELAP5-3D systems analysis thermal-fluids code, will serve this
purpose for the prismatic reactor concept, and a time-dependent implementation of the
PEBBED code will be used for the pebble-bed concept.
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d. Thermal-Fluid and Thermal-Mechanical Evaluations of System Behavior. The fluid
behavior, and interactions with the neutronics, will be calculated using a systems analysis
code, or perhaps a coupled systems analysis/ CFD code. Examples of two systems analysis
codes and a CFD code are RELAP5-3D, GRSAC, and Fluent. In such a coupling, systems
analysis software is used to perform calculations of the overall system behavior
considering the interactions between all the parts, e.g., the core, the plenums, the hot exit
duct, the turbine, and the remainder of the plant. CFD codes, such as Fluent, are used to
calculate the detailed three-dimensional fluid behavior in a region of the reactor such as a
plenum. In some cases, where one code has been validated extensively, it can be used for
limited validation of a second code. An example of this is shown in Figure 8 where
GRSAC may be used to partially validate RELAP5-3D. In addition to analyzing the fluid
behavior under a spectrum of operating and accident conditions, the thermal-fluid tools
also will be used to investigate the significance of material geometric tolerance variations
due to manufacturing, thermal responses, and irradiation effects such as graphite swelling.
The need to examine factors that affect thermal-mechanical influence on fluid and heat
transfer behavior will be included in the tool selection and evaluation process.

e. Models for Balance of Plant Electrical Generation System and Hydrogen Production
Plant. The behavior of the balance-of-plant systems will be modeled using a systems
analysis code such as RELAP5-3D or ASPEN®. The balance-of-plant models are
important to include in the analysis process to account for the important interactions that
affect the system efficiency during normal operational conditions, but also to account for
the equipment interactions that may lead to undesirable conditions such as turbine over-
speed, loss of net positive suction head for auxiliary systems, or oscillatory conditions that
may lead to equipment damage. Interactions between the reactor system and its balance-
of-plant components lead to boundary conditions that will determine whether fuel-
damaging conditions are likely (see item f).

f. Fuel Behavior and Fission Product Release. The performance of fuel particles under
irradiation is modeled to determine whether fuel failure will occur, with the subsequent
release of fission products, and whether subsequent migration of fission products
throughout the system must be considered. The INL software designed to perform this
function is called PARFUME. In addition to the physical description of the fuel, an
operation history generated by physics and thermal analysis codes (consisting of fuel
temperature, burnup and fast neutron fluence) is used as input to PARFUME. The code
models the mechanical and physicochemical behavior of the fuel and calculates the fraction
of the fuel particle inventory that may fail. Several potential failure mechanisms are
analyzed, including cracking of structural particle layers, debonding of the inner pyrolytic
carbon layer from the silicon carbide (SiC) layer, buildup of internal fission gas pressure,
kernel migration (amoeba effect) to the SiC layer, and thinning of the SiC layer by fission
product interactions. PARFUME also calculates the fraction of selected fission product
gases released from failed particles and from fission of uranium contamination in the
matrix material surrounding the fuel particles. Calculation of the release of selected
metallic fission products is currently under development. The fuel and fission product
modeling activities are described in Petti, Hobbins, Kendall, and Saurwein 2005 and
Miller, Petti, Maki, and Knudson 2004.

8 Software used to model plant processes for multiple industries. ASPEN may be used to model a reactor balance-of-plant.
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g. Fission Product Transport. If a loss-of-coolant accident has occurred, such that the
fission products may migrate or be impelled into the confinement/containment building
with perhaps subsequent release to the environment, then the final calculational step is the
prediction of the fission product movement into the environment and its environmental
distribution. The software tool that will most likely be used to calculate fission product
transport is MELCOR.

The process described in items “a” through “g” is shown in the flow chart of Figure 7. The
complete calculation process illustrated in Figure 7 is only exercised in its entirety for a few scenarios.
Most scenarios would require the use of only a fraction of the calculations represented in Stages a through
e. For example, scenarios that do not include a loss of coolant, i.e., a pipe break, usually would not
require calculation of fission gas transport (Stage g). In addition, if the neutronics has been thoroughly
calculated for the reactor system operating condition (Stages a through c), then a multitude of reactor
system calculations can be performed using the evaluated reactor power state at time zero, and, hence, the
Stage a through c calculations may only need to be performed once for a desired operating condition.
Thereafter, for such scenarios that assume reactor scram (requiring no reactor kinetics), a multitude of
calculations can be performed using only the software tools developed for Stages d and e.

3.3 Verification

Practices and procedures are divided into several categories to indicate the goal and intent of each.
These categories include Code Verification, Code and Calculation Documentation, Reduction of
Numerical Error, Quantification of Numerical Uncertainty and Calculation Validation. Quantification of
numerical uncertainty is discussed in some detail in Johnson et al 2006. Validation, including calculation
validation, is discussed in Section 3.4.

3.31 Code Verification

Code Verification involves the determination of coding correctness, Roache [1998], a process
separate from Calculation Verification (the Quantification of Numerical Uncertainty). INL recognizes that
the analysis software that will be applied to reactor safety analysis will already have been subjected to a
variety of Code Verification tests. What will be required is documentation of these tests.

Only those tests that exercise the options used in the particular computations need to be
documented. The tests as a suite must be designed to exercise all the terms in the governing partial
differential equations. For example, it is not adequate to only test the code on linearly varying solutions
such as planar Couette flow, since this solution does not exercise vertical convection terms and others.
The most complete and convincing type of Code Verification test uses the Method of Manufactured
Solutions or MMS, Roache [1998], but this will not be required. If MMS is not used, it will probably be
necessary to use a suite of test problems to demonstrate code correctness. For all of these problems, the
observed rate of discretization error convergence should be documented and compared to a theoretical
value for the discretization algorithms employed. If it is not, then more stringent requirements will be
enforced during Calculation Verification (Johnson et al 2006). The Code Verification must also include
some data on the effect of iterative convergence criteria on numerical results. (See “Reduction of
Numerical Error” below for details.)

3.3.2 Code and Calculation Documentation
Software that is used for nuclear reactor safety analysis must be described in detail in code

documentation. Such documentation should include describing equations used and their discretization as
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well as the basics methods used to obtain a solution. The truncation error and its formal order or accuracy
should be given. The code documentation must include all details of implementation of the turbulence
models used in calculations, e.g., turbulence models for CFD software. The code documentation should
be available for reference to reviewers who must review the associated calculational results.

For each calculation performed and submitted as a safety analysis, assumptions must be listed
along with the details of the methods and models used. Other details including, but not limited to
boundary and initial conditions, model constants (parameters) and other relevant information must also be
provided. Options not used in the calculation need not be documented.

3.3.3 Reduction of Numerical Error

The reduction of numerical error is clearly a desirable objective for numerical calculations. Lessons
have clearly been learned about what not to do when using computational techniques for numerical
analysis. These have been canonized in the requirements for manuscripts submitted to well-known
journals, such as the ASME Journal of Fluids Engineering. It therefore seems prudent to apply them to the
application of relevant software to reactor safety analysis. Examples of such requirements are those given
in the ASME Journal of Fluids Engineering “Statement on Numerical Accuracy.” Details regarding the
philosophy and meaning of the various key points are discussed in Johnson et al 2006. Examples of the
content include requirements that: (a) methods must be at least second order accurate in space, (b) grid
independence or convergence must be established, and (¢) in transient calculations phase error must be
assessed and minimized.

Grid independence is the process of refining the grid from some the starting point until numerical
results stop changing or change by negligible amounts. Theoretically, the results will continue to change
until the grid spacing approach zero. The precision of the machine, however, will halt this process at a
finite grid spacing. This is sometimes referred to as achieving machine zero (of the residuals). Not only is
the process of obtaining grid independence important to reducing numerical errors, it is also a good way
to obtain estimated of numerical uncertainty (see “Quantification of Numerical Uncertainty” in Johnson et
al 2006).

Iterative convergence relates to the number of iterations required to obtain residuals that are
sufficiently close to zero either for a steady-state problem, or for each time step in an unsteady problem.
This error is in addition to the numerical error associated with the truncation error terms. Because of the
well-known and unacceptable sensitivity of some commercial codes to the iteration tolerance, and the too
lax default tolerance, the final calculations must determine this effect. At least two levels of iteration
tolerance must be shown and the sensitivity presented. For example, if results for a solution functional f
are presented using a default iteration tolerance of (say) 10-3 reduction in residual from the initial
condition, as required in Freitas et al [2003], then another calculation with 10-4 will be required, and the
sensitivity f’10 will be stated as the normalized % change in f per decade of change in iteration tolerance.

Jio = =[/107) = FA0) £, x100%

The normalization can be based on f norm = f(10-3) when divides by near zero are not a problem,
otherwise by another appropriate normalization. The final test of sufficient tightness of the iterative
tolerance will be the acceptability of the final results based on estimation of numerical uncertainty and
validation metrics.
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For transient calculations, the same convergence criterion should apply as for spatial convergence
(grid independence). The time step should be refined until negligible change is obtained. Also, though not
required by the Journal of Fluids Engineering, it is recommended that the time-wise discretization scheme
should be second-order accurate or better. While there are other practices to reduce numerical error, the
above will constitute the required practices for rector safety analysis at the present time. Certainly, other
practices that reduce numerical error are allowed and even encouraged.

3.4 Validation

Whether or not software is adequate for performing best-estimate VHTR analyses is determined
using both “top-down” and “bottom-up” evaluations, as summarized in Figure 9 and described in the
following sections.

3.41 “Bottom-Up" Code Adequacy

Bottom-up evaluation of code adequacy entails examination of four features: the pedigree,
applicability, fidelity, and scalability of the code under consideration.

The pedigree of a systems code consists of its history, its development procedures, and the basis for
each correlation that is used in the code. Any correlations, data sources, and approximations used in the
code must be documented, e.g., in textbooks, laboratory reports, papers, etc. The uncertainty data used to
bound the correlation(s), data, and approximations must be included in the documentation, e.g.,
instrumentation uncertainty, data system uncertainties, etc. The basis for the uncertainties should be
traceable and reproducible. The assumptions and limitations of the models must be known and
documented.

The applicability of a systems code depends on the range of use of each of its correlations, data,
and approximations. Those ranges must be documented and referenced. Finally, the range of
applicability claimed in the code manual should be consistent with the pedigree—or if a greater range is
claimed then the justification for the increase in range must be reported.

The fidelity of a systems code means the degree to which the code’s predictions agree with
physical reality. High fidelity requires that the mathematical models and correlations used in the code are
not altered in an ad-hoc manner from their documented formulation. A code is validated when it is shown
that the code’s predictions of key parameters agree within allowable tolerances with experimental data.
The validation effort should be complete for all the key phenomena in the events of interest. Finally,
benchmarking studies may either supplement the validation effort or make up the validation effort if
appropriate standards are available, e.g., comparison of code calculation with a closed form solution.

“Bottom-up” scaling stems from the need
e To build experimental facilities that model the desired full-scale system

e To closely match the expected behavior of the most important transient phenomena in the
scenarios of interest

e To demonstrate the applicability of data from a scaled facility to a full-scale system and to
defend the use of data from a scaled facility in a code used to calculate the behavior of a
full-scale system

e To relate a calculation of a scaled facility to a calculation of a full-scale system.
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Usually, scalability studies are performed to scale key parameters for a portion of the system
behavior—not to correlate the global system behavior. Therefore, scalability analyses consist of four
steps: (1) isolate the “first-order” phenomena, (2) characterize the “first-order” phenomena, (3) convert
the defining equations into non-dimensional form, and (4) adjust the experimental facility conditions to
give equivalent behavior with the full-scale system within the limitation of the facility (or nearly
equivalent, i.e., based on non-dimensional numbers that follow from step 3).

As implied in the above discussion, “bottom-up” code adequacy techniques focus principally on
closure relationships. Thus, the field equations used in the code must be correctly formulated and
programmed. In addition, the field equations must be reviewed by the scientific community, and its
agreement on the correct formulation and insertion of the governing equations in the code must be

obtained.
3.4.2 “Top-Down” Code Adequacy

The “top-down” approach for ensuring code adequacy focuses on the capabilities and performance
of the integrated code. The top-down approach consists of four parts: numerics, fidelity, applicability,
and scalability.

e Numerics. Evaluation of the numerical solution considers (i) convergence, (ii) stability,
and (iii) property conservation’. Again, agreement by scientific community on acceptable
convergence, stability, and property conservation must be obtained.

o Fidelity. The fidelity of the code is demonstrated by performing thorough code assessments
based on applicable integral-effects and separate-effects data. The data are part of an
agreed-upon code assessment matrix constructed based on the transients of importance and
the key phenomena for each phase of the transients.

e Applicability. The code must be shown capable of modeling the key phenomena in the
system components and subsystems by conducting thorough validation studies. The key
phenomena are identified in the Phenomena Identification and Ranking Table (PIRT).

The method to determine whether the code is capable of modeling key phenomena is to
compare the calculation produced by the code to data that have known uncertainties. For
example, “excellent” agreement between the code calculation and data is achieved if the
calculated value is at all times within the data uncertainty band.

The degree of agreement between the code calculation and the data is generally divided into
four categories as given in Table 2. A more rigorous definition is given in Schultz, 1993.

A code is considered adequate in applicability when it shows either excellent or reasonable
agreement with the highly ranked phenomena (sometimes identified as the dominant
phenomena) for a transient of interest. If the code gives minimal or unacceptable
agreement, then additional work must be performed; the work may range from additional
code development to additional analysis to understand the phenomena.

9 Property conservation issues arise when two calculations of the same property are performed by a systems code using two
different algorithms or methods. This practice may follow in an effort to enhance the accuracy of the code result. Because the
two methods are likely to calculate slightly different values of the same property, e.g., pressure, property conservation must be
considered.
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Table 2. Code adequacy identifiers

Classifier Description

Excellent The calculation lies within or near the data uncertainty band at all times during
phase of interest.

Reasonable The calculation sometimes lies within the data uncertainty band and shows the same
trends as the data. Code deficiencies are minor.

Minimal Significant code deficiencies exist. Some major trends and phenomena are not
predicted. Incorrect conclusions may be drawn based on the calculation without
benefit of data.

Unacceptable A significant difference between the calculation and the data is present—and the
difference is not understood. Such a difference could follow from errors in either
the calculation or the portrayal of the data—or an inadequate code model of the
phenomenon.

e Scalability. Experimental scaling distortions are identified and isolated, e.g., inappropriate
environmental heat losses that stem from the larger surface-to-volume ratios that are
inherent to scaled facilities. Finally, an effort to isolate all code scaling distortions is
performed through the code assessment calculations. Scaling distortions may arise from an
inappropriate use of a correlation developed in a small-scale system when applied to a full-
scaled system.

343 Validation Process

Validation of the analysis tools, for example the systems analysis and CFD software, will proceed
using a process designed to include the expertise in not only the nuclear industry but the expertise
external to the nuclear industry when required. Participation by experts at the national laboratories
together with university experts and industry experts will ensure the software tools achieve the defined
objectives.

The process is centered on defining a validation matrix which serves as the foundation for a set of
standard problems for both systems analysis and CFD software. The validation matrix is assembled by
correlating the key phenomena identified in the PIRT for the most challenging scenarios with the
available data sets. If data sets are needed, but not available, then experiments will be designed and
performed to provide the needed data. The experiments will be specified to meet the standard required
for software validation, that is, with a reasonable uncertainty band and with a data range that either
includes the required validation range or can be scaled to include the required validation range.
Subsequently, the data sets become the basis for standard problems that will be used by the VHTR
validation community. The VHTR validation community consists of users in boxes 2 through 5 in Figure
3, i.e., the national laboratory users, the university community, the GIF community (including the vendor
community), and the community of users (who may be outside the nuclear community) for the software
being validated. This process is shown in Figure 10.

The process for specifying standard problems begins with the formation of a “Standard Prob