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EXECUTIVE SUMMARY

One of the great challenges of designing and licensing the Very High Temperature Reactor (VHTR)
is confirming that the intended VHTR analysis tools can be used confidently to make decisions, thereby
ensuring that all reactor systems are safe and compliant with the performance objectives of the
Generation IV Program. The research and development (R&D) methods defined in this technical program
plan will ensure that the tools used to perform the required calculations and analyses can be trusted. The
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 R&D methods presented in this plan focus on the development of tools to assess the neutronic
and thermal fluid behavior of the Next Generation Nuclear Plant (NGNP). The fuel behavior and fission
product transport models are discussed in the Advanced Gas Reactor Program Plan. Various stress
analysis and mechanical design tools will also need to be developed and validated, which will ultimately
be included in this technical program plan.

The calculational envelope of the neutronics and thermal-fluids software tools 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 results,
thought-problems, and data that describe the highly
ranked phenomena inherent in all operational
conditions and important accident scenarios for the

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

A 4

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

VHTR.

The R&D methods process is outlined in 4
Figure E-1. The requirements associated with Validation: Analysis tools are evaluated to determine
identifying the scenario, defining the Phenomena whether important phenomena can be calculated
Identification and Ranking Tables (PIRTs), + No
completing the required development, and Yes

performing the necessary validation studies must all Development: If

be completed before the required analyses can be important phenomena
performed with confidence. Yes [ | cannot be calculated
by analysis tools, then
further development is
undertaken.

The present status of methods to be used in
analyzing the VHTR is as follows:

e Software tools and methods needed to design and
analyze the VHTR do no meet the Generation IV
standards required for the NGNP. Considerable Analysis: The operational and accident scenarios that
validation and probably, development of the require study are analyzed
necessary tools, are required.

o The software capabilities needed to perform Figure E-1. PIRT informed R&D process.

NGNP licensing calculations to achieve
Generation IV system objectives need to be developed and validated.

a. 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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o The practices and procedures acceptable for both validating and developing the necessary software
tools for the NGNP need to 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 yet been identified, (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
instance, although systems analysis software has been validated for selected cases, a full validation has
not been performed, nor are the data available that will enable a full validation to be performed. Also, the
computational fluid dynamics software that will be widely used to analyze VHTR behavior has never
been used in large measure to audit, design, or license 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 R&D methods are being defined using the following
assumptions:

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

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

a. 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)

b. Reactor assembly cross-section preparation (the task of translating the fundamental data
characterized in area (a) into formats and states useful for analysis)

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

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

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

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

Fuel behavior

S

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 (Public Law 109-58, 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
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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.

Commercial companies such as Areva, Ltd and PBMR Pty, which are currently designing future gas-
cooled reactors, are still, in large measure, using legacy analysis tools to describe the operating and
accident characteristics of their designs, and they intend to use them for licensing purposes. Recent visits
of methods R&D personnel in the NGNP Design and Safety Methods Validation Program to Areva, Ltd
and PBMR Pty headquarters have fostered important interactions between commercial and national
laboratory researchers. These interactions have shown that ongoing R&D being performed at the national
labs is on track to produce high-quality NGNP design and evaluation tools that are independent of the
commercial companies and in keeping with Generation IV system objectives. These tools will not only be
available to the Department of Energy (DOE) and the U.S. Nuclear Regulatory Commission (NRC), they
may also be used by the vendors via agreements with DOE.

Between March and August 2006, NGNP methods R&D personnel interacted numerous times with
vendors and the thermal gas-cooled reactor community. In general, each of these meetings resulted in the
same findings.

The NGNP Design Methods Workshop was held in Salt Lake City, Utah on August 22 and 23, 2006,
to discuss the direction being taken in methods R&D planning. The audience consisted of technical staff
from the NRC, three national laboratories, two vendors, a consulting firm, and three universities. The
reactor physics and thermal fluids areas were about equally represented by the attending experts from
these organizations. The workshop was convened to review the research and development activities
presently ongoing in methods R&D as well as the future program plans. The discussion centered on
whether gaps exist between the program needs and the present R&D tasks/plans. If gaps were identified,
the workshop would then focus on how to eliminate them. Attendees determined that all of the identified
gaps, issues, and inadequacies are currently being addressed, either directly, by formulating the practices
and procedures to be used for planned verification and validation, or are planned to be implemented at
some stage. Further details are presented in Appendix B of this plan.

In general, methods R&D activities are divided into five distinct areas, as shown in Figure E-2: PIRT,
nuclear data R&D, neutronics methods validation R&D, thermal-fluids methods validation R&D, and
analysis and evaluation.



Form 412.09 (Rev. 10)

Idaho National Laboratory

NEXT GENERATION NUCLEAR PLANT |Identifier: PLN-2498
METHODS RESEARCH AND Revision: 1
DEVELOPMENT TECHNICAL Effective Date:  9/25/08 Page: vii of vii
PROGRAM PLAN
ajlor A g = ale 1 09 i
Phase 1 RBD
Phenomena identification and ranking (PIRT) EE

Nuclear data R&D
Heutronics methods validation R&D | |
Thermal-fluids methods validation R&D

Vendor Design Evaluation
PIRT
Analysis & evaluation

Phase 2 R&D and Final Analyses

PIRT .
Neutronics methods validation

Thermal-fluids methods validation %
VHTR analyses and confirmatory calculations —y—l—’—|—l

& Taszk completion

Figure E-2. General activities associated with methods R&D.

The highest-priority R&D for Fiscal Years 2007, 2008, and 2009 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 (PBRs), 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
methods R&D 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.
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1. INTRODUCTION

President George W. Bush signed the Energy Policy Act of 2005 on August 8, 2005
(Public Law 109-58 2005). As summarized on page 15 of the September 2005 issue of Nuclear News, in
the article “Compromise Energy Bill Becomes Law,” the nuclear provisions specific to the Next
Generation Nuclear Plant (NGNP) are as follows:

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 2006 through 2015, and such sums as are
necessary thereafter.

Research and development (R&D) specific to NGNP mentioned in the Energy Policy Act (2005) and
conducted to date is based on the gas-cooled Very High Temperature Reactor (VHTR) concept
promulgated in the Generation I'V technology roadmap (Generation IV 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 Role of NGNP Design and Safety Methods Validation Program

An important ingredient in the R&D spectrum that must be accomplished to make the NGNP a reality
is the development and validation of design and evaluation tools. 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 Safety
Methods Validation Program are software tools and the pertinent experiments for their validation, or the
benchmarking of these tools that will allow the plant operational and licensing requirements to be
calculated:

1. Specific analysis tools are needed for off-normal and accident conditions 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 enrichment), both initially and during reloads, and the
capability to calculate the burnup histories of each fuel element over its tenure in its prescribed
location are essential. The fuel in the pebble-bed reactor (PBR) begins its journey through the

b.  The Fort 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.

c.  End products are usually computer software, analysis reports, comparison with experimental results (physical benchmarks)
and procedures for performing these analyses.
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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 (3-D) 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-dimensional [2-D] or 3-D) for the
plant power conversion systems, for example an intermediate heat exchanger.

Specific analysis tools are needed for off-normal and accident conditions to calculate:

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

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

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

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

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

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

The fluid dynamics of potential water ingress scenarios.

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

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).

The trajectories of the released fission products and the fraction of the fission products that are
released to the out-plant environment.
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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 are, to date,
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 were incapable of calculating important local limiting parameters with
sufficient accuracy to reduce the safety margins to more desirable levels where the economics of the plant
operational, off-normal, and accident envelopes could be optimized. Until recently, the analysis tools and
the required boundary conditions (material properties and neutronics cross-sections) were unavailable,
preventing the required parameters (such as localized power distributions and localized wall
temperatures) from being calculated with a sufficiently low calculational uncertainty. This approach has
resulted in sustained operating temperatures and efficiencies below the Generation IV system goals.

The commercial companies (for example Areva, Ltd, General Atomics, Inc and PBMR Pty) 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 they intend to use them for licensing
purposes. Recent visits of Design and Safety Methods Validation Program personnel to the headquarters
of Areva Ltd, General Atomics, Inc., and PBMR Pty have allowed commercial and national laboratory
researchers to interact effectively (Schultz et al, 2006a, 2006b). The outcome of these interactions is that
it is clear that the products of the Design and Safety Methods Validation Program will be of use to the
vendors.

The Design and Safety Methods Validation Program will provide advanced, state-of-the-art tools that
are independent of those used by the vendors. Most of these tools, which include a mixture of commercial
software and software written in the national laboratories, are already available. Only limited tool
development is needed. The major cost remaining focus on software verification and validation (V&V).
The cost distribution is projected to be approximately $120M, with 16% for neutronics and 84% for
thermal-fluids.® Although $120M is the projected amount required to complete the entire scope of work
outlined by the Design and Safety Methods Validation Program, including software development,
benchmark activities, and actual physical experiments, the cost will be more than is 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 Design and Safety Methods
Validation Program is given in Chapter 2 together with a brief economic analysis.

d.  The cost distribution projections are heavily weighted towards the cost of required experiments. Once V&V of the NGNP
software is completed, the tools may be used by the vendors and will be available for use by DOE and the NRC.
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1.3 Qualification Process and Scenario Identification: Operational and accident
Planni ng Approach scenarios that require analysis are identified.

A 4

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

The process of identifying R&D needs and then
formulating plans is straightforward, even though there
are many unknowns and the process itself is iterative. The
process, shown in flowchart form in Figure 1, is a five I
stage process that consists of (1) identifying the scenarios | yajigation: Analysis tools are evaluated to determine
of importance, (2) identifying the key phenomena for the whether important phenomena can be calculated

scenarios of importance, (3) determining whether the 1 No
tools to be used to analyze the scenario progressions are Yes
adequate, (4) correcting or completing existing software Develo i
. pment:

and carrying out any software development that may be important phenomena
needed to ensure that the analysis tools are adequate, and Yes cannot be calculated
finally, (5) performing the required analyses. | by analysis tools, then

Presently, the status of the methods to be used for Lunrg;ertra(li(z\flopment .
analyzing the VHTR is:
e State-of-the-art software and advanced detailed v

methods are not ready to perform design and analysis | Analysis: The operational and accident scenarios that
to VHTR standards; the software tools require limited | require study are analyzed

1 i le validation. . .
development and considerable validation Figure 1. PIRT informed R&D process.

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

o 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.

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, even though 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
VHTR behavior, have never been used in large measure to perform auditing, design, or licensing
calculations for a nuclear plant.

1.4 Qualification Procedures Based on
NRC Regulatory Guide 1.203 Requirements

The U.S. Nuclear Regulatory Commission (NRC) describes a process in their Regulatory Guide 1.203
which 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 Guide 1.203
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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 methods R&D 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) in 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 generally known. The
assessment base (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; Chapters 4, 5, and 6 discuss these topics.

In summary, the methods R&D tasks are being planned and executed in compliance with the
approach, practices, and methodologies recommended in Regulatory Guide 1.203.

1.5 Quality Assurance

Although the approach, methodologies, practices,and procedures used to define and design the Design
and Safety Methods Validation Program follow Regulatory Guide 1.203, the Quality Assurance
standards, practices, and procedures that govern the Design and Safety Methods Validation Program are
those specified for INL and the U.S. Department of Energy (DOE), specifically, American Society of
Mechanical Engineers (ASME) Standard NQA-1.

Specific actions needed for the Design and Safety Methods Validation Program to meet NQA-1
requirements are proceduralized in PLN-2889, “Requirements for NGNP Methods Software Quality
Control” and in PLN-2888, “Requirements for Code Validation Experiments Performed in Support of
NGNP Methods.” These plans will be used to direct software validation activities performed at INL.
When validation activities are performed at other sites, such as other national labs or universities, those
sites will have the option of adopting the INL plans or creating their own corresponding procedures.
Should other procedures be developed, the Design and Safety Methods Validation Program manager or
designated alternate must approve the new procedure prior to use to ensure whatever procedures are used
conform to the quality assurance requirements of the NGNP Project.

INL PLN-2889 for software quality fulfills Regulatory Guide 1.203 requirements, but also relies
heavily on NQA-1 requirements. It applies to software modified, developed, or acquired by the Design

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

f.  Either certifying existing experimental data as being adequate or designing physical experiments that will provide high-
quality, acceptable data.
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and Safety Methods Validation Program to support DOE Office of Environmental Management validation
by federal agencies. It may be used to support audits and reviews performed by federal agencies, such as
the NRC and DOE.

The Software Quality Plan includes sections on problem reporting and corrective action,
configuration control, required reviews, software procurement and acquisition, and records management.
It includes roles and responsibilities and training requirements. It then follows the software life-cycle and
presents requirements by life-cycle phase. Lastly, it presents example forms for use in meeting the
documentation requirements stated in the plan.

INL PLN-2888 for validation experiments fulfills the requirements set forth in the Regulatory
Guide 1.203 and NQA-1. Similar to software activities performed by the Design and Safety Methods
Validation Program, the results are not intended for use by the program for nuclear plant design or
construction. However, due to the complexity and cost of experimentation, it must be done to the highest
standards so that other entities who may use the resulting data can be sure of its pedigree.

The Experiment Plan includes sections on configuration control, reviews, training, and roles and
responsibilities. It discusses calibration requirements, records management, and management of
discrepancies. The plan details the requirements for and contents of an acceptable experiment plan.

1.6 Review of NGNP Methods

Two techniques have been used to review the approach and plans of NGNP methods R&D over the
past year. The first reviews were done by two commercial vendors independent of one another: Areva Ltd
and PBMR Pty. Areva Ltd designs prismatic-type reactors and PBMR Pty designs pebble-bed type
helium-cooled thermal reactors. The reviews of these commercial vendors were in the context of a
dialogue between national laboratory staff members who visited the vendor faculties with the intent to
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) how to improve the NGNP Design and Safety Methods Validation
Program planning to date. The outcomes of these reviews are summarized in Chapter 3.

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 Design and Safety Methods Validation Program;
Chapter 3 defines the methodology for producing validated analytical tools for the analysis of the VHTR;
Chapters 4, 5, and 6 detail the planned research program in the three key areas of nuclear data
measurements, reactor kinetics and neutronics, and thermal-fluid behavior, respectively. Chapter 7
summarizes 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 Methods R&D tasks. Appendix E is published separately and is available on request with
the permission of the DOE.
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2. NGNP METHODS—THE KEY TO MAXIMIZING NGNP PLANT
OPERATIONAL EFFICIENCIES, MINIMIZING UNCERTAINTIES,
AND OPTIMIZING SAFETY MARGINS

Online 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—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 following discussion. Equivalent arguments apply to all 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 way that restrictions such as special precautions, operational procedures, or
equipment limitations 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 below the designed power level. In other cases,
the restrictions may translate to reducing the rate-of-change of an operational parameter in going from
one condition to another, thus increasing the operational transit time. In any case, such restrictions have
an economic penalty.

2.1 Conservative vs. Best-Estimate Analysis Methods

Figures-of-merit for the present fleet of light-water reactors (LWRs) 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 a prescription of sometimes arbitrary restrictions
(e.g., 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 reevaluations. The best estimate approaches have the advantage of
enabling the calculational uncertainties to be defined and quantified. However, one-dimensional (1-D)
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 1-D model results,
because of 3-D 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 VHTR Analysis Challenge

1-D techniques were usually adequate for calculating the plant thermal-hydraulic behavior of LWRs
because 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. 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 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, the 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 1-D 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. Since
the prescribed safety factors account for the large uncertainties inherent in the use of legacy tools to
calculate the localized core power distributions and maximum outlet jet temperatures, the VHTR will
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have to operate at a derated power condition as a function of the magnitude of the prescribed safety
factor.

2.4 Mission of the Design and Safety Methods Validation Program

The mission of the Design and Safety Methods Validation Program 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, core bypass, and 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 system design requirements.

2.5 Advantages of Advanced Analysis Tools

Advanced analysis tools offer the following advantages over older legacy analysis tools:

e Reduced design uncertainty and risk because localized conditions can be calculated with a known
uncertainty.

e Reduced design iterations and design costs because plant designers can more rapidly converge on
their desired design configuration with greater certainty.

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

e 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% 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 of the
percentage increase in power that 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 to 660 MWt, 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 the NGNP Methods Plan,
which may cost approximately $120 million® depending on the scope of work chosen for the methods
evaluation effort.

g $120 million is required to complete the entire scope of work outlined in the NGNP Methods Program, including software
development, benchmark activities, and actual physical experiments.
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The NGNP Design and Safety Methods Validation 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 Make 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 methods development and benchmarking include thermal-fluids modeling and experiments,
reactor physics, core kinetics and fuel management modeling, and some nuclear data enhancements.
These efforts will enable the NGNP plant designers to calculate plant safety margins and uncertainties,
and reduce the effect of licensing assumptions, thus producing a safer, more cost-effective design.
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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. The implementation methodology for methods
R&D consists of eight interacting activities shown in Figure 1 and expanded to show other supporting
activities in Figure 3, which are discussed in the remaining sections of this R&D plan:

Selection of the most challenging scenarios together with the dominant phenomena in each
(Section 3.1)

Internal validation of the software tools and data required to calculate the NGNP behavior in each
scenario (Section 3.3)

External validation of the software tools via non-NGNP Project nuclear engineering community
participation in international standard problems (Section 3.3)

R&D performed through Generation IV International Forum (GIF)-member and NGNP Project
collaborations centered in International Nuclear Engineering Research Initiatives (Section 3.3)

R&D performed through university and NGNP Project collaborations centered in Nuclear
Engineering Research Initiatives or GIF Project Management Board agreements (Section 3.3)

Software development when validation findings show that certain models are inadequate (Section 3.4)
Analysis of the operational and accident scenarios (Section 3.5)

Review of the global process and process ingredients using experts outside the program (Section 3.5).

1. NGNP Project Scenario Selection and Phenomena Identification: Phenomena Identification
and Ranking Table (PIRT) process used to select the scenarios and to identify the phenomena of
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Figure 3. Expanded description of methods R&D process.
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3.1 Scenario Identification and Phenomena
Identification and Ranking Tables

In accordance with Figure 3 and the project schedule, this section describes task work divided into
two phases: Pre-vendor/design selection, and Post-vendor/design selection. During Phase 1, scenarios are
identified for plant duty cycle events pertaining to two generic designs: a pebble-bed reactor design and a
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 that 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 publically 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 NRC. Two stages are envisioned: phenomena
Identification and Ranking Tables (PIRTs) will be generated during the conceptual design stage with the
conceptual design and, as the design proceeds to the final design stage, finalized PIRTs will be generated
for the final design. This will all be closely collaborated with the vendor.

3.1.1 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. Various aspects of the core
behavior must also be modeled, including:

e Operational characteristics of the TRISO fuel throughout the VHTR’s life cycle, e.g., the fuel
temperature profile, the migratory characteristics of the fuel kernel within the fuel microsphere, 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)

e Fuel power distribution as a function of exposure in both the fuel compacts or balls pebbles and in the
microspheres

e 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, and vessel wall

e 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

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

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

The highest-priority R&D for fiscal years 2007, 2008, and 2009 is aimed at properly calculating the
thermal-fluid conditions in the “hot channels” and mixing them in the lower plenum during normal
operation.
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The full spectrum of possible accident scenarios of importance is not fully defined, since it is
dependent on the presently undefined VHTR design, but, on the basis of the work done to license the Fort
St. Vrain (FSV) and AVR reactors, it is known that the following scenarios, at a minimum, must be
analyzed, as indicated in the FSV Final Safety Analysis Report (FSAR):

e 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 in.? area break).

e Design basis accidents (assuming that only “safety-related” systems can be used for recovery):
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

e o o

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
Large break LOCA

Small break LOCA.

0 oo

—

On the basis of the experience of gas-cooled reactor designers and experimentalists (Ball 2003 and
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

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.

A detailed PIRT cannot be completed because the specific VHTR design has yet to be selected.
However, during the interim, a first-cut PIRT has been used 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
observations from seasoned gas-cooled reactor experts and engineering judgment; these factors were used
by a team assembled to define the first PIRT for the prismatic and PBRs—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
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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.

Table 1. PIRT results for normal operation, PCC, and DCC scenarios.

Scenario | Upper Plenum Core RCCS Lower Plenum
Normal e Flow Reactivity feedback behavior Heat transfer at ¢ Flow distribution
operation distribution Core configuration (bypass) opergt%onal ¢ Heat transfer

conditions

e Pressure drop

Pressure drop
Heat transfer
Flow distribution

Power distribution

Natural circulation in
cavity

e Thermal striping

e Jet behavior

DCC e Mixing and Thermal radiation and Laminar-turbulent e Thermal mixing
stratification conduction of heat across the transition flow and stratification
e Hot plumes core Forced-natural mixed |® Flow distribution
e Thermal Axial heat conduction and convection flow o Air ingress
resistance of radiation Heat transfer—
structures Natural circulation in the radiation and
reactor pressure vessel convection in duct
Air and water ingress
Potential fission product
transport
Power distribution
Core configuration
Decay heat
Flow distribution
Material properties
Pressure drop
PCC e Mixing and Thermal radiation and Laminar-turbulent e Thermal mixing

stratification
e Hot plumes

e Thermal
resistance of
structures

conduction of heat across the
core

Axial heat conduction and
radiation

Natural circulation in the
reactor pressure vessel

Power distribution
Core configuration
Decay heat

Flow distribution
Material properties

Pressure drop

transition flow

Forced-natural mixed
convection flow

Heat transfer—
radiation and
convection in duct

and stratification

e Flow distribution
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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 3-D 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 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. It has also 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%. It is
therefore 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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Figure 4. Computational fluid dynamics calculation of mixing in lower plenum (Courtesy of Fluent
Corp).
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31.4 Bypass

Bypass flows through the reflector regions in both pebble-bed and block reactors and between the
blocks in a block-type reactor. Because the quantity of bypass flow is a direct function of the 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 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 2*°Pu, **'Pu, and ***Pu 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.

In addition to improvements in the cross-section data to increase the accuracy of the neutronics
calculations, the anticipated high burnup level and concomitant increase in plutonium inventories require
improvements in cross-section processing methods. These improvements are needed in the treatment of
resonances 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 better account for the
heterogeneity on two scales in the VHTR: 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. Furthermore, the neutronically-
optically thin core regions and the surrounding reflectors imply that, in the preparation of data for use in
few-groups whole-core models, the homogenization-condensation step must account for spectral
interpenetration between zones. 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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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.

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 not only 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, depending on the scenario
assumptions, for air and water ingress into the core in perhaps harmful quantities. 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 and a far 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.
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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 suite
of software tools and associated data libraries. For some calculational needs, more than one software tool
may sometimes 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. These 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.

a. Material cross-section b. Preparation of c. Whole-core analysis (diffusion
compilation and P homogenized cross P .| ortransport), detailed heating
evaluation sections calculation, and safety

parameter determination
A

A 4

e. Models for balance-of- d. Thermal-hydraulic and thermal-
plant electrical generation | .| mechanical evaluation of
system and hydrogen system behavior

production plant

A 4

g. Fission product transport | f. Fuel behavior and fission
product release

Figure 7. Calculation process.

1. 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 ***Pu, *'Pu, and ***Pu are particularly important at high burnup. Improved
cross section data are ultimately incorporated into the Evaluated Nuclear Data Files (ENDF)
maintained by the U.S. National Nuclear Data Center. These data are subsequently processed to
produce input libraries useful in reactor analysis software.

2. Preparation of homogenized cross sections. Before it can be used for a specific reactor application,
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 1-D or 2-D 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
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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.

Whole-core analysis (diffusion or transport), detailed heating calculations, and safety parameter
determination. Nodal diffusion-theory codes, such as DIF3D and the INL-developed code PEBBED,
which is designed specifically for pebble-bed reactor simulation, will be the centerpiece production
codes to perform NGNP reactor core analyses. Similarly, for the prismatic block cores, a nodal solver
in hexagonal-z geometry, such as DIF3D or HEXPEDITE, will be used. 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. Multigroup cross section data generated
in the reactor assembly cross section preparation step (Step b above) will be provided to the nodal
diffusion code.

The PEBBED code suite seamlessly integrates all the functions required of a fuel management
analysis code, including online re-homogenization (to account for the spectrum interpenetration) and
depletion modeling. At INL, the planned hexagonal-z analogue will use the same architecture, albeit
the nodal solver will be a hexagonal-z solver. The possible choices for the solver are HEXPEDITE,
PARCS, NESTLE, and The DIF3D-VARIANT, which 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 upper left center of Figures 8a and 8b, 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. The
CYNOD code, a time-dependent implementation of the PEBBED code, which has been coupled to
the RELAPS5-3D code, will be used for the pebble-bed concept.

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
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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 3-D 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.

5. 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).

6. 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).

7. 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, 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 above is shown in the flow chart (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 Steps a—e. For
example, scenarios that do not include a loss of coolant, such as a pipe break, usually would not require

h. Software used to model plant processes for multiple industries. ASPEN may be used to model a reactor balance-of-plant.
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calculation of fission gas transport (Step g). In addition, if the neutronics has been thoroughly calculated
for the reactor system operating condition (Steps a—c), then a multitude of reactor system calculations can
be performed using the evaluated reactor power state at time zero, and, hence, calculations made in Steps
a through ¢ 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 Steps d and e.

Figures 8a and 8b identify the software associated with each step in Figure 7 for the pebble-bed and
prismatic block reactors, respectively.
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Figure 8a. Application of process to pebble-bed candidate designs for NGNP with applicable software.
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Figure 8b. Application of process to prismatic candidate designs for NGNP with applicable software.

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.

3.3.1 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 analyses will already have been subjected to a
variety of code verification tests. What will be required is documentation of these tests.
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Only 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
certification (Johnson et al. 2006). The code verification must also include some data on the effect of
iterative convergence criteria on numerical results (see Section 3.3.3, “Reduction of Numerical Error” 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
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 been learned about what not to do when using computational techniques for numerical analysis.
These lessons-learned 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
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 (c) in transient calculations phase error must be assessed and
minimized.

Grid independence is the process of refining the grid from the starting point until numerical results
stop changing or change by negligible amounts. Theoretically, the results will continue to change until the
grid spacing approaches 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 estimates 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.
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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 reduction in residual from the initial
condition, as required in Freitas et al (2003), then another calculation with 10 will be required, and the
sensitivity f’10 will be stated as the normalized % change in f per decade of change in iteration tolerance.

fio =8 =[/107) = 10 £,,, x100% (1

The normalization can be based on f norm = f(10~) 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.

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. Other practices
that reduce numerical error are certainly 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 this section.

Knowledge
of Physics
Are data

applicable? What is known?

Scaling Analysis
of Collective
Experimental Data
Base

Performance Measurement

Agreement with Data:
- Excellent

- Reasonable

- Minimal

- Insufficient

What is good
enough?
Adequacy
Decision

. What is
How well did code do? Identification and
. Ranking Tables
Theory Manual Code Validation. Significant (PIRT)
|nadequacy?\

Full: Partial:

Developmental ¢ Closure
Assessment Report: (Br,';‘;‘i’;':e'ﬁp) No
Fundamental and - J7es Correct
Separate Effects Tests - ?Pp"."ab"“y <+ Code
) - Fidelity
(SET) Validation - Scalability Inadequacy

¢ Integrated Code
(Top-down)

i - Governing Eqs

- Numerics

- Applicability

- Scalability

Models and Correlations
Applicability
Theory Manual

Numerics Report
SET Validations

(IET) Validations
Figure 9. VHTR system design software—elements of adequacy evaluation and acceptance testing
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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 in textbooks, laboratory reports, papers, etc. The uncertainty data used to
bound the correlation(s), data, and approximations such as instrumentation and data system uncertainties
must be included in the documentation. 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, 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 to:

o Build experimental facilities that model the desired full-scale system

o Closely match the expected behavior of the most important transient phenomena in the scenarios of
interest

e 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 Relate a calculation of a scaled facility to a calculation of a full-scale system.

Scalability studies are usually performed to scale key parameters for a portion of the system behavior,
not to correlate 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 nondimensional 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, based on
nondimensional 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.
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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.

Numerics. Evaluation of the numerical solution considers convergence, stability, and property
conservation.' Again, agreement by the scientific community on acceptable convergence, stability,
and property conservation must be obtained.

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.

Applicability. The code must be shown to be capable of modeling the key phenomena in the system
components and subsystems by conducting thorough validation studies. The key phenomena are
identified in the 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 by 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, additional work must be performed,
which may range from additional code development to additional analyses if needed to better
understand the phenomena.

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.

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 such as pressure, property conservation
must be considered.
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o 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 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-scale system.

3.4.3 Validation Process

Validation of the analysis tools (e.g., 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 that 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, 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 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: national laboratory users,
university community, 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.

Standard Problem Committee—Committee formed by
VHTR Program Group, consultants, and GIF Methods
Project Board Members. Standard problems defined in
accordance with phenomena identified in PIRT for
design of interest.

Set of Standard Problems defined by
Committee submitted to Oversight Committee
for distribution.

Standard Problem Oversight Committee:
Defines process for performing standard
problem by exercise participants, evaluates .
results, and publishes results. Committee

consists of CFD industry experts (some non-
nuclear). Practices followed stem from CFD
Committees of ASME Fluids Engineering
Division and Nuclear Engineering Division best
practice guidelines and used in ASME Journal of
Fluids Engineering.

Publish results of
standard problems in
ASME Journal of
Fluids Engineering

Standard Problem Completed Standard Problem
submiitted o participants._ submitted to Oversight Committee

Standard Problem Participants: Participants perform standard
problems using practices and procedures defined by Standard
Problem Oversight Committee. Once completed, the results of
the exercise are submitted to the Oversight Committee for
evaluation.

Figure 10. Validation process, including participation by experts from the national laboratories,
universities, vendors, and the community specific to the software undergoing validation.
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The process for specifying standard problems begins with the formation of a “Standard Problem
Committee” (presently being formed through the auspices of the GIF Methods Project Management
Board). The Standards Problem Committee will consist of members from selected universities, the VHTR
Program Group, GIF organizations, and the vendors. The standard problems will be defined to meet a
prescribed standard.

The validations performed using standard problems will be assigned to those who will perform
validation exercises by the “Standard Problem Oversight Committee” who will also formulate the
practices and procedures that will be used for performing the validation calculations. This committee will
be composed of experts in the use and validation of the software. For example, one of the committee
members for the CFD Standard Problem Oversight Committee will be an expert selected by the ASME
CFD Technical Committee, which was previously responsible for the well-known CFD Triathlon in the
90s, who will not necessarily be a member of the nuclear community. Other members will be from the
VHTR Program Group, universities, and perhaps the vendors. Following assignment of the standard
problems to the participants, the committee will also oversee the final review and publication of the
validation studies in the literature as shown in Figure 10 above.

3.5 Software Tool Selection and Software Development

3.5.1 Software tool selection

When confronted with the need to calculate some of the phenomena that will be encountered in the
VHTR scenarios, it is inevitable that analysts will be required to choose one software tool over another.
This will be particularly true of systems analysis software (for example, GRSAC, MELCOR, and
RELAPS; see Figure 8 above). To assist the analyst in formally choosing software, a methodology is
given in Figure 11 where a flow chart summarizes key factors and questions such as:

e Has the software ever been used to analyze the phenomena or scenario? By answering this question
the analyst may be introduced to references and other experts who have applied the software to
similar phenomena or scenarios. Hence a body of useful information may be available.

e Are the phenomena modeled properly? And does the model region of applicability correspond to the
system phenomena or scenario envelope? These questions may be most easily answered by using the
required manuals and documentation identified in Figure 9 above, e.g., models and correlations,
theory manual, scaling relationships and applications, developmental assessment reports, validations.

e Have validation studies been completed for the phenomena or scenario? Were the validation results
reasonable or excellent (as defined in Table 2)—or were the results minimal or unacceptable? If a
body of validation results are not available, or if the validation results were not “reasonable” as a
minimum, then either the software should not be used or it should be validated to ensure that the
calculated results are reliable rather than misleading.
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2. Has software
been used to

analyze phenomena
or scenario before?

Evaluate desirability of
using this software for
required analysis

1. Phenomena or
scenario that
requires analysis

3. Are the phenomena
modeled properly? Does
the model region of

applicability correspond to
the system phenomena
or scenario envelope?

No

N
Evaluate desirability of
using this software for
required analysis

A

4. Have validation
studies been completed
for the phenomena or
scenario? Was the
validation result
reasonable or excellent?

No

Proceed with analysis

Figure 11. Flow chart to evaluate applicability of analysis software.

Only when acceptable answers are obtained for the questions listed above, can the software under
consideration be used for the required analysis with confidence.

3.6 Analysis of Operational and Accident Scenarios and Expert
Review

Throughout the process outlined in Figure 3 above, when the program achieves key goals or has
specific needs for guidance or direction, an expert review will take place. The review may occur in many
ways, including a NERAC review, specially convened workshop, etc.

During fiscal year 2006 several reviews of the Design and Safety Methods Validation Program were
performed. Program personnel met with staff members of PBMR Pty and Areva Ltd. Finally, a methods
workshop was held in Salt Lake City in August 2006 to review the NGNP methods R&D plans.
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3.6.1 Summary of Meetings with PBMR Pty and Areva Ltd

Design and Safety Methods Validation Program personnel visited PBMR Pty engineering offices in
late March and early April 2006 and Areva Ltd engineering offices in July 2006. In both visits program
personnel gave extensive presentations reviewing the ongoing R&D at the national laboratories.
Information was interchanged at both meetings. A number of specific potential collaborations were
identified for further discussion. These potential collaborative efforts are still under discussion and the
notes are available to interested parties.

3.6.2 Summary of Methods Workshop in Salt Lake City

The NGNP Design Methods Workshop was held in Salt Lake City, Utah on August 22 and 23, 2006,
to discuss the direction being taken in methods R&D planning. The audience was comprised of technical
staff from: Areva Ltd; Westinghouse, Inc, Technology Insights Inc, NRC; Oregon State University,
Massachusetts Institute of Technology, University of Idaho, ANL, INL, and Oak Ridge National
Laboratory. The experts from these organizations were about equally divided between the reactor physics
and thermal fluids areas.

The workshop progressed by first discussing the gaps and then addressing how those gaps might be
eliminated or minimized. The gaps refer to whether or not the software tools under consideration are
capable of calculating the phenomenon of interest. If the software isn’t capable of calculating the required
phenomenon, the discussion centered on what sort of planning is ongoing to ensure the software tools
under consideration are either replaced by software that can perform the necessary calculations or are
being validated adequately. Following a set of presentations designed to acquaint the workshop
participants with NGNP methods R&D planning to date, the workshop was divided into two groups that
addressed reactor physics and thermal-fluids behavior, respectively.

The tools discussed under the heading of reactor physics fall into two groups: tools for the calculation
of reactor physics parameters and tools for the analysis of pebble flow mechanics. The first group
includes tools for both pebble-bed and prismatic reactors, the second group only includes tools applicable
to the pebble-bed. The parameters to be calculated by each group of tools are listed below:

The Group I tools calculate reactor physics parameters, including: multiplication factor, reactivity
worths and swing, reactivity coefficients, flux distribution, fluence distribution, power distribution, point
kinetics parameters, fuel burnup distribution, and nuclide density distribution. The Group II tools address
pebble flow mechanics and describe pebble flow patterns.

For each of the parameters listed above, comments were recorded for each of the following categories
of tools (The outcome of the discussions on these tools and parameters are given in Appendix B.):

e ENDF data processing tools

e Stochastic capabilities

e Lattice-cell tools (for preparation of multi-group cross sections)
e Whole-core analysis tools (multi-step design approach)

e  Whole-core analysis tools (spatially heterogeneous modeling)

e Source term/decay heat determination

e Coupled neutron-gamma calculation



Form 412.09 (Rev. 10)

Idaho National Laboratory

NEXT GENERATION NUCLEAR PLANT |Identifier: PLN-2498
METHODS RESEARCH AND Revision: 1
DEVELOPMENT TECHNICAL Effective Date:  9/25/08 Page: 31 of 188
PROGRAM PLAN

e Spatial kinetics calculation

o Integral data for validation.

The tools discussed under the heading of thermal-fluids behavior fall within three groups:
computational fluid dynamics, systems analysis, and severe accident software. Of these software types,
CFD software can be used to analyze the fluid dynamics in any portion of the NGNP. The specific
strength of CFD is its capability to analyze the presence and location of localized hot spots and thermal
gradients. The largest impediment to using CFD is the computational requirements and the size of the
problem that requires analysis. Systems analysis software (such as RELAPS5) can also be used to analyze
the fluid dynamics in any portion of the NGNP, but only 1-D analyses can be performed with high-
fidelity. GRSAC is a very fast-running code that is ideal for performing scoping calculations that describe
not only core temperature distributions and other important temperature distributions (e.g., vessel
temperatures and confinement material temperatures) as a function of time, but also graphite oxidation
calculations due to air ingress. MELCOR is also a fast-running code that will be used to calculation
fission product transport from the vessel into the reactor confinement.

Presently, all the gaps, issues, and inadequacies identified by workshop participants are being
addressed either directly by formulating the practices and procedures that are to be used for planned V&V
or are planned to be implemented at some stage by the Design and Safety Methods Validation Program.
Further details are given in Appendix B.

The final stage in the Methods R&D process is the performance of the required analyses and
calculations to meet the needs identified by DOE and the VHTR program. Presently, these needs have not
been defined, except from an overall perspective.

3.6.3 Summary

The practices, procedures, and methodologies described in this section provide the mechanism for the
Methods R&D Program to achieve its required objectives. Although some software development has been
identified and is ongoing, it is clear that the great bulk of the work resides in verifying and validating the
array of software tools required to analyze the behavior of the NGNP at operational, off-normal, and
accident conditions. A spectrum of physical experiments is required to enable proper validation of the
applicable software. The distribution between the work required in the reactor physics area and the
thermal-fluids area is estimated to be approximately 16% and 84%, respectively.
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4. NUCLEAR DATA: INTEGRAL EXPERIMENT EVALUATIONS,
SENSITIVITY STUDIES, AND DIFFERENTIAL CROSS SECTION
MEASUREMENTS

Integral benchmark experiment data for existing critical configurations that are neutronically similar
to contemplated VHTR designs are required for physics code validation and quality assurance, both as
part of the reactor design process and for licensing applications. Modern computational simulation
techniques for reactor physics are capable of very high accuracy, and can, in some cases, replace
significantly more costly mockups and critical experiments, but only if the accuracy of the simulation is
carefully established by rigorous validation of physics codes against appropriate integral experiment
physics data. In addition, mathematically rigorous sensitivity studies for representative VHTR core
designs are required as an aid in guiding the design of any needed critical experiments that cannot be
replaced by simulations (because experiments with sufficient similarity are determined to be unavailable),
and perhaps most importantly, for quantification of the propagation of uncertainties in computational
simulations due to uncertainties in the underlying nuclear data and other parameters that make up the
input to the simulation models.

Finally, high-accuracy differential nuclear data (nuclear cross section) libraries are required as input
for all computational reactor physics tasks associated with VHTR design, licensing, and subsequent
operation. Any simulation is only as accurate as the input data, and in the reactor physics field, the
differential nuclear cross sections for the various materials used in the reactor constitute the most
fundamental and crucial input information needed for the computational simulation process. For example,
computational studies performed at INL show that for a reference prismatic VHTR fuel design, an
uncertainty of as little as 10% in the ***Pu capture cross-section can lead to uncertainties in system
reactivity of as much as 500 pcm absolute reactivity because of the propagated uncertainty in **'Pu
buildup. This is an indication of high sensitivity to this particular cross-section. Furthermore, earlier
integral-experiment-based code validation studies performed and published by INL (Sterbentz 2002 and
Sterbentz and Wemple 1996) for low-enriched fuel with thermal or slightly hyperthermal neutron spectra
representative of typical VHTR designs show that computations of the inventories of the plutonium
isotopes of interest can vary by as much as 30% from corresponding measurements at burnups of less
than one-third of what is contemplated in a baseline VHTR scenario. Such discrepancies can propagate in
a way that has major effects on the uncertainty of computed safety-related reactor parameters such as
reactivity and Doppler feedback.

The following three sections describe the near-term key VHTR-related needs, planned activities, and
key milestones in these three areas.

4.1 Integral Neutronic Parameter Evaluations for V&V and
Assessment of Needs for New Measurements

Design and safety analysis calculations for the VHTR will require calculation of k-effective, neutron
flux distribution, and reaction rates and cross-sections, along with quantities that can be derived from flux
and cross-sections such as depletion and power distribution. To confirm that analysis codes can predict
these quantities with sufficient accuracy, the codes must be benchmarked against experimental
measurements made in the closest possible conditions to those expected in the VHTR. Conditions
relevant to benchmarking VHTR codes include geometry, fuel type, and, for a pebble-bed-type
experimental facility, whether it achieved an asymptotic state. Code-calculated quantities to be compared
with experimental data include k-effective, flux distributions (where measured values are available), and
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spectral indices (key reaction rate ratios used to determine whether the neutron energy spectra are
comparable). Finally, a key concern in selecting appropriate benchmarks is related to whether the required
data are readily available from an experimental facility.

411 Integral Experiment Assessment for VHTR Methods Validation Applications

Code packages are typically verified and validated. Verification is the assurance that the code actually
performs as designed, that is, it accurately solves the equations that represent the physical phenomena
occurring in the systems. Verification is typically accomplished using models, software inspections, and
by comparing code solutions to analytical solutions for simple problems, or to solutions from previously
verified and validated codes, or to solutions from higher fidelity codes. Validation gives the assurance
that the models employed can provide physically valid representations of the system characteristics and
can be used to derive core parameters. Validation is usually accomplished by comparing calculated results
to experimental measurements or results of other computational models that have already been validated
against relevant measurements.

In FY 2004, ANL and INL examined information on several past and present experimental and
prototypical facilities based on High Temperature Gas Reactor (HTGR) concepts that could potentially be
used as the V&V basis of codes employed in the design and analysis of the VHTR cores. A preliminary
assessment of the applicability of the existing test data for benchmarking the pebble-bed and prismatic
block-type cores was performed as part of that effort (Terry et al. 2004). The experiments assessed
included.

e Pebble-bed type cores: ASTRA, AVR, CESAR II, GROG, HTR-10,
HTR-PROTEUS, KAHTER, SAR, and THTR

e Prismatic block-type cores: CNPS, DRAGON, FSV, GGA HTGR Ceriticals, HITREX-1, HTLTR,
High-Temperature Test Reactor (HTTR), MARIUS-IV, Peach Bottom HTGR, Peach Bottom
Criticals, SHE, NESTOR/HECTOR, and VHTRC.

Tables 3 and 4 compare the facilities discussed above with respect to various qualities desired for use
in benchmarking computer codes. One of the column headings has different meanings in the two tables. A
PBR operating at constant power for a sufficiently long time (on the order of 2 or 3 years) will approach
asymptotic distributions of neutron flux and compositions. In principle, except to replace radiation-
damaged reflector components, the PBR never needs to be shut down, so these asymptotic distributions
will be approached more and more closely as time goes on. Prismatic-type reactors are batch-loaded so
the compositions change continuously with time. They do not approach asymptotic distributions as PBRs
do, and operation is interrupted at intervals of roughly two years for fuel removal, shuffling, and
replacement. However, after several operating cycles, the distribution of compositions at cycle startup
approaches an asymptotic configuration. The column heading “Asymptotic State or Zero-Power Startup”
refers to the true time-independent asymptotic configuration for PBRs, but to the cycle-independent
startup configuration for prismatic-type reactors.

Trends were observed in the experiments that were performed in the various facilities investigated. It
was found that most of the experiments for block-type cores were performed in the United States, while
those on pebble-bed cores were done predominantly in Europe. Most of the early U.S. experiments used
highly enriched uranium. This was not typically the case for the European experiments. Experiments are
currently being performed for both pebble-bed and block type cores in Asia (Japan and China) as well as
in Russia. Under this VHTR program element, we will have the opportunity to influence the direction of
these experiments in a way that enhances the specific benefit to the VHTR effort.
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Table 3. Comparison of facilities for Pebble-Bed type cores for benchmarking models.

Asymptotic state

Facility or Zero-power Availability of
(Country) Geometry Size Fuel type startup data Priority
ASTRA Annular, but | Small As desired Zero-power Existing facility; | High
(Russia) not startup data can be
azimuthally obtained
symmetric
AVR Cylindrical | Short; radial | Various; some Both Limited High
(Germany) extent low-enrichment
appropriate | TRISO
CESAR 11 Hexagonal | Small Low-enriched Zero-power Neutronics data Medium
(France) Uo, startup exist
GROG Cylindrical | Short; radial | As desired, but | Zero-power Existing facility; | Medium
(Russia) or annular extent very low packing | startup data can be
appropriate | fraction obtained
HTR-10 Cylindrical | Small Low-enriched Both Existing facility; | Highest
(China) TRISO data can be
obtained
HTR- Cylindrical | Small LEU pebble-bed |Zero-power PSI and IAEA High
PROTEUS fuel would need to be
(Switz.) contacted
KAHTER Cylindrical | Small Uncertain Zero-power Uncertain High
(Germany) startup
SAR Cylindrical | Small Probably low- Zero-power Limited data were |Low
(Austria) enrichment startup obtained for this
TRISO special-purpose
test
THTR Cylindrical |Large Thorium- Most data for zero | More data Medium
(Germany) uranium power; reactor available for zero-

presumably
achieved steady
state

power startup than
operating
conditions
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Table 4. Comparison of Facilities for Prismatic Block-Type cores for Benchmarking Models.
Asymptotic
Facility state or zero- | Availability of
(Country) Geometry Size Fuel type power startup data Priority
CNPS Cylindrical Small LEU Zero LANL data High
(USA)
DRAGON Hexagonal Small HEU/Th Both Data must be Low
(England) retrieved from
U.K./OECD
Fort St. Vrain Cylindrical Large HEU/Th Both Data is GA Medium/High
(USA) proprietary
GGA HTGR criticals | Cylindrical Small HEU Zero Data is GA Medium/High
(USA) proprietary
HITREX-1 Hexagonal Small LEU fuel Zero U.K. nuclear Medium/High
(USA) data
HTLTR Block Small Pu-Th fuel Zero PNNL data Low
(USA)
HTTR Cylindrical/ | Small LEU fuel Both Existing High
(Japan) Annular facility; data
can be obtained
MARIUS-IV Unknown Small HEU-Th Zero Unknown Low
(France)
Peach Bottom HTGR | Cylindrical Small HEU/Th Both Data is GA Low
(USA) proprietary
Peach Bottom Cylindrical Small LEU/Th Zero Data is GA Low
Criticals proprietary
(USA)
SHE Hexagonal Small LEU fuel Zero JAEA data Medium/High
(Japan)
NESTOR/HECTOR | Square and Small LEU fuel Zero and U. K. nuclear | Medium/High
(England) cylindrical elevated data
temperatures

VHTRC Hexagonal Small LEU fuel Zero JAEA data High
(Japan)

HTGR core designs have evolved to improve system economy and safety. The current basic VHTR
concepts of interest include both the prismatic (fixed-fuel) design as well as the pebble-bed (moving fuel,
continuous online refueling) design. Both concepts have many different technical aspects compared to
those of the early HTGRs. These differences limit the applicability and usefulness of the existing
experimental data to VHTR core designs. Additionally, in the case of the data produced on national or
commercial bases, the availability of those data might be quite limited.

The 2004 assessment revealed that the VHTR systems under development in the Generation [V
program differ in significant ways from previous high-temperature reactors (thorium utilization, highly
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enriched fuel, BISO versus TRISO fuel, thermal efficiency, operating temperatures, etc). These
differences limit the applicability and direct usefulness of some of the existing experimental data for
NGNP core designs. It was acknowledged that the availability of the data produced on a commercial basis
or by foreign governments might be limited. An effort was made to identify experimental tests of the
highest priority, recover the data for those cases, and then develop standard problems (benchmarks) that
are of sufficient quality for use in the licensing of the VHTR analysis codes. A set of criteria employed to
judge the relevance of the different tests included: purpose of the previous experiment, geometry of core,
fuel forms, core materials, physics parameters measured, measurement state, availability of design and
uncertainty data, and applicability of data to V&V. Based on these criteria, the experiments judged to be
of the highest priorities are:

e ASTRA, AVR, High Temperature Gas-Cooled Reactor-10 (HTR-10), HTR-PROTEUS for the
pebble-bed cores

e HTTR, VHTRC, and CNPS for the prismatic block-type cores.
Further information resulting from this assessment and some follow-up studies is summarized below.

The AVR core was used for many experiments pertinent to the development of high temperature
reactors (HTRs). During its lifetime, the core was loaded with a variety of fuel pebbles of different types
and enrichments, which were generally mixed in the approach to equilibrium loading for a given fuel
type. Consequently, there was never a clean core that would provide the well-characterized, quality data
required for benchmarking reactor physics codes. This is explained by the fact that the AVR was a power
reactor (46 MW?1) built for integrated demonstration of HTR concepts; nonetheless, this experiment
remains of high importance precisely because some data for at-power conditions may be available.

The ASTRA, HTR-PROTEUS, and HTR-10 test data would, however, be directly useful to the
validation of tools being developed for the analysis of the pebble-bed VHTRs. These experiments include
those with an inner reflector similarly to the design of current VHTRs. The attraction of ASTRA and
HTR-10 is that they are facilities in which additional experiments could be performed, if necessary, under
international collaborations. The HTR-PROTEUS experiments performed in the 1990s offer very clean
data for evaluating the performance of codes for VHTR analysis. Collectively, it appears that the data
offered by these facilities would be adequate for the V&V needs of tools for pebble-bed cores.

Preliminary evaluations of the existing physics experimental data for these cores (particularly
ASTRA and HTR-10) indicate that the pertinent uncertainty data for specifying detailed benchmarks
might be inadequate. In that case, options would include (1) obtaining the pertinent data from the
institutions that originally performed the experiments, (2) arranging for additional well-characterized
experiments to be performed in the ASTRA and HTR-10 facilities, or (3) reconfiguring the PROTEUS
core as a pebble-bed core and performing experiments for VHTR designs; PROTEUS is currently
configured for LWR experiments. The approach of reconfiguring cores could also be considered for one
of the existing national laboratory or university reactors in the United States.

Startup test data for the FSV reactor core would appear to be directly useful for the validation of
reactor physics tools for VHTR cores. It has, however, been found that there are differences in core
designs that result in deficiencies in the data required for V&V of tools for prismatic VHTRs: the FSV
core used thorium-uranium fuels, while low enriched uranium fuels are being considered for the NGNP;
the FSV core did not use an annular core design typical of all the VHTR cores being considered for the
NGNP; the annular core has been found necessary to meet the passive safety design goal of the NGNP;
and the arrangement of control rods in the two cores is different. The prismatic VHTR design employs
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separate safety and regulating rods. The regulating rods are deployed asymmetrically in the radial
reflector blocks in these designs, which make determining their reactivity worths quite difficult for
deterministic neutronics codes; safety rods are also placed asymmetrically in fuel blocks. While stochastic
Monte Carlo tools could be used as reference solutions against which the deterministic tools (typically
used for routine calculations) could be qualified, there would still be a need to validate both types of
codes to allow their use in the design and safety analyses of VHTR cores. Thus, the FSV data are
insufficient for qualifying physics tools for VHTR designs.

The most pertinent data for prismatic VHTR analyses are the experiment test data derived from the
VHTRC and High Temperature Engineering Test Reactor (HTTR) experiments. The two facilities are
based at the Japan Atomic Energy Agency (JAEA, formerly JAERI) in Japan. The VHTRC critical
experiments were used to support the development of the HTTR experimental power reactor (30 MWt).
Preliminary evaluations of the HTTR and VHTRC data using Monte Carlo and deterministic codes show
differences between measured and calculated core criticality values (greater than 1% in k.g). These
differences can only be resolved by the availability of all pertinent experimental data. Access to the
experimental data would have to be negotiated under the GIF. The usefulness of the VHTRC and HTTR
data for confirming prediction of power peaking at the core reflector interfaces in prismatic VHTR
designs is unclear. The initial criticality of the HTTR was obtained with an annular core. The active core
thickness and core dimensions of this core are however not representative of the actual prismatic VHTR
designs. The JAEA plans to conduct experiments with annular cores at the HTTR facility in the late
2000s. The NGNP program could participate in the planning and performance of these experiments.
Finally, an initial evaluation of the CNPS experiments at Los Alamos (Taiwo et al. 2005) indicates that,
although it was difficult to quantify the uncertainty in the experimental core integral parameters arising
from data uncertainties, high-fidelity models of the evaluated configurations could be useful as numerical
benchmarks.

If additional data that could not be fulfilled by the HTTR experiments are required under the NGNP
programs, three primary options remain: consider participation in other international prismatic VHTR
experiments, upgrade an old graphite-moderated experimental facility in the United States, or convert an
existing national laboratory or university reactor facility into one that could be used for prismatic VHTR
physics experiments.

Under an ongoing International Nuclear Energy Research Initiative (I-NERI) Project (Project 2004-
005 F, “Assessment of Existing Physics Experiments Relevant to VHTR Designs,” T. Taiwo [ANL] and
R. Jagmin [CEA]) involving CEA, ANL, and INL, the CEA has evaluated the need for additional physics
experiments for VHTR cores. The preliminary evaluation indicates that new, reliable, high-quality
experimental data will be needed for validation purposes, unless core designers are willing to accept very
large uncertainties, which might be insufficient in meeting the requirements of the licensing authorities.
CEA is also investigating the feasibility of new experiments in its facilities. If it is determined that such
an experimental physics program is feasible in one of the CEA facilities, it has been indicated to the
United States that the experiment would be open to international participation. Access could be gained by
contributing material and effort. This approach might be an option to the U.S. NGNP project. Even in that
case, it is desirable that the U.S. national laboratories be actively involved in the planning and
performance of the experiments.
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The following activities must be conducted to determine the need for additional experiments and
obtain the necessary data:

e Identify and assess experimental and operational data and numerical benchmarks relevant to licensing
of core physics analysis code system; compile and analyze selected experimental and numerical
benchmarks.

e Identify needs for additional experiments for code V&V and where to conduct the experiments
(locally or internationally).

e Participate in the planning, conduct, and pre- and post-analysis of experiments that would support the
licensing of the annular designs being considered for the passively-safe VHTRs; measurements of
core criticality (critical mass), power/reaction rate distributions, reactivity worths/defects, and kinetic
parameters could be part of this effort. The planning study should include justifying such experiments
and demonstrating that the experiments represent VHTR designs.

e Conduct and analyze pertinent experiments.
o Use analysis results to identify deficiencies in codes and upgrade the code capabilities.

e Participate in international efforts directed toward assessing, validating, and qualifying codes and data
for VHTR/NGNP analysis.

41.2 Protocols for Evaluating Integral Nuclear Data for Quality Assurance Purposes

In the general context outlined above, the near-term steps under this R&D plan involve detailed
evaluation and documentation of the most promising selected high-priority benchmarks to provide
benchmark specifications that are accepted by the community and by regulators for validation of physics
modeling codes. The work can be conducted under the auspices of the International Reactor Physics
Evaluation Project (IRPhEP), an international effort that was established by the Organization of
Economic Cooperation and Development (OECD) Nuclear Energy Agency (NEA) Nuclear Science
Committee (NSC) in June of 2003. Integral nuclear data submitted for evaluation under the protocols of
the IRPhEP is published in an OECD Handbook available to all participating countries. Because of the
rigorous quality standards involved in the evaluation process, published IRPhEP benchmarks will have
the highest reasonably achievable level of international credibility and a-priori regulatory acceptance, as
discussed in the following paragraph. In FY 2005 and FY 2006, five of the high-priority cases (HTR-10,
HTR-PROTEUS, CNPS, HTTR, and VHTRC) were, in fact, further evaluated for purposes of better
understanding and refining their utility, as noted earlier, and in FY 2006 the HTR-10 Evaluation became
the first of these to be formally accepted for inclusion in the IRPhEP Handbook (OECD/NEA 2006)

Protocols for the IRPhEP are patterned after those of the closely-related OECD-NEA International
Criticality Safety Benchmark Evaluation Project (ICSBEP) for evaluation and preservation of integral
data suitable for validation of physics codes and data used for ex-core nuclear criticality safety assurance.
Over the past 15 years, ICSBEP has become the accepted international mechanism for standardized, peer-
reviewed archival of this type of quality assurance data. Nuclear criticality safety physics computations,
which are benchmarked against integral data that has undergone the ICSBEP certification process, are
accepted by the NRC. The IRPhEP seeks to provide the same framework for quality assurance of in-core
reactor physics computations, ultimately streamlining this part of the licensing process and reducing
associated costs.

IRPhEP evaluations and protocols are closely coordinated with the ICSBEP in order to avoid
duplication of effort (both projects are managed through INL for the OECD-NEA NSC). Some
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benchmark data are applicable to both nuclear criticality safety and reactor physics technology. Some
have already been evaluated and published by the ICSBEP; however, ICSBEP efforts are focused
primarily on nonreactor critical configurations and have, in general, only mentioned in passing other types
of measurements relevant to reactor cores such as reactivity measurements, flux distributions, spectral
indices, reaction rates, and B.g. Experiments relevant to reactor physics applications that have already
been evaluated and published by the ICSBEP will simply be extended by the IRPhEP to include
evaluation and documentation of other reactor physics measurements that were made in conjunction with
the assembly of a critical configuration. Measurements that have not been evaluated by the ICSBEP, such
as the VHTR-relevant experiments discussed in this technical program plan, will be fully evaluated and
documented in accordance with similar guidelines, requirements, and quality assurance measures as they
apply to the OECD-ICSBEP.

INL provides leadership for the IRPhEP Technical Review Group organized in FY 2004 and 2005,
maintains the infrastructure of the IRPhEP and is responsible for compiling and distributing annual
publications. Based on experience with the ICSBEP, DOE will realize significant benefits. Through this
effort the IRPhEP will be able to (1) consolidate and preserve the information base that already exists
worldwide, (2) retrieve lost data, (3) identify areas where more data are needed, (4) draw upon the
resources of the international reactor physics community to help fill those needs, (5) identify
discrepancies between calculations and experiments caused by deficiencies in cross-section data, cross-
section processing codes and neutronics codes, (6) eliminate a large portion of the tedious and redundant
research and processing of reactor physics experiment data, and (7) improve experimental planning,
execution, and reporting.

The formal benchmark evaluation process is quite rigorous and includes the following basic steps
performed for a given benchmark by the evaluating organization:

Verify the data, to the extent possible, by reviewing original and subsequently revised documentation,
and by talking with the experimenters or individuals familiar with the experimenters or the facility

1. Develop analytical models for the specific core configuration measured using standard computer
codes and, in the case of this R&D plan specific to the VHTR, using the codes specifically intended
for VHTR analysis

Perform appropriate computations and compare the results with the associated experimental data
Compile the data and the methodologies (experimental and analytical) into a standardized format

Evaluate the data and uncertainties associated with the data

A

Formally document the work into a single source of verified reactor physics measurements data.

Each draft experiment evaluation then undergoes thorough internal review by the evaluator’s
organization. Reviewers verify the:

e Accuracy of the descriptive information given in the evaluation by comparison with original
documentation (published and unpublished)

e Benchmark specification can be derived from the descriptive information given in the evaluation
e Completeness of the benchmark specification

e Results, conclusions, and adherence to format.
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In addition, each experiment undergoes independent peer review by another IRPhEP Technical
Review Group member at a different facility. Starting with the evaluator’s submittal in the appropriate
format, independent peer reviewers verify:

o That the benchmark specification can be derived from the descriptive information given in the
evaluation

e The completeness of the benchmark specification
e The results and conclusions

e Adherence to format.

A third review by the assembled IRPhEP Technical Review Group then verifies that the benchmark
specification and conclusions are adequately supported.

Finally, it may be noted that, in addition to careful evaluation of available data, the operating range of
the VHTR (temperature and burnup) may well dictate a need for an additional experimental component to
validate the reactor physics calculations, including the Monte Carlo ones. The cost of this effort will
depend on the type of facility needed for such experiments, but would likely require significant funding
not outlined here. As a first approach, attempts would be made to leverage international activities such as
HTTR, HTR-10, ASTRA data, and planned activities by U.S. partners in the Gen IV International Forum.
If this is insufficient for code validation, expert groups consisting of analysts and experimentalists would
be convened to provide justifications for the experiments and estimates of the associated costs. Where
additional experimental measurements are required, attempts will be made to make use of existing
facilities worldwide. Conclusions will be made concerning adequacy of available measurements and
facilities and will be used as a basis for recommendations relative to the need for new measurements
and/or facilities.

4.2 Sensitivity Studies

Quantification of the uncertainties in computed core physics parameters that result from propagation
of uncertainties in the underlying nuclear data and other input parameters used in the various modeling
codes is a key component of the quality assurance process for reactor physics modeling and simulation. It
is also an important mechanism for quantifying the need for additional nuclear cross-section
measurements and/or integral evaluations for VHTR and as a guide in the planning of future integral
measurements and evaluations. Mathematically rigorous sensitivity and uncertainty analysis based on
perturbation theory can, for example, be used to identify nuclides that contribute to calculational
uncertainties and to quantify the propagated uncertainties in the context of the currently anticipated, likely
VHTR core designs. Sensitivity coefficients are calculated by generalized perturbation theory codes and
folded with multigroup covariance data (where available) to derive propagated uncertainties in computed
integral reactor parameters arising from the nuclear data.

Integral parameters to evaluate include reactivity, peak power, reaction rate ratios, nuclide inventory,
safety coefficients, etc. The impact of cross-section data uncertainty on the accuracy of each parameter is
evaluated, along with the identification of nuclides, cross-section types, and energy ranges that have the
greatest impacts on the accuracy of integral parameters. The process also can be used to rigorously
quantify whether a given existing integral benchmark experiment is sufficiently similar to a contemplated
VHTR system design to be of significant utility for validation of computations for the system being
designed.
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ANL has completed an initial sensitivity analysis for a prismatic concept for the VHTR, which, as is
also the case for the pebble-bed concept, features a somewhat harder thermal neutron spectrum and a
significantly higher fuel burnup target than is the case for standard LWRs. This study demonstrates a need
for improved cross-sections for some isotopes, including 2*U, **°Pu, **’Pu, and **'Pu, primarily in the
resonance energy range, in order to satisfy the defined accuracy requirements on key computed integral
parameters. Additional sensitivity studies conducted by ANL for other transuranic nuclides may be of
similar importance for some of these concepts, although the primary needs appear to be similarly focused
around a few plutonium and americium isotopes. The target accuracies identified in these studies are very
stringent and, in many cases, will be a challenge to achieve.

As part of this program plan, the sensitivity studies conducted in FY 2007 and beyond for the
prismatic VHTR concept will be extended to the pebble-bed concept. In the near-term, existing code
suites will be used for this application. In the longer term, some neutronics code upgrades (for example,
development of an adjoint capability for the PEBBED code for modeling of continuously-fueled (pebble-
bed reactors) will also be necessary as part of this task to allow the most realistic treatment of pebble-bed
VHTR concepts. The capabilities to be developed in this program element will be needed both for studies
of uncertainties driven by nuclear data and for various other types of analyses. Examples include analysis
of multivariate uncertainty propagation in connection with integral data evaluations described in the
previous section, studies of reactor kinetics parameters, and similarity studies useful for selection of
pertinent integral experiments for V&V, etc.

4.3 Differential Nuclear Data Measurements

Essentially all integral nuclear parameters computed using modern reactor physics codes and data
libraries are affected by propagation of uncertainty in the underlying differential nuclear data used in the
computational models. These parameters include:

e Criticality (multiplication factor)

e Reactivity feedback coefficients (e.g., Doppler, Coolant Void)

o Kinetics parameters (e.g., Effective Delayed Neutron Fraction)

e Reactivity loss during irradiation (Burnup Swing)

e Peak power value

e Conversion ratio of sustainable cores

e Transmutation potential of burner cores

e Maximum displacement per atom (dpa), maximum helium and hydrogen-production, etc.

e Decay heat, radiotoxicity, and neutron and gamma radiation levels.

However, studies conducted to date under the Generation IV and Advanced Fuel Cycle programs
have shown that the necessary cross-section information may not be available with the required accuracy
from the current nuclear databases for some key nuclides of interest. The current VHTR design candidates
have a somewhat harder thermal neutron spectrum than standard LWRs, a more complex fuel geometry,
and a fuel cycle with two to three times the burnup. The sensitivity studies complete by ANL for a
representative VHTR configuration indicate a need for improved cross-sections for some isotopes,
including **U, **Pu, *°Pu, **'Pu, primarily in the resonance energy range, in order to satisfy the defined
accuracy requirements on key computed integral parameters. Integral reactor measurements have of
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course played, and will continue to play, an important role in reducing the uncertainty of various actinide
cross sections of interest for advanced reactor and fuel-cycle design. Key improvements in the relevant
data can be achieved by various types of adjustments based on integral experiments, coupled with
improved covariance information for the cross sections of interest. However, additional differential
measurements are also likely to be important to the overall effort in some cases. Furthermore, there is a
premium on application of innovative measurement approaches that offer improved accuracy in the
context of very stringent requirements.

As a somewhat simplified but illustrative example of the current situation, Figure 12 shows a plot of
the ENDF/B-VI data file values for the **°Pu fission cross-section (the black solid line), along with
available published direct measurements over broad energy ranges in the same experiment shown by the
colored vertical lines, with the length of the line being an indicator of the reported uncertainty of the data.
Experimental data below ~10 eV are limited to single-point experiments that may or may not have been
performed under the same conditions. Thus, in several energy ranges of interest, the ENDF values are
heavily based on theoretical models with limited experimental data input, and can be highly uncertain. It
should also be noted that even where data are available the reported uncertainties are non-negligible as in
the capture cross section for ***Pu (Figure 12b). This capture cross section is of particular importance
because neutron capture in **’Pu leads to **'Pu, which has a large (but also uncertain) fission cross-
section, as well as a large capture cross section. Such uncertainties in fundamental nuclear data can
propagate in a manner that can have significant effects on the uncertainty of some computed safety-
related and operational reactor parameters.
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Figure 12. Fission (left) and capture (right) cross sections for ***Pu. ENDF/B. Version 6 evaluations are
shown with key original data superimposed.

A comprehensive standard data base, CINDA (Computer Index of Neutron Data), maintained by the
National Nuclear Data Program at Brookhaven, was used as the source for experimental data files and
references for >*°Pu shown in F igure 12. In a search of CINDA, 1,450 references and data files were
found, but not all of them are reporting experimental results, as these references include papers on
evaluations, theoretical calculations and models, and papers without data values. Of these, only one direct
measurement of the neutron capture cross section over an extended energy range under self-consistent
conditions was found. All other capture cross-section information was extracted from ratio measurements
relative to other nuclides, based on calculational extractions from total neutron induced reactions on a
0Py sample, or composed of single point measurements at one energy or averaged over an energy range
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to yield a single value. The vast majority of the single point values were at thermal energies or were
integral values.

The summary point is that the roughly 50,000 points in the ENDF data file for the **’Pu capture cross
section are the result of one or more nuclear model calculations with rather limited experimental data as
input. There are 18 experimental data files—18 experimental references in the 1,450 CINDA
references—that represent any experimental measurement, with only one file containing a direct
measurement with experimental results over an energy range. The 17 other experimental data files used in
compiling the ENDF file are total cross-section measurements, ratio measurements, or single-point
measurements. As another example, there are 810 references in the CINDA database for the **’Pu fission
cross section. Of these references, 40 have experimental data of some form that are used to construct the
ENDF evaluated file containing 50,546 data points. The four experimental data files that are plotted
represent the only direct, multipoint measurements of the cross-section out of the 40 references containing
experimental cross-section values. The other 36 references of experimental data sets are either ratio
measurements, single-point measurements, or average values over several broader energy ranges. The
single-point values are Maxwellian distributions about some central energy values, generally 0.025 eV.
The 810 ***Pu fission cross-section references in CINDA also contain experimental data on other
parameters (nu, yield, average kinetic energy) associated with fission as well as evaluations, theoretical
papers, reports, and other works that do not contain direct data. Note that the situation for ***Pu is similar
to that described in greater detail above for **°Pu.

Because the minimum lead time for the type of measurements and subsequent evaluation required is
on the order of 5 years, it is important that nuclear data improvement activities pertinent to VHTR
applications be initiated in the near term so that the necessary information for the VHTR design will be
available in a timely manner. Some new measurements for the key cross sections of interest for VHTR
applications are in fact currently being conducted by Los Alamos National Laboratory under the
Advanced Fuel Cycle Program. Additional measurements in the resonance energy range may be
conducted at the Oak Ridge ORELLA Facility under the DOE-NNSA National Nuclear Criticality Safety
Program some time in the future. The results of such measurements will ultimately be incorporated into
the standard ENDF/B files via the Cross Section Evaluation Working Group, coordinated by the U.S.
National Nuclear Data Center at Brookhaven National Laboratory. The new information may also be
incorporated into other standard cross-section databases such as the European JEF file, or the Japanese
JENDL files.

Under this portion of the planned VHTR Design and Safety Methods Validation program, INL, in
partnership with ANL and various university and international collaborators, is in an excellent position to
significantly contribute to addressing the need for new nuclear data via the performance of
complementary measurements for the actinides of interest at the ANL Intense Pulsed Neutron Source
(IPNS). Such measurements are important to confirm measurements performed elsewhere and to reduce
the uncertainty in the final ENDF evaluated libraries by providing additional, independent, data sets.

Over the past several years, the INL Nuclear Physics Group has installed an array of detectors, the
supporting electronics, and a data acquisition system based on techniques developed over the last two
decades in nuclear physics at the IPNS, and has been using this array for the study of fundamental aspects
of the nuclear fission process. This work and related previous work has produced over 100 refereed
journal papers and established an international collaboration to support the experimental effort through
data analysis. In the past 3 years, INL has also undertaken an effort to upgrade the system in a manner
that allows measurement of absolute nuclear cross sections, specifically to support VHTR needs.
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The INL/ANL measurement program at IPNS would be coordinated with related efforts elsewhere via
the Gen-IV/Advanced Fuel Cycle Physics Working Group, especially in the case of nuclear data
measurements under way at the Los Alamos Neutron Science Center (LANSCE) under the Advanced
Fuel Cycle program as previously noted. Because of the different and independent approach used for
measurements at IPNS, the work can complement, not duplicate, those efforts, and it can result in
substantial contributions to the national and international nuclear database required to support the VHTR
design in the near term and the overall Generation IV advanced nuclear energy program in the longer
term. Furthermore, the INL effort would take advantage of the potential for leveraging of funds in the
case where VHTR data needs coincided with data needs that will emerge in the context of the new Global
Nuclear Energy Partnership (GNEP). Further details of the specific INL/ANL measurement capabilities
and planned work scope are provided in Appendix C.

4.4 Summary: Focus and Direction

Developing and reviewing VHTR-specific integral data evaluations and defining new experiment
requirements, as prioritized by emerging programmatic needs, is high priority. As noted in Section 4.1,
these activities will be conducted within the framework of the IRPhEP, which will expedite the overall
V&V process via standardization, international collaboration, and up-front facilitation of compliance with
regulatory requirements.

Development of specifications for a sensitivity study appropriate to the pebble-bed design concept for
the VHTR, as noted in Section 4.2, are high priority as is the need to determine the computational
requirements instrumental in completing this study. Sensitivities to various isotope uncertainties will
likely be somewhat different for the pebble-bed design compared to the prismatic design, primarily
because of the different asymptotic fuel loading pattern that will be attained. In addition, sensitivity
analysis capabilities that would be suitable for this application, implement this capability, and initiate the
necessary computational studies that need to be assessed in the near term.

Beyond the R&D identified in the above two paragraphs, a baseline pebble-bed modular reactor
(PBMR) sensitivity study, in collaboration with ANL, needs to be performed as soon as possible
(FY 2008). Concurrently, collaborative ANL/INL studies should be performed of uncertainties and
sensitivities in VHTR system parameters for both concepts (prismatic and pebble-bed) as the system
designs evolve, focusing on a single concept when the decision is made regarding whether the NGNP will
be a prismatic or a pebble-bed type system.

In later years, collaborative ANL/INL studies of uncertainty propagation and sensitivities in VHTR
system parameters for the selected system concept should be continued. A high-level time line of the
nuclear data R&D is shown in Figure 13.
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Nuclear data

Sensitivity studies

Integral neutronic parameter evaluation

Differential data measurements

. Task completion

Figure 13. Nuclear data schedule

j- Subsequent schedules do not include the proposed differential data measurement work described in this chapter and in
Appendix C.
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5. NEUTRONICS AND REACTOR KINETICS ANALYSIS
DEVELOPMENT

In this chapter the needs for new or enhanced neutronic methods are identified. This chapter evolved
from the previous versions and many of the ideas previously presented are still present, and therefore are
reiterated and confirmed as part of the current goals. Other ideas, present in previous versions of this
document, are still mentioned, but only in order to preserve the historical train of thought and illustrate
the many alternatives that had to be winnowed down. These latter ideas and approaches are no longer
considered part of the plan to be implemented.

The neutronic design and the analysis of the operation of the NGNP requires the availability of core
analysis tools (codes and data) for use in a number of necessary tasks. These tasks include (1) cross
section preparation and fuel assembly lattice calculations to produce effective nuclear parameters for
subsequent whole-core analysis, (2) static reactor analysis for core design and fuel management, and (3)
reactor kinetics and safety analysis. In addition to these three traditional areas of neutronic analysis,
supporting studies will have to be carried out on (4) core heating and shielding calculations and (5) decay
heat calculations. Finally, the novel high temperature and high burnup aspects of the NGNP will require a
sixth area to be considered: (6) evaluating the impacts of material-neutronics interactions on core
performance and consequently on core design. The codes must also be qualified for use in safety
evaluations. A recent review of existing state-of-the-art diffusion and transport whole-core analysis
capabilities indicated that the codes containing R-Z (R-0-Z) and Hexagonal-Z geometry options could be
used for VHTR modeling. However, there are certain features of the NGNP design that require
modifications to the available capabilities. Nearly all the advanced reactor physics tools in the U.S.
nuclear industry were developed for the analysis and design of light-water reactors (LWRs)—the
dominant reactor types in the U.S. There are, however, significant differences between the LWR and the
NGNP designs that make the direct application of the LWR tools inadequate for the analysis of the
NGNP. The physics characteristics of the NGNP are quite different from those of the commercial LWRs.
The differences include (1) an annular core design, (2) solid graphite moderator, (3) higher enrichment of
the uranium fuel, (4) TRISO particles-based fuel, (5) helium gas coolant, (6) large temperature
rise/gradient across the core, (7) large holes for guiding control rods in fuel and radial reflector positions,
and (8) planned operation to significantly higher burnup levels than in LWRs. A few modern codes were
also developed for the analysis and design of liquid metal-cooled fast breeder rectors (FBR). The same
limitations as for the LWR codes make these inadequate to the analysis of the NGNP.

The heterogeneity effect arising from the use of the TRISO fuel particles (termed double
heterogeneity effect) must be adequately treated in the lattice physics code(s) utilized for the analysis of
the NGNP in order to obtain accurate results for the core criticality state. This effect has been found to be
about 2-4% Ak/k (reactivity) in NGNP assemblies/cores using enriched uranium fuels (Terry 2001), and
about 10—15% Ak/k for those using transuranics fuels as in the deep-burn concepts (Plukiene 2003).
Additionally, the NGNP core is neutronically small because of low neutron absorption in the graphite
moderator (which leads to a long mean free path for neutrons) and the annular core design. This poses a
challenge to the neutronic codes that are based on homogenized few group constants. Consequently, more
energy groups have to be used than for conventional LWR analyses, and multi-assembly, partial-core
calculations, or other re-homogenization and spectral iteration procedures might be needed for generating
accurate homogenized cross sections and correction factors. The lattice physics code should therefore be
able to provide adequate capabilities for these calculations. This includes the necessity for such codes to
be extremely fast and compact while retaining high fidelity in order to allow embedding their functions
within the full core global computations as well as within fuel management (depletion) and optimization
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applications. The combined spatial homogenization—energy groups collapsing (or condensation) steps
and whole core models—must be capable of correctly and consistently treating control rods and burnable
poison in off-center and non-symmetric locations. The whole-core analysis tool should be able to very
accurately model the core reactivity, flux, and power distributions, which accounts for the severe flux
gradients and power peaking at the core and reflector interfaces of the annular core and for the very high
burn-up in the fuel. Local neutron streaming effects in the axial direction arising from the control rod
holes in prismatic VHTR designs and the wall effects in pebble-bed design should be accurately
represented. The core depletion state (including the nuclide number densities and core burnup
distribution) should also be accurately predicted. These core physics parameters have a direct impact on
thermal-fluids/safety analysis, fuels and materials designs, and plant economics. Additionally, the code
suite should be computationally efficient in order to perform the large number of calculations required to
support core scoping analysis and detailed designs in a reasonable time.

A heterogeneous whole-core transport capability using a stochastic or deterministic transport theory
solution method would be desirable for modeling VHTR cores accurately, eliminating the cumbersome
and complex tasks of lattice cross-section generation, condensation, functionalization, local information
recovery, etc. Currently, however, no such capability exists that has a detailed thermal feedback model,
the depletion option, and can give whole-core solutions in reasonable time. Therefore, practical
computational tools for VHTR design and analysis have, until now and out of necessity since a better
scheme is unavailable, been based on the conventional two-step deterministic lattice and whole-core
calculation approaches, which have been used successfully in the LWR industry. Such tools were also
developed for and properly applied in the case of the earlier graphite-moderated, gas-cooled, reactors.
However, their usefulness in the case of the NGNP-type design is at best limited. The reason is that the
approach to passive safety goal for the NGNP imposes a very thin annular core design and hence a
situation in which inter-zone spectral effects (i.e., spectral interpenetration between zones) are very
significant and cannot be ignored during the diffusion theory data preparation, rendering the classical
two-step approach inappropriate. Therefore, the prismatic NGNP will require an approach that
incorporates the “in-context” derivation of diffusion theory data, as already done through spectral
iterations in the PEBBED and V.S.O.P. codes now used for the pebble-bed design and analysis. Such an
approach could be implemented into existing code suites or through the development of a new suite
comprising a mix of existing codes and new portions of code. Examples of such a suite could be one
based on DIF3D-VARIANT, PARCS, or HEXPEDITE. However, the amount of effort required for
modification of existing codes and algorithms to achieve a level of fidelity comparable to the one
achieved with the PEBBED suite for PBR modeling will be larger the more complex and comprehensive
the starting set of codes is. It may prove to be more economical and faster to build most of the suite rather
than modify existing codes, as was shown in the case of PEBBED. Ultimately, if time were not of the
essence, the development of a transport theory-based modeling capability with detailed geometry and
very fine energy-group-structure would be highly desirable. However, such a capability with the proper
characteristics that would be responsive to the needs of the NGNP project is presently realistic.*

The kinetics and dynamic modeling of the NGNP will also require codes that incorporate phenomena
not usually expected for the LWR codes. Among the requirements that are to be imposed on kinetics and
dynamic modeling codes for the NGNP is the incorporation of TRISO-level compatible temperature

k.  Of course a transport theory capability with some the required features exists: the MCNP code is capable of very high
fidelity both in geometric and energy detail. But the code is not practical for the frequent and repetitive scoping,
optimization and the fuel cycle analyses required in the near phase of the NGNP project, and for the coupled neutronics-
thermal-hydraulics applications that will be required for supporting the licensing activities anticipated in a later phase. Yet,
the MCNP code is useful for benchmarking, although it also requires validation for the type of reactor under consideration,
which is underway.
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feedback neutronic modeling, including Doppler feedback and Doppler-related material-neutronics
interface effects, as well as material-neutronic interface and graphite moderator effects. Examples of such
effects are those that can be induced by changes in physical thermal and lattice-nuclear properties during
transients, which may arise because of temperature-induced annealing of radiation damage. Other
examples are the Wigner energy, second Wigner energy, graphite scattering kernel effects, dislocation
recovery, and the hysteresis phenomena that characterize these properties. Such effects are novel
introductions to the physics of reactors and could be more easily implemented in new subroutines and
new codes; however, at greater expense, they could also be implemented as modifications to legacy
codes. The magnitude of these effects has not been fully ascertained. However, early indications point
towards the necessity of their incorporation into reactor physics codes and models (Hawari 2007;
Ortensi 2008).

Because of the large temperature rise across the core and the use of graphite moderator and helium
coolant, the NGNP core reactivity responses to thermal upsets would be different from those of LWRs
that use water as both the coolant and the moderator. These differences indicate that the verification and
validation (V and V) bases that have been developed for LWRs would not be adequate for the NGNP and
consequently effort must be devoted to the V and V of tools developed for the analysis of the NGNP. In
addition, prior to adopting legacy codes for use in NGNP design and analysis and engaging in expensive
modifications and V&V of said codes, an initial effort should be carried out to test their performance
against realistic benchmarks and situations representative of the NGNP designs and to ascertain the
feasibility and ease of the modifications they will require. The tests and benchmarks should particularly
emphasize the features identified above, which require capabilities different from those used in LWR
analyses. The assessment of the effort needed for the related code modifications should include an
estimate of the complexity faced in implementing the changes and a realistic estimate of the financial cost
and lead-time required in implementing the changes.

Physics tools were developed decades ago by the U.S. nuclear industry for the analysis of graphite
moderated, gas-cooled reactors. However, they lack pedigree and sufficient modern V&V for the NGNP
annular core design within the operating ranges envisioned. These legacy tools could make many
approximations because the earlier gas reactor designs contained Thorium-fertile and highly enriched
Uranium fissile fuels resulting in different reactor physics characteristics and reactivity responses, at both
low and high burnup states. These legacy tools cannot be easily adapted to the modeling of advanced
NGNP cores. The plans for carrying out the needed development tasks are described in this section.

This section of the overall methods development plan focuses on the development of deterministic
codes including spectrum codes, lattice physics codes, and nodal diffusion codes that can be used for
efficient and accurate design of the NGNP or for verification of analyses performed using other methods
and codes. In order to accomplish the project goal efficiently and in a timely manner, the most cost-
effective and time-responsive mix of existing and new codes will be used as the components of the new
code suites. The legacy/existing codes will have to be augmented with the addition of required
functionalities for VHTR applications. The two leading NGNP concepts under consideration at this time
(prismatic and pebble-bed), are sufficiently different as to require separate but structurally similar
development efforts. For applications to pebble-bed reactors with circulating fuel, INL is developing a
complementary code suite around the PEBBED code. Although these codes provide the starting point of
this project, a significant amount of development is required to enhance their capabilities and to equip
them with group-constant generation modules that properly incorporate all of the relevant physics. The
generation or modification of the relevant supporting codes was initiated in FY 2008. The principal of
these supporting codes (COMBINE-7.1) is nearing completion as of this writing. The PEBBED-based
suite has already been applied to pebble-bed annular cores and was proven effective. Current
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developments are aimed at enhancing the level of fidelity and flexibility of the suite. For the prismatic
block reactors, INL is developing a suite that incorporates the features of the PEBBED suite by merely
exchanging the neutronics solver for a hexagonal-z geometry module and making additional, related
adaptations, to the cross-section generation and depletion modules. The motivation for choosing this path
is that PEBBED has already been proven to work for NGNP-type HTRs. In parallel, ANL is building a
suite centered on the DIF3D/REBUS-3 code, which has been successfully used for the physics analyses of
fast reactor and light-water thermal reactor systems. Methods common to both reactor types will also be
developed and applied accordingly.

Code suites, such as the ones prescribed and described in this section, are required for the range of
reactor design and analysis applications necessary for the design optimization, verification, licensing, and
eventual operation of the NGNP. For example, PEBBED was originally written for rapid scoping and
conceptual design of PBRs in their long-term operating phase, with an asymptotic fuel-loading pattern. It
is expected that a PBR will be at or near this asymptotic (equilibrium) burnup state for most of its
operating life and PEBBED was written to converge directly upon, and optimize, this core state. As the
NGNP program grew, however, the code was modified to capture more detailed and complex physics. It
was coupled to the HTR-standard THERMIX heat transfer and gas dynamics code to provide more
accurate temperatures for the cross-section feedback algorithm. The COMBINE spectrum code used to
generate these cross sections was modified to better account for both the double heterogeneity of PBR
fuel and the increased presence of low-energy resonances that can have a significant effect upon core
reactivity and nuclide inventory at high burnup. An effort was also undertaken to develop a computational
pebble flow model that simulates the pebbles’ spatial distributions and local patterns, which can affect the
coupling of the burnup and power profiles. The pebble flow model work resulted in the PEBBLES code
that is being used for the analysis of the pebble-bed reactor response to earthquakes and in predicting the
production of dust in operating reactors and the estimation of stresses imposed on individual pebbles and
reactor reflectors and other structures. These efforts and others will enable PEBBED to model the PBR
fuel cycle with a very high degree of fidelity.

In the area of reactor kinetics and dynamics for the NGNP, INL will adapt the RELAP5-3D code.
However, since this code did not originally possess a cylindrical geometry neutronics capability, an
interim solution had to be adopted for that version of the reactor. Therefore, in a first stage the Penn State
transient code NEM (Nodal Expansion Method) was acquired, modified, and tested. NEM contains a
cylindrical solver and an effort to couple it to the THERMIX code was also completed. The resulting
product met with limited success as it inherited the limitations of its constituent codes.

Concurrently, with the NEM-related developments, an effort began at INL to create a kinetic (i.e.,
time-dependent) version of the static nodal analytic cylindrical geometry code being implemented into the
PEBBED code (i.e., a new code based on the analytical nodal method contained within the PEBBED code
was developed). The new code, CYNOD, has been completed and has been coupled to the THERMIX
code and tested against some of the OECD PBMR400 benchmarks. The CYNOD code has also been
recently coupled to the RELAP5-3D code, thus providing a state-of-the-art kinetics and dynamic
capability for the analysis of the pebble-bed reactor, which will provide INL and the NGNP Project with a
robust and quality-assured traceable safety/systems analysis capability suitable for licensing purposes.
The RELAP5-3D-CYNOD code system has also been applied to one of the OECD PBMR400
benchmarks (rod ejection). The coupled code now requires further benchmarking and V&V.

The combination of these tools (PEBBED-THERMIX-COMBINE-NEM and RELAP-CYNOD-
COMBINE) will provide the DOE, NRC, reactor vendors, and others with a comprehensive and modern
suite of codes for both PBR conceptual design and licensing needs. For a prismatic version of the same
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capability INL will couple RELAP5-3D with a hexagonal-z kinetic solver that satisfies all the
requirements for VHTR physics. For example, such a code could be PARCS (Downar et al. 2004), which
has already been coupled to RELAPS in some fashion. However, the modifications that would be required
to adapt them to the specific physics characteristics of the NGNP may prove too technically complex to
be practical. Nonetheless, an INL LDRD project is currently ongoing to explore the continued adaptation
of the PARCS code to the NGNP physics. If that effort bears fruit, in all likelihood the resulting code will
be adopted as the INL capability. In the meantime, two other efforts are envisioned that rely on the kinetic
versions of the static and fuel management packages that are also being pursued. At INL, an option is the
use of the existing kinetic version of the HEXPEDITE code (Fitzpatrick 1994). The advantage of this
code with regard to its adaptability to the specific neutron physics characteristics of the NGNP has
already been explained above.

All of the kinetic and dynamic codes discussed above will have to be subjected to extensive
benchmarking and V and V. This is planned for the coming fiscal year (FY 2009) in the case of pebble-
bed codes (CYNOD and coupled RELAP5-3D-CYNOD). For the prismatic block design at ANL, efforts
at benchmarking and deploying a fully compatible kinetics/dynamics capability will be delayed, pending
the determination and resolution of the source of difficulty (Taiwo 2008) in attaining high fidelity in the
underlying hexagonal-z neutronics solvers. It is expected that this effort should start in FY 2010.
However it would start in FY 2009 if the ANL technical leaders determine that it is possible for ANL to
perform this task in FY 2009 or if DOE mandates the earlier start. At INL the corresponding effort is
ongoing, based on the HEXPEDITE code, which does not suffer the same problems in dealing with
double heterogeneity and the singular control and reactivity hold-down features. The corresponding
benchmarking is expected to start in FY 2009.

In summary, the demands of the PIRT and documents such as the Powers Report, NRC Draft Gap
Analysis report (Ball et al. 2008), Moorman report (Moorman 2008), and above all the actual physical
characteristics of the reactor design impose a set of requirements on the abilities of the codes to model
certain phenomena and features. A comprehensive review of the identification of these requirements and
the physics considerations that led to them are the subject of an INL report currently in preparation. A
companion report will identify the actual modeling steps and methodologies envisioned at INL and
determined necessary to meet all the requirements. The report will clarify the various trade-offs between
using legacy codes versus developing new ones. The principal physics-based needs for the code suite
were discussed above and are listed again here for convenience:

e Double heterogeneity

e Annular core design (spectral effects, long diffusion length, “neutronically thin” core)
e Burnable poisons (Complex geometry effects; non-traditionally homogenized)

e  Off-center control rods and channels (if current GT MHR design is retained)

e TRISO-particle-level temperature feedback

e Material-neutronic material damage feedback mechanism for graphite (and to a lesser extent silicone
carbide [SiC])

e  Microscopic depletion requirement with burnup and spectral context corrections

e Very high burnup levels.

Major development areas for NGNP physics methods have been identified. The following is a brief
summary of the areas.
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Assembly Lattice Calculations. Existing modern codes were developed for reactor types with
different physics (LWR or fast reactors). Codes developed specifically for graphite-moderated thermal
reactors rely on techniques and assumptions that have not been updated in decades. Enhancements and
improvements in modeling capability are needed to address unresolved issues in pebble-bed and prismatic
high-temperature graphite-moderated reactor physics. One of the most important of these issues is the
proper preparation of multi-group nuclear cross-sections suitable for subsequent use in the simulation of
graphite-moderated, helium-cooled reactor core behavior. As explained in the specific task descriptions
below, existing cross-section preparation methods for graphite-moderated reactors may yield poor
agreement with continuous-energy Monte Carlo calculations in the thermal and epithermal energy ranges
if the double-heterogeneity of the fuel form and assembly leakage are not carefully addressed. Improved
treatments are needed since the basic reactor operating parameters are highly sensitive to any inaccuracies
in the effective cross sections in this energy range. An imperative requirement is the proper treatment of
configurations in which the reactor core is neutronically optically thin. The technical solution that was
adopted for solving this problem in the PEBBED and V.S.0O.P. codes and proved to be successful is that
of spectral iterations between the lattice physics and the whole core computations. For the pebble-bed
concept the lattice code is COMBINE (Grimesey et al. 1991). For the prismatic-block concept, specific,
geometrically-exact codes are needed and current codes may be further developed. For the prismatic
block concept geometrically correct lattice code is needed and current codes may be extended
(DRAGON, HELIOS, explicit-transport-extended COMBINE etc.). Dancoff factors must be used to
explicitly treat the particle-level heterogeneity; the INL/TU-Delft prisDAN code is being developed and
tested and will be incorporated into COMBINE and the prismatic lattice method chosen.

Static Core Simulation, Core Design, and Fuel Management: Core simulators provide estimates of
the core reactivity, flux and power distributions, and isotopic distribution data under steady-state
conditions at specified points during the fuel cycle and also under transient conditions. Such data are
required for safe and economic design and operation of reactors. Specialized core simulation techniques
and codes are also required for the modeling of the power deposition. The proper accounting for
production and transport of gamma photons is usually beyond the capabilities of a fuel management code,
but it should be included as part of the analysis code suites. The power deposition distribution can differ
significantly from the fission rate distribution due to the transport of gammas away from their creation
sites.

For the pebble-bed reactor, the continuous movement and recirculation of fuel require solving
simultaneously the diffusion and depletion equations in a way that most codes cannot model since they
have stationary fuel as their assumed configuration. The PEBBED code is equipped to handle fuel
movement and possesses an advanced genetic algorithms optimization feature. Additional development of
PEBBED could involve modeling pebble discharge conus and approach-to-asymptotic-equilibrium core.

For the prismatic designs, INL is developing an alternate version of the PEBBED methodology that
uses a hexagonal-z solver. The ANL codes DIF3D/REBUS-3 provide a core simulator capability;
however, additional development would be needed, such as:

e Data preparation for annular cores

e Data preparation for strong local heterogeneities

e Thermal feedback

e De-homogenization models appropriate for high-temperature thermal reactors

¢ Fuel management and optimisation techniques.
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Reactor Dynamics: Safe operation of a power plant is intrinsically linked to time-dependent behavior
of the coupled power plant system (core plus balance of plant). Because of the strong temperature-
dependence of the core materials and the large temperature gradients that exist in these cores, the
dynamics of the VHTR core can only be analyzed properly with coupled neutronic and thermal-hydraulic
computations. Although transient neutronics and thermal-hydraulics codes have been available for
decades, only in the past decade have the computers become capable of high-resolution coupled solutions
of neutron transport and fluid dynamics. So-called multi-physics codes bear the promise of allowing
analysts to probe complex reactor dynamics with some high degree of fidelity. Until such codes are
finally operational for the analysis of full reactors, evolutionary codes from the current state of the art will
have to be used. Current generation codes are under development at INL in the context of the NGNP
project. The developments are discussed in this section.

For the analysis of pebble-bed reactor kinetics the CYNOD code is now available. CYNOD, the
kinetic version of PEBBED, is coupled to THERMIX and to RELAPS5-3D, both fully capable of NGNP
analysis to the extent that ordinary analysis does not require a full CFD treatment. However, the coupled
RELAP5-3D-CYNOD code still requires further benchmarking and V&V. Another code worth
considering for coupling to the neutron kinetic is the GRSAC code, although at this point no plans for
carrying out the necessary coupling are being drawn.

For the kinetic analysis of prismatic block reactors, the DIF3D-K code, a kinetic version of DIF3D
could be used, but it is coupled to the SAS code for thermal-hydraulic feedback, which may not be fully
adequate for the modeling of the prismatic NGNP without further modifications (Taiwo 2008). A viable
alternative is the use of RELAP5-3D with either the existing kinetic version of the HEXPEDITE code or
the PARCS code. The latter two alternatives will be explored within the NGNP project.

For detailed kinetic analyses in situations with detailed geometric features, coupling to CFD codes
may be necessary in order to provide correct feedback data to the neutron kinetic codes. New multi-
physics tools are being developed for ultra-high fidelity simulation. An example of such a development is
the effort to couple the 3D transport code EVENT with a new and efficient CFD code (PCICE-FEM)
presently underway at INL. In the interim, a CFD module incorporated within the RELAP5-3D code
should be used.

Material-Neutronic Interface: The effect of the radiation damage on core structures is of particular
concern for both prismatic and pebble-bed designs. Graphite exhibits complex neutron scattering behavior
under irradiation that includes changes to its thermal and neutronic properties over time. Current graphite
and silicon carbide damage models are based upon empirical studies or very limited theoretical
assumptions that may be unsuitable for VHTR operating conditions. Furthermore, high-temperature
annealing (during either normal operation or accident conditions) may have rapid feedback effects and
thus should be characterized as part of a comprehensive safety analysis. The U.S. DOE is separately
supporting (NERI project) an effort to develop a model of radiation damage based upon first principles
and to quantify the effects of damage under expected conditions. The NGNP project R&D plan should
include provisions for incorporating the outcome of that study into the NGNP reactor dynamics codes

TRISO-Level Feedback Mechanisms: The structure of the TRISO particle confers upon its physical,
thermal and neutronic properties that are interrelated and significantly different from those of fuel pins in
LWRs. The characteristics of the TRISO particle must form the basis of the methods that are used for
evaluating the temperature and the materials effect feedback mechanisms. Preliminary results at INL have
shown that such effects cannot be treated with legacy codes and that their modeling must be incorporated
explicitly in both the neutronic and the thermal-hydraulic components of the suite of codes.
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Benchmark Evaluation, Uncertainty and Sensitivity Analysis, Validation and Verification:
Ultimately all the codes and methods described above must be subjected to a rigorous testing and formal
evaluation process involving: experimental validation, theoretical verification, code-to-code comparisons,
and formal documentation that can meet licensing requirements. Such analyses must be performed to
ascertain the accuracy of the results produced and to quantify the uncertainty therein—necessary steps in
the licensing of a new reactor.

The work described herein begins the process of completing the suite of analysis methods to permit
the full scope of NGNP design analysis calculations to be performed with state-of-the-art tools. An
integral part of the development and testing of the new capabilities will be the assessment of their
implications for NGNP design limits. INL, supported by ANL, will be leading the research efforts for
these tasks. The two laboratories are cooperating on the identification and development of the code suites
that incorporate the techniques required for accurate analyses of all current candidate NGNP concepts.
These labs have already established working relationships with a number of universities and international
organizations that have an interest in gas reactors. A number of workshops and electronic information
exchanges have taken place and more are planned as the overall NGNP project proceeds. It is anticipated
that the bulk of the code development effort will be completed in the first 5 to 6 years of the overall effort.
After that, code maintenance, validation, and application to the ongoing NGNP design effort will continue
for the duration of the project.

The following sections describe in detail the five major R&D areas described above; specifically:
o Assembly Lattice Cross-section Generation
e Core Simulation and Design
e Reactor Kinetics and Power Plant Dynamics
e Neutronic-Material Interface
e TRISO-Level Feedback Mechanisms

e Validation and Verification.

5.1 Unit Cell and Assembly Analysis for Cross Section Generation

For NGNP applications, both the prismatic (DIF3D/REBUS system, HEXPEDITE, PARCS, etc.) and
pebble-bed (PEBBED) codes require cross-section data preparation using specialized techniques that are
not implemented in current software in the form that is needed. Cross sections used by PEBBED and
DIF3D are calculated externally and passed to these global reactor analysis codes as input. For PEBBED
simulations (and DIF3D analyses of the New Production Reactor), these cross sections were calculated by
the INL’s COMBINE code or by MICROX-2. COMBINE has been substantially modified and support
codes have been created for it. The augmented COMBINE and the Dancoff factor codes developed for it
have displayed good performance against critical benchmarks.

As illustrated in Figure 14, thermal neutron spectra in graphite moderated reactors have higher
characteristic average energies than is the case for water moderated reactors, especially at the high (900—
1000°C) operating temperatures that are anticipated for the NGNP. As a result, special methods are
required to account properly for self-shielding of resonances in the thermal energy range. This becomes
particularly important in situations with high burnup because of neutron upscattering into the prominent
low-lying resonances in plutonium. Core reactivity, temperature coefficients and other related phenomena
are all highly dependent on proper modeling of resonance effects. The required computational
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Figure 14. Typical HTGR spectrum and some low-lying resonances.

improvements will thus be developed under this plan and implemented into the spectrum codes as
appropriate. Furthermore, the random distribution of fuel kernels within a compact or pebble is not
accurately treated in any of the available codes with the exception of COMBINE with its pebDAN and
nearly completed prisDAN support codes, which generate Dancoff factors that take random distribution
of TRISO particles into account. Ignoring the randomness adversely affects the accuracy of the all-
important resonance shielding calculations that are required to produce accurate cross sections.

Finally, note that preparation of required cross-section libraries from the basic nuclear data files also
involves very sophisticated data processing prior to application of the spectrum and assembly cross-
section generation calculations described above. Under this R&D Plan, INL will also maintain the
necessary expertise and software tools required for this step in the overall reactor physics analysis
sequence. This will include active participation in the National Nuclear Data Center’s Cross Section
Evaluation Working Group (CSEWG), as well as in corresponding international organizations whose
focus is on the key interfaces between basic nuclear data measurements and the final ENDF files that
have been evaluated and released for use in subsequent reactor physics applications.

5.1.1 Method for Improved Treatment of Double Heterogeneity Using Improved
Dancoff Factors

An important aspect of improving cross sections is to account better for the heterogeneity on two
scales in the NGNP: on a fine scale associated with the fuel particles, and on a more coarse scale
associated with the pebbles or fuel compacts. Self-shielding and shadowing effects are important and
must be accounted for on both scales. In the continuous-energy Monte Carlo code MCNP, it is possible to
model every single fuel grain in the reactor, using the repeated structures feature. Spectral indices, as
computed using MCNP, are listed in Table 5.
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Table 5. Spectral indices as computed by MCNP and MICROX-2.
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However, in deterministic codes like PEBBED, HEXPEDITE or DIF3D, these features are accounted
for in the cross sections they receive as input. Such cross sections must be generated using explicit
modeling of the heterogeneity or using correcting factors that account for it (i.e., Dancoff factors).
Therefore, the new method must also include the generation and incorporation of accurate Dancoff
corrections for the effects of double heterogeneity.

Existing codes used for gas reactor analysis were developed without a full appreciation of the
importance of randomness in particle distribution. Recent studies indicate the error introduced by
assuming a regular array of fuel lumps is significant (200300 pcm). MICROX has been shown to differ
significantly with continuous-energy MCNP calculations (Table 6). The treatment of randomness in
DRAGON may also be inadequate. A rigorous treatment of randomness in the distribution of fuel lumps
has been developed at INL and incorporated into the construction of Dancoff factors (completed pebDAN
code for pebbles and evolving prisDAN code for fuel compacts). A similar treatment for explicit
geometry lattice codes like DRAGON and HELIOS will also be explored.

5.1.2 COMBINE Spectrum Code for Few-Group Cross Section Generation

In the pebble-bed reactor, fuel elements (pebbles) move in a semi-continuous fluid-like manner
through the core during operation. Recirculation of partially burned pebbles means that any pebble in the
core is surrounded by pebbles with a wide range of burnup. Furthermore, the spectral history of each
pebble is unique and can only be approximated (using a code such as PEBBED). Batch-loaded cores
(LWR or prismatic gas-cooled reactor) generate cross sections from unit cell burnup calculations
assuming fixed boundary and surrounding spectral conditions. This approach is not valid for the pebble-
bed reactor. Instead, cross section and core simulation calculations must be executed simultaneously and
iteratively to obtain the proper burnup conditions in each spectral zone (the pebble-bed reactor analog to
an assembly or block). Such coupling of the spectrum and core simulator codes has been performed
between PEBBED and both MICROX and COMBINE. Zone leakage and temperatures from PEBBED
are fed to the spectrum code to obtain cross-sections by interpolation among pre-computed data sets or



Form 412.09 (Rev. 10)

Idaho National Laboratory

NEXT GENERATION NUCLEAR PLANT |Identifier: PLN-2498
METHODS RESEARCH AND Revision: 1
DEVELOPMENT TECHNICAL Effective Date:  9/25/08 Page: 56 of 188
PROGRAM PLAN

online through direct calls to the code. Because the spectral zone itself is not clearly defined and contains
a randomly packed assortment of pebbles, a geometrically rigorous spatial transport calculation (2 or 3-
dimensional) is neither wholly effective nor computationally efficient for the algorithm described above.
A 1-dimensional (spherical) calculation with appropriate Dancoff factors and isotopics provided from
PEBBED can yield cross-sections with the required accuracy, provided the spectral influence from the
surrounding environment is properly taken into account. Although assemblies are not defined, spectral
zones are, and the computations are performed on a spectral zone basis. Specifically the data, including
TRISO-level and pebble-to-pebble Dancoff factors, are prepared for each spectral zone, taking into
account the proximity of reflectors when warranted. In order to fully account for the spectral influence of
neighboring spectral zone, it may be necessary to carry out spectral iterations between the spectrum code
and the whole core model, as explained above. An alternative is the carry out whole core spectral
correction steps, as discussed below.

In ongoing work, the INL spectrum code COMBINE is undergoing modifications to exploit the new
Dancoff treatment and to incorporate a 1-D transport solution in order to account for mutual spectral
influences of neighboring spectral zones. The incorporation of the 1-D transport module within
COMBINE will near completion by the end of FY 2008 and will be finalized, tested, and benchmarked in
FY 2009. When fully completed and tested, the new COMBINE code will replace the one already
coupled within PEBBED. COMBINE solves the one-dimensional (spherical) B-3 approximation to the
transport equation with Bondarenko treatment of unresolved resonances and Nordheim treatment of
resolved resonances. It uses Dancoff input factors to correct the resonance calculation in the presence of
distributions of fuel lumps and has options for self-shielding of cross sections in the thermal range. No
geometry specification of an assembly or lattice is required and thus it is suitably fast and accurate for the
online data generation for the PBR problem described above. Local isotopic content and temperatures of
the local pebble distribution will be fed to COMBINE to generate self-shielded infinite-domain cell cross
sections. The local spectrum strongly depends upon the inter-cell or inter-spectral zone current that is
captured in COMBINE using buckling terms or with an embedded coupled spatial transport calculation.
The finite-cell few group diffusion coefficients (including discontinuity factors to be coded in FY 2009)
will feed the nodal diffusion calculation and burnup-dependent cross sections for depletion in individual
pebble flow streams.

COMBINE has recently been modified by extending the Nordheim and Bondarenko resonance
treatments fully into the thermal region while retaining the thermal self-shielding feature of the original
thermal spectrum module. Results have compared favorably to analytic benchmarks and other
calculations using MCNP (Figure 15), ANISN, and TWODANT. Further validation will be required for
NGNP-specific configurations. A TRISO fuel benchmark for cross-section generation is being developed
and will provide a basis for evaluating the accuracy of any codes identified for PBR analysis. Whenever
possible, results will also be compared to corresponding MCNP models and experimental benchmarks.
The newest version of COMBINE, to be finalized in FY 2009, goes beyond these changes and
incorporates a 1-D transport solver for the treatment of spectral effects at interfaces between spectral
zones, especially fuel-reflector interfaces.
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Figure 15. Thermal neutron spectrum computed by COMBINE (version 6.02) and MCNP for a PBMR-
268 unit fuel cell.

5.1.3 Argonne National Laboratory Assembly Code for Prismatic Block Cross-section
Generation

In contrast to the random packing of the pebble-bed fuel, the prismatic reactor core is composed of
hexagonal graphite blocks containing coolant channels and fuel compacts in ordered arrays. The compacts
contain distributed randomly TRISO particles. A core simulator code, such as ANL’s DIF3D, has as its
basic computational element a hexagonal cell for which few-group diffusion coefficients must be
computed by a lattice or assembly code once the basic unit cell cross sections have been determined.
Previous analyses indicate that an under-prediction of about 3% in k-infinity for a fuel element can occur
if the fuel-graphite composite is treated as a homogenized mixture. Therefore, the lattice transport code to
be used for group constant generation must be able to treat the double heterogeneity properly, and in
addition must account for spectral variations across the basic lattice unit via appropriate neutron transport
computations. This capability is available in a few lattice physics codes such as WIMSS8, APOLLO2,
DELIGHT, and DRAGON and will become available very soon within HELIOS. Where such capabilities
exist, the codes (e.g., WIMSS8 and APOLLO) are typically proprietary and are only available at great cost.
In some cases, the source code is not available for release. The HELIOS code, in contrast, will be
available to INL for the next 6 to 7 years without further licensing fees, and also available beyond that at
a preferential fee if this option is exercised within the 6 to 7 years window.

The above considerations make the open-source DRAGON code an attractive option along with
HELIOS, and for this reason further assessment and development of DRAGON will be a major ANL task
in this project while INL will expend similar efforts on HELIOS. The DRAGON work will, as necessary
and as possible, be done in collaboration with the researchers at the Ecole Polytechnique de Montreal who
originally developed the code. ANL organized a first information exchange with the DRAGON code
developers in February 2005. Preliminary investigation of the code performance in modeling the
prismatic-type VHTR was also done. The study indicated that the code gives accurate values for the
lattice eigenvalue, spectrum (neutron flux distribution in energy), fission rate distribution, and the double
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heterogeneity effect. It also suggested that additional development might be required for better accuracy
of the double heterogeneity effect particularly when the effect is magnified by the presence of
transuranics and as the kernel diameter becomes bigger. Future activities will focus on a complete
assessment of the DRAGON code deficiencies and identification of the necessary modifications that
would make the code attractive for prismatic VHTR applications. These would include evaluation of the
double heterogeneity and resonance treatments for coated fuel particles, the best format for the cross-
section data library (DRAGON does not come with its own library), transmutation and decay chains,
modularity of the code for staged calculations, and code performance compared to that of higher fidelity
models/codes (e.g., Monte Carlo simulations, see Figure 16). It is also intended to obtain better code
documentation and descriptions of advanced models and capabilities not in the public domain (e.g.,
methods of characteristics solution, homogenization/de-homogenization, and parallel code version).
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Figure 16. Comparison of VHTR spectra generated by various codes (ANL).

This effort will be coordinated with other ongoing and proposed projects. For example, there is
already an I-NERI project underway and centered at the ANL to develop safety analysis codes with
experimental validation for a prismatic VHTR. The collaborators include the University of Michigan and
the Korea Advanced Institute of Science and Technology (KAIST). One of the tasks in this project is to
use MCNP to develop cross-sections for DIF3D in place of a deterministic assembly code. This project
complements the DRAGON effort and will provide an essential comparison of methods. While useful for
principal cross sections, however, generation of cross sections with Monte Carlo calculations is not very
practical for group scattering cross sections given the tremendous computational effort required. Other
approaches will be investigated. A similar effort centered at INL will include the acquisition of a
comprehensive methodology and related code patches to compute multigroup diffusion data using a
modified version of the MCNP code in order to use it for benchmarking the other capabilities being
developed based on HELIOS and COMBINE.
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To devise an appropriate functionalization scheme, the dependencies of cross sections of the NGNP
fuel block on various state variables will be investigated using results of the DRAGON and WIMSS
lattice codes. It is noted that the planned code suite is not limited to the use of these two codes for cross-
section generation. Other lattice codes can be plugged later into this code suite, once their performance
for VHTR analyses has proven to be satisfactory.

A group-constant processing code will be written that automates the process of generating
homogenized multigroup cross sections for the fuel, reflector, and control blocks as functions of state
variables. Nodal equivalence theory parameters and directional diffusion coefficients will also be
generated to account for the homogenization errors expected in the regions where significant material
discontinuities exist. Examples of these regions are the core/reflector interface and control rod regions. A
group constant functionalization scheme will also be developed and implemented in the group constant
processing code. Both table lookup and polynomial fitting approaches will be considered.

A recent evaluation of the DRAGON code capability was completed in 2006. The limitations that
have been identified for the current version of the DRAGON code, for VHTR analysis, include the
following details.

A typical prismatic block assembly has, by design, flat surfaces. The DRAGON code can model
hexagonal cells (even with internal non-hexagonal structures), but it cannot model full hexagonal
assemblies. Therefore, in order to model assemblies (for the generation of discontinuity factors) an
approximate approach was used. The assembly is represented with a jagged boundary resulting from the
juxtaposition of hexagonal cells. Furthermore, the evaluated version of DRAGON suffers from a lack of
edits for surface fluxes and currents—the lack of a flat surface boundary in DRAGON calculation for a
fuel block has necessitated the development of a temporary fix. In order to generate surface fluxes and
currents required for generating nodal equivalence parameters (discontinuity factors) for the block
surfaces, small circular regions are added to all peripheral hexagonal cells; note that pin-cell sized
hexagons are used to compose a hexagonal block. The flux and current edits for these small cells are used
to approximate the surface-average fluxes of the fuel block. A better representation of the surface
parameters is needed in the future. The geometric limitation is now described in more detail; the
evaluated version of DRAGON (Version 3.5) is able to model hexagonal cells containing circular pins,
but it is not flexible enough to mix hexagonal and circular geometries in the assembly configuration.
Thus, the fuel-element handling hole at a central position of the fuel block is approximated with 2-ring
hexagonal cells (7 cells). Since the graphite density of the fuel-element handling hole is not different from
that of normal fuel elements, this approximation would be valid. It is noted that in the DRAGON full-
assembly model for the VHTR hexagonal block, the block is formed by a collection of pin-cell sized
hexagons (see Figure 16 above). Each pin-cell contains the fuel compact surrounded by block graphite.
When all the fuel and coolant-hole pin-cells are represented, the block graphite content is not totally
accounted for, and therefore an extra ring of pin-cell sized hexagons is used to represent the remaining
graphite. The number density of the graphite in these peripheral cells is modified to preserve the graphite
content of the assembly block. Because of the pin-cell sized hexagons, the DRAGON assembly model
has jagged boundaries, and not the flat boundaries of the hexagonal block. This jagged boundary model
precludes the direct calculation of surface average fluxes for the generation of discontinuity factors.
Although the modification of DRAGON for a flat boundary is an ultimate solution to the problem, the
temporary fix described above has been used in the NGNP project.

1. No explicit geometry representation for large control rod channels. The current work around is to use
pin-cell sized hexagonal cells to represent the control rod. To preserve the reactivity worth of the
control rod, the control rod zone is divided into three sub-zones, and different nuclide number
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densities are assigned to each sub-zone. This current model, for which a reference solution (such as
MCNP) is required, needs to be improved in the future.

2. Limited restart capability making branch-case calculations tedious.

3. No explicit treatment of fuel-particle double heterogeneity effect within the highest-fidelity EXCELT
solution option.

4. Additional Validation and Verification (V&V) of the code capability. Preliminary V & V of the
DRAGON code has been performed. However, as the new capabilities are implemented, there is a
need to re-evaluate the code results and document its performance in a topical report that would be
part of the licensing basis for the codes.

5. Multi-assembly calculation capability for extended lattice calculations to generate surface
discontinuity factors and nodal cross sections.

These items should be addressed in the future to improve solution accuracy and flexibility.
Additionally, results for the fuel block suggest that more work is required to improve the
DRAGON code accuracy for certain fuel double heterogeneity problems (cases containing
enriched uranium fuel kernels with large diameter). This issue has to be addressed in the
future. It has also been recommended that effort be devoted to the creation of a base cross-
section library tailored for VHTR/NGNP analysis. Currently, base cross-section libraries
developed generically for thermal reactor systems (mostly for water-cooled system) have
been employed.

5.2 Static Analysis for Evaluations of Criticality and Power
Distribution (Core Simulation)

The fundamental quantity in reactor physics analysis, which determines all other aspects of core
behavior, is the neutron flux distribution. Extremely accurate calculations of the neutron flux, accounting
for geometric details, can be made with Monte Carlo codes such as MCNP. However, Monte Carlo codes
are still prohibitively expensive for use in repetitive design and tradeoff or scoping calculations or
analysis to determine local reaction rate distributions or small reactivity effects. Nor can current coupled
Monte-Carlo-depletion codes be applied to the pebble-bed reactor, because they do not account for fuel
movement during operation. Deterministic codes offer much greater computational speed, at the cost of
reduced geometric modeling capability. However, the natural geometric configurations of both pebble-
bed and prismatic VHTRs lend themselves to accurate modeling by deterministic codes (circular
cylindrical geometry for the pebble-bed reactor and hexagonal geometry for the prismatic reactor)
provided that the relevant physics is captured in the generation of few-group cross sections.

5.2.1 General Considerations in Static Core Simulation with Diffusion and Transport
Theory

Nodal Diffusion: Earlier methods applied finite-difference techniques for spatial discretization. In the
finite-difference approach, the governing equations (e.g., the neutron diffusion equation) are
approximated as difference equations valid within very small mesh elements. Acceptable accuracy is
obtained by making the mesh elements very small, so that the difference equations are close
approximations of the original differential equations. Neutronics methods developed in the past for PBRs,
such as the code V.S.0.P., rely on finite-difference methods. Modern neutronics tools are based on nodal
methods, in which the governing equations are solved exactly (or with powerful analytical
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approximations such as expansion techniques) in spatial regions (“nodes’) much larger than finite-
difference mesh elements. Because of the much coarser spatial discretization, nodal methods are far more
computationally efficient than finite-difference methods — roughly an order of magnitude faster in each
spatial direction.

A new nodal technique for cylindrical geometry was developed with NERI funding and is being
implemented in PEBBED. This NERI drew on support or cooperation from the Georgia Institute of
Technology, Penn State University, the University of Arizona, and PBMR (Pty), Ltd. of South Africa.
Because finite-difference formulations can be coded directly from the governing equations, the diffusion
equation solver in PEBBED was originally written as a finite-difference code, so that the underlying
algorithm could be tested quickly. But it was written in a modular form so that nodal methods could
easily be inserted to replace the finite-difference solution. Work is under way to implement an analytical
nodal solver in cylindrical coordinates developed at INL as part of an LDRD project and continued under
the NERI program. The solver has been successfully demonstrated for one and two-dimensional (RZ)
problems and in hybrid version as RZ-nodal theta-finite difference. Once fully implemented, the nodal (in
all three directions) diffusion solver will yield a highly efficient and accurate code for all PBR
calculations.

While PEBBED has been used for some basic equilibrium core design problems, it still required
development of some key features that will allow it to be used extensively as a design and analysis tool
for the NGNP. Some of the more important ones are:

o Complete implementation of the integrated cross-section generation module that accurately treats
resonance effects of the doubly heterogeneous fuel, leakage, and temperature effects

e Implement the capability to model time-dependent fuel loading cases (non-equilibrium cores),
including the accurate description of pebble flow based upon first principles

¢ Implement coupled neutronic and thermal-hydraulic transient capability that properly computes fuel
and moderator temperatures

e Implement a gamma photon transport and adjoint (variational) computational capabilities.

PEBBED possesses an advanced optimization routine (based on genetic algorithms) that allows
automated searches for optimal core designs and fuel loading patterns. Such methods have been applied to
LWR codes for some time, but they have yet to be developed for the prismatic reactor. This will need to
be addressed. For the prismatic reactor design, fuel blocks are proposed that may have compacts with
differing enrichments, packing fractions, and burnable poison concentrations. The block-refueling pattern
may be strictly radial or may have an axial shuffling component as well. Core optimization and fuel
loading must be automated to some extent to produce viable cores within practical time limits. There are a
number of advanced optimization approaches, including genetic algorithms, simulated annealing, neural
networks, Tabu search, and others. One or more of these will be explored and implemented in conjunction
with DIF3D/REBUS-3 and the prismtic version of the PEBBED suite at INL.

The REBUS-3/DIF3D depletion code system would be further developed for the analysis of
prismatic-type VHTR designs. The code system is capable of multigroup flux and depletion calculations
in hexagonal-Z geometry. The DIF3D module, which contains both nodal diffusion and transport theory
capabilities, is used as the neutron flux solver in the code system. The code system would be adapted to
prismatic VHTR problems with limited effort. However, it requires additional work to implement a
thermal feedback model and a tabulation scheme of nodal cross sections versus depletion and
temperatures. To capture the large variations in temperatures, DIF3D will need to be coupled to a thermal
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fluid module just as PEBBED has been coupled to THERMIX. Additionally, a lumped fission product
model is needed to make the microscopic depletion scheme used in REBUS-3 (and also in PEBBED)
practical for high-burnup criticality calculations. The code would also have to be further modified to
employ the nodal equivalence parameters that could be used for improving solution accuracy (beyond the
modification already completed). These parameters are useful for reducing the errors arising from the flux
gradients in the transition regions around the core and reflector interfaces and the heterogeneity effects
arising for the insertion of strong absorbers in fuel and reflector regions.

Neutron Transport Techniques and Applications: For some core physics issues, diffusion methods
are not appropriate, and detailed neutron transport methods are required. Often, it suffices to use transport
methods on a local scale, to incorporate transport effects into diffusion-theory parameters such as cross
sections, as discussed in the previous section. For example, in the pebble-bed reactor, control rods are
required to shut the reactor down rapidly on demand and keep it subcritical at low temperatures. The
pebble-bed reactor also contains a large gas plenum above the core through which pebbles are dropped.
Diffusion theory alone cannot accurately predict neutron transport in these regions, so some sort of
transport calculation or correction is necessary. Nor does diffusion theory solve the gamma transport
problem and thus the actual heat deposition distribution differs from what it can compute. Various whole-
core transport methods and codes are being developed that can address these problems. Partial-core
models can also be used to quantify the error resulting from the diffusion approximation. For the
prismatic core analysis, DIF3D contains a variational transport solver that can properly treat regions in
which diffusion theory is not valid. A NERI project, led by F. Rahnema of the Georgia Institute of
Technology in conjunction with INL, is investigating novel neutron transport techniques that can be used
to accurately treat gas plenums and control rod regions in the pebble-bed reactor. In addition to code and
model development activities, reactor physics workshops and meetings on this item will be conducted
throughout the life of the NGNP project.

Monte Carlo techniques are free from all these NGNP modeling issues if fuel particles are modeled
explicitly in the core calculation. However, this detailed modeling is currently unattractive because of the
tremendous problem size and because a very large number of neutron histories is required to resolve fuel-
element power distribution and small reactivity effects. As a practical matter, the necessary calculations
are beyond the current capabilities of even the most sophisticated computers. Furthermore, several
important phenomena such as thermal feedback at power generating conditions, flux uncertainty
propagation in the depletion calculation, and fission product buildup are not properly addressed in these
tools at the present time. To do so with the Monte Carlo technique would increase the computational
requirements even further. In contrast, deterministic three-dimensional whole-core transport calculation
provides a possibility of resolving all these problems as long as the proper fuel modeling and thermal
feedback capability is incorporated in the underlying effective cross-section data.

The ATTILA code solves the S, equations on an unstructured finite element mesh. It is compatible
with widely available CAD software for user-friendly core modeling and features a very efficient
Discontinuous Galerkin acceleration scheme for the source iteration. The ATTILA code was used to
model the INL’s Advanced Test Reactor as part of several projects. Nonetheless, full-core transport
modeling will still require tremendous computational power and is not practical for scoping or design
optimization calculations. Rather, such techniques (Monte Carlo or deterministic) will be useful for
benchmarking activities once a design has been rendered using the other approaches described above.

Transport techniques may be applied successfully to core simulations in local or reduced dimensional
(2-D or 1-D) computations. High temperature reactors have somewhat different neutronic properties than
standard LWRs, specifically, a higher thermal flux component with the peak shifted to higher energy, a
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longer mean free path compared to core dimensions, a more complex fuel geometry, and a fuel cycle with
two to three times the burnup. The longer mean free path means that there is a significant amount of
leakage between blocks or zones that would not be fully captured using typical LWR analysis methods.
V.S.0.P. and PEBBED account for leakage by using buckling terms, provided by the core simulation, in
the spectrum calculation. This approach may have a limited accuracy. A better technique would be to
model the radial dimension fully with a 1-dimensional transport calculation and homogenize the cross-
sections over space and energy within each major region. This is being explored with PEBBED-
COMBINE. The same approach is being considered at INL for the generation of zonal cross sections for
the annular VHTR designs, which also are characterized by strong radial neutron leakages and spectral
interchange between radial zones. Other techniques may prove useful as well.

Detailed power deposition calculations, taking into account transport of gamma rays, are necessary
for thermal calculations, coolant flow allocation and orifice design, and the simulation of irradiation
behavior of the graphite matrix of the fuel and reflectors. These calculations require that gamma
production and transport in the core be accurately calculated. The DIF3D/GAMSOR calculational path
will be evaluated and modified for use in NGNP analysis for the prismatic core. For the pebble-bed core,
an alternate code will be identified.

5.2.2 PBR-Specific Analysis

Special considerations for pebble-bed reactors. Until recently, design analysis methods for PBRs
have been several generations behind the state of the art for LWR design and analysis. For the past seven
years, INL has been engaged in the development of analysis methods for high-temperature gas reactors,
with a special emphasis on the pebble-bed reactor and the PEBBED fuel management code. A sample
PEBBED graphical neutron flux output is shown in Figure 17. Using genetic algorithms developed to
work in conjunction with PEBBED, INL optimized design parameters to achieve a passively safe pebble-
bed reactor design of 600 MWt, a goal that had not previously been attained. Using PEBBED, INL was
also able to propose design enhancements to PBR fuel that increased safety during a potential water
ingress accident and improved fuel economy and utilization. These design improvements were attained as
incidental results of the verification of the new methods and the testing of their capabilities.

Flux (10" n/cm™-s)
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Figure 17. Thermal neutron flux profile in the NGNP 600 MWt reactor calculated by PEBBED.
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One of the licensing issues for PBRs is the perception that the semi-stochastic nature of the pebble
distribution admits the possibility of collection of relatively reactive pebbles in regions of high neutron
flux, so that the local power density could become excessive either in normal operation or in accident
scenarios. Some estimates of the consequences associated with this phenomenon have been performed at
INL. Various pebble flow and stochastic clumping scenarios were modeled that resulted in abnormally
high concentrations of fresh fuel. The probability of such configurations occurring as a result of stochastic
variation is many orders of magnitude lower than the typical beyond-design-basis events normally
considered in high-temperature gas reactor analysis. Yet the nominal and accident fuel temperatures
attained during these events was shown to be only somewhat higher than normal and still lower than those
required to induce significant fuel failure. However, in light of the pebble temperature measurements
made in the AVR, some of which were much higher than expected, a more rigorous analysis is warranted
and is possible with advanced Discrete Element techniques and other new modeling tools. Such an effort
is underway at INL using a molecular dynamics approach. The modeling techniques should be employed
to characterize and bound the stochastic component of pebble movement and feed these probabilities to a
reasonably conservative core safety analysis. These tools can also be used to develop flow models for
pebbles in the discharge and entry regions and to examine pebble-packing issues.

PEBBED is a combined diffusion/depletion code conceived to solve self-consistently for the neutron
flux and the burnup distribution in a pebble-bed reactor with circulating pebbles. As noted above, it was
originally written with a finite-difference diffusion solver, but nodal diffusion modules have been
installed in the code and are currently undergoing checkout and debugging. INL personnel have
developed an analytical nodal solver using a “moments-stepping” method that allows for variable cross
sections within nodes. Such advances in burnup calculations will be explored as a complement to the
development of the nodal diffusion solver.

Pre-asymptotic core analysis in the pebble-bed reactor. Pebble bed reactors that use a mix of fresh
fuel and re-circulated fuel gradually approach an equilibrium fuel burnup distribution pattern (or nuclides
number density pattern). This pattern is reached after varying intervals of time, depending upon the
recirculation scheme, the fuel design (e.g., enrichment, fuel loading per pebble etc.), and the burnup cut-
off (at which pebbles are discarded instead of being further recirculated. The equilibrium state is also
termed the “asymptotic” state and the corresponding loading pattern the “asymptotic” loading pattern.
Before the core reaches this asymptotic state, it is said to be in a pre-asymptotic state. The PEBBED code
obtains the asymptotic distributions of neutron flux and burnup directly, without following the time-
dependent distributions in the run-in period. This property of the code permits very rapid solution.
However, a typical pebble-bed reactor may take as many as 3 years to achieve an asymptotic state. A
theoretical formulation for pre-asymptotic core analysis is under way at INL. It will ultimately lead to the
coding of a time-dependent solution of the coupled pebble-flow/burnup problem.

Non-axial pebble flow in the pebble-bed reactor. The flow of pebbles in a pebble-bed reactor is not
strictly axial, particularly near the discharge tubes (see Figure 18). While the neutronic importance in this
region is minimal, a method and code must be developed that link together depletion zones along the true
flow path of pebbles even for flow lines that are not strictly axial. In this development the axial flow of
pebbles is modeled, as in the previous case. In addition, the radial drift of pebbles is also captured.
Effective pebble flow characteristics are developed and used to link computational coarse nodes
systematically. Experiments and some computations have been performed that confirm and characterize
the strong deterministic (streamlined) component of pebble flow. A computational approach to pebble
flow using a particle dynamics approach has been initiated at INL. Promising results were generated since
2005, with advanced applications, such as earthquake modeling, demonstrated in 2006 (Cogliati and
Ougouag 2006). Similar efforts were underway at various universities in the last 6 years. Results from
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these efforts will be used to construct the flow lines over which the depletion equations are solved in

PEBBED.
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Figure 18. Pebble flow lines (left) and sketch of the defueling cones near the bottom of the PBMR core
(right).

Variable Pebble Packing and Slumping: Experiments relevant to the PBR have shown that the
average packing fraction of pebbles in the vat is expected to be about 61%, but that in the presence of
shaking (such as may occur during an earthquake), the packing fraction may increase to as much as 64%.
Calculations have been done to show that an increase of packing fraction from 61% to 64% may cause
significant “reactivity transients” (i.e., power surges) in a PBR. A computer model that couples the
mechanical slumping of the pebble bed to the neutronics and the thermal-hydraulics is necessary to the
comprehensive modeling of the earthquake effects. Such a computer code and related models are under
development at INL.

Furthermore, the packing is known not to be uniform. The packing fraction is exactly zero at solid
walls and approaches an asymptotic value through a series of spatial oscillations over a distance of several
pebble diameters. In a PBR, such a distance may be a significant portion (e.g., 20% or more) of the vat
radius. If the vat is surrounded by a neutron reflector, as it probably will be, these fluctuations occur in a
region of high-thermal neutron flux, so that the fluctuations will have exaggerated importance. The
modeling effort underway at INL will be able to address many of these issues.

5.2.3 Prismatic-Specific Analysis

Special considerations for prismatic reactors. In 2003, INL developed “point designs” for pebble-
bed and prismatic-fuel versions of the NGNP (MacDonald et al. 2003). The objective of the point design
project was to develop a reactor specification with a mixed mean coolant core outlet temperature of
1000°C, passive safety, and about 600 MWt of power. Sensitivity studies for various block-fuel
parameters were performed at ANL and INL to address design issues critical to this objective and to
provide data for developing a fuel specification. For modeling the block-type NGNP with great geometric
detail, the Monte Carlo code MCNP has proven itself to be a very powerful tool; in conjunction with the
ORIGEN depletion code with a coupling code such as MOCUP, it can follow a block-type core through
its fuel cycle and produce accurate burnup and isotopic buildup data in each fuel block. Since MCNP
requires long calculation times to produce good statistics, it is not a practical tool for performing large
numbers of calculations in design studies, generating detailed core power distribution, or analyzing the
effects of small perturbations. For some scoping studies and sensitivity analyses, the ANL codes DIF3D
and REBUS-3 have been successfully applied in conjunction with WIMS8 and DRAGON lattice codes
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for model cross-section generation. These lattice codes have models for treating the double heterogeneity
effect resulting from the use of coated fuel particles in the graphite matrix. However, additional
developmental work needs to be done to improve computational models and user friendliness. More
recently, computational techniques and advances in parallel computing have made feasible more detailed
3D deterministic transport calculations for some applications including for accurate gamma transport and
deep penetration/shielding. DeCART, ATTILA, and EVENT are codes that will be explored for use in the
project. Other transport codes that prove relevant to VHTR systems will be evaluated.

It is noteworthy that the DeCART code performs whole-core transport calculation in fine group level
for heterogeneous geometries, and thus it avoids the cross-section homogenization and condensation
steps. ATTILA and EVENT also can be run with very high energy resolution, but they still require the
more traditional multigroup cross-section processing. Under an LDRD project, the ANL is also
developing the UNIC code that will use a large number of groups (10,000) and explicit geometry details
for direct, whole-core calculations. While this approach will increase solution accuracy, it will however
require huge computing resources. The coupling of the second order form of the transport equation with
the first order one will allow to overcome the problem of low density regions in this formulation. The
integration of the code with a mesh generating capability is under way, and computation of complex
geometries started in early 2007. Further development and validation and verification of the capability are
planned.

Full-core transport modeling with these codes will still require tremendous computational power and
is not practical for scoping or design optimization calculations. Rather, such techniques (Monte Carlo or
deterministic) will be useful for benchmarking activities once a design has been rendered using the other
approaches described above. With continued advances in computer power and implementation of
innovative numerical solution methods, these techniques may in the future provide a practical, high-
fidelity capability for routine use in design and analysis. As these codes become relatively efficient for
VHTR core analysis, a selection of the most suitable one will be made and included in the VHTR design
and analysis calculation path.

Work has been initiated at ANL to implement a code suite based on the DIF3D/REBUS-3 code
system. An ANL report issued in September 2006 (Lee et al., REBUS-3/DIF3D) contains a
documentation of this effort. The report identified some REBUS-3/DIF3D code features that require
further development or upgrade for VHTR analysis. The three pending tasks are:

1. The accuracy of the current thermal feedback model based on the SAS code and used in the ANL
code suite needs to be verified in the future using reference calculations with coupled neutronic and
thermal-fluid models. Additionally, the thermal feedback routine should be extended to equilibrium-
cycle depletion calculations; it currently works for the traditional non-equilibrium cycle depletion
calculations.

2. Advanced nodal diffusion methods typically employ nodal equivalence parameters (discontinuity
factors) to reduce homogenization errors arising from core heterogeneity (different rodded and
unrodded fuel and reflector regions, and interfaces between the regions). Surface-dependent
discontinuity factors are particularly very useful to take into account geometric asymmetry in the
nodal approach and thus must be provided. The need for surface-dependent discontinuity factors in
nodal calculations necessitated the modification of several routines in the DIF3D-nodal Hex-Z
version of the code (DIF3D-nodal). It was originally thought that using surface-dependent
discontinuity factors in the DIF3D-nodal option would give good accuracy for all core configurations.
This has not been the case for rodded configurations, due to the relatively poor transverse leakage
approximation made for the nodal option (particularly when a large hexagonal pitch is used in the
code). Generally, REBUS-3/DIF3D results for the core multiplication factor and power distribution
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were found to be in good agreement with MCNP results particularly when discontinuity factors are
applied. It was also shown that the DIF3D-VARIANT option provides a better spatial solution in its
diffusion approximation. In addition, it was observed that control rod worths could be estimated
within an acceptable range compared to MCNP results. However, the core power tilt (particularly in
the rodded zones) needs to be improved by introducing surface-dependent discontinuity factors. The
improved performance with surface-dependent discontinuity factors was shown at the mini-core level.
It was therefore recommended that a routine for surface-dependent discontinuity factors be provided
for the VARIANT option of DIF3D (DIF3D-VARIANT) or the spatial approximation of the nodal
option (DIF3D-nodal) be improved in the future. Most of the developments necessary to these
modifications were carried out in FY 2008 using NGNP funding for the generation of a depletion
benchmark and its solution. Great improvements have thus been demonstrated; however, full fidelity
still remains elusive and additional work to resolve the remaining issues should be carried out.

3. Pin powers distributions are reconstructed by using imbedded local calculations or by superposition
of global and local power distributions, which are respectively obtained from nodal and lattice
calculations. Pin power factors generated from the lattice code (DRAGON) need to be implemented
in DIF3D, by folding their values with the global information provided by the whole-core nodal
calculations.

5.3 Kinetics, Thermal Module Coupling, and Feedback

Three-dimensional spatial kinetics capabilities have been under development for more than 20 years.
Practical tools now exist and include the public versions of NESTLE, PARCS, VARIANT-K, and
DIF3DK. These high-fidelity kinetics methods are important for core transients involving significant
variations of the flux shape, but they have not been systematically applied to graphite-moderated, helium-
cooled reactors. In the future, integrated thermal-hydraulics and neutronics methods should be extended
to enable modeling of a wider range of transients pertinent to the VHTR. Required advances include
increasing the efficiency of the coupling approaches and improving the representation of cross section
variations.

For the pebble-bed reactor, the PEBBED solver has already been coupled to the THERMIX code for
thermal-hydraulics feedback. The coupled code is used for the computation of the flux and power
distribution, taking into account temperature feedback and depletion (or, equivalently, the fuel loading
pattern). In addition to the PEBBED code a standalone kinetic module based on the nodal solver within
PEBBED has been written. This kinetics code has also been coupled to THERMIX as well as to
RELAPS5-3D, thus providing a unique and powerful capability for the analysis of reactor dynamics that
has been demonstrated on challenging benchmarks (OECD NEA PBMR400 Benchmarks). Typical
PBMR transient results are shown in Figure 19.

Kinetics parameters such as the delayed neutron fraction will also have to be generated for the newly
completed kinetics code. These are derived from the nuclear data files, and thus corresponding modules
must be included in the lattices codes used for generating group constants (cross sections, etc.) for the
whole-core analysis codes. Additionally, kinetics parameters are required for core dynamics codes that
use the point kinetics approximation. These are generally derived using inner product calculations that
require flux and adjoint distributions obtained from the whole-core calculations. DIF3D possesses adjoint
capability. The finite difference version of the PEBBED solver also possesses such a capability; however,
the latter is not yet fully tested and its testing should be carried out in FY 2009. The analytic nodal
equations of PEBBED will be modified to allow for adjoint solution, and the solver in PEBBED will be
upgraded.
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Figure 19. Temperature trajectory during a DLOFC event in the PBMR.

The use of THERMIX as the thermal-hydraulic code embedded within PEBBED is considered
temporary as the version of THERMIX available at INL is severely limited for transient applications and
in its lack of fidelity, especially with regard to feedback at the TRISO particle level. Furthermore,
although THERMIX is a standard for PBR applications, it is still limited to two dimensions (R-Z), and
thus cannot simulate 3-D transients such as single rod ejections. Ultimately, for incorporation within
PEBBED, a replacement code will have to be acquired or written. Furthermore, the THERMIX module
within the CYNOD code will have to be replaced by such a more modern code. For dynamic and balance-
of-plant applications, the recently completed coupled RELAP5-3D-CYNOD code will be the tool of
choice. However, this new coupled code must first be extensively benchmarked and subjected to V&V.
This will allow full systems and safety analyses of the PBR.

Perform quality assessment on thermal-fluids code: Thermal-fluids calculations are an important
part of the safety analysis of the VHTR. For example, they can be used to estimate the temperature of the
pressure vessel during a transient, thus providing essential information on the continued viability of the
vessel following a transient (see Figure 19). Validation of the appropriate thermal-fluids tools is required
for their use in such calculations. For PBRs, PEBBED possesses simple thermal-fluids models for
estimating core temperatures. While these allow for rapid scoping and design optimization, they are
unlikely to yield accurate thermal-fluids data. Assessment of various sophisticated thermal-fluids codes
and comparison to PEBBED results are required to identify needed improvements in the PEBBED
thermal models. For prismatic reactors, flow through the core is confined to well-defined coolant channels
and gaps between fuel blocks (in which bypass flow occurs); thus, thermal-fluids in prismatic reactors can
be modeled more straightforwardly than in PBRs. However, assessment of candidate thermal-fluids codes
or models is also required for the selection of the best ones for prismatic reactor analysis. The detailed
modeling of by-pass flow may provide plausible explanations for the German meltwire experimental
results.
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There are a number of candidate thermal-fluids codes for VHTR applications. One of these is the
INL’s RELAPS5/SCDAP suite of codes, and another is the INL’s version of MELCOR. For several years,
INL has been using MELCOR for PBR safety analysis, because it is able to model transport of the dust
released by inter-pebble contact; the INL’s version can also treat air and water ingress and helium coolant
flow. However, these capabilities have recently been added to RELAPS/SCDAP, so it is not clear which
of these codes is now better suited overall to model PBR safety problems. A third code is ORNL’s
GRSAC code, which was specifically written for gas-cooled reactors. A comparison will be made, and the
chosen code will be validated for VHTR design applications. It is possible that different codes may be
preferred for PBR and prismatic reactor analysis.

In 2005, the THERMIX two-dimensional gas reactor thermal-fluids code was coupled to PEBBED.
THERMIX is widely used for PBR thermal analysis. It possesses a number of correlations and material
properties specific to this reactor type. THERMIX provides improved steady-state thermal-fluid
conditions and depressurized loss-of-coolant (DLOFC) transients. Benchmarking calculations have been
completed and have demonstrated both the effectiveness and the limitations of this tool. The overall
conclusion is that although it performs reasonably well in azimuthally symmetric configurations, it is a
poor choice for the modeling of asymmetric transients.

Steady state thermal hydraulic calculations correctly assume a close coupling of fuel and moderator
temperatures. This assumption is not valid in sharp transients during which the kernel temperature can
rise dramatically and independently of the surrounding graphite. Whichever transient codes are used for
either prismatic or pebble-bed analysis, a proper separation of fuel and moderator temperature effects
must be implemented.

Nodal diffusion and transport kinetics capabilities have been developed for the DIF3D code in the
past. These capabilities have been successfully applied for transient analysis of thermal reactor systems
(e.g., NPR-HWR, RMBK, VVER, and LWR) by integrating them in a system analysis code, SASSYS.
Initial estimation indicated that a multigroup analysis (about 20 groups) is required to represent accurately
the reactivity effect of spectral change. The multigroup capability of DIF3D would be attractive for
integration with a system code, such as RELAP5/ATHENA, that can be utilized for the analysis of the
NGNP. Eventually, it can be upgraded with the new kinetics treatment described above. The RELAP code
package contains the NESTLE kinetics module, which is currently limited to six energy groups. For
consistency with the core static calculation approach, the NESTLE module would be replaced with the
DIF3D kinetics module (nodal diffusion and/or transport) that allows multigroup calculations. Different
approaches for coupling the DIF3D and RELAP codes will be investigated in order to produce an
efficient integrated code package. Temporal coupling schemes (explicit or implicit or mixed) would also
be investigated. This integrated code package would contain both the core flux calculation kernel and the
cross-section fitting and interpolation routines developed for the REBUS-3/DIF3D code system under the
NGNP activities. For a given core condition, including control rod axial positions, cross sections will be
calculated and the flux distribution calculation would be performed. The core power distribution would be
derived using the flux distribution and cross sections. This power distribution would be passed to the
RELAP computation module and used in the evaluation of the thermal-hydraulic state of the reactor. The
state data (e.g., densities and temperatures) would be passed to the neutronics module for the calculation
of cross sections for the next set of flux calculations. This exchange of data between the neutronics and
thermal-hydraulics modules will be performed for the duration of a given transient.
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5.4 Material-Neutronics Interface

Atomic displacements (i.e., radiation damage) are generally accepted as the underlying causes for
many macroscopic manifestations (radiation effects) in materials that are subjected to irradiation by
energetic neutrons. The estimation on the number of displacements caused in a given neutron field
requires the knowledge of the displacement threshold energy (i.e., the lowest amount of energy that would
cause a displacement if imparted to an atom in a solid). The displacement threshold energy (E4) depends
on the temperature of the material, yet most experimental determinations of E4 are carried out at
temperatures close to room temperature, while models also assume a low temperature (often essentially 0
K). For most applications, this is acceptable. However, for applications related to the VHTR reactor, the
values of E4 determined at 0 K or at room temperature may be inadequate. This project has acquired data
for displacement energy threshold for materials of interest to the NGNP and has sponsored the
development of a capability to obtain such data from first principles. Continuing related work has been
funded directly by a NERI project at NC State University. Currently models and methods are under
development at NCSU to assess damage to these materials and to assess the potential for annealing out at
accident temperatures (1200—1500°C). Annealing is essentially an exothermic process in which the
energy stored in the atomic displacement is released as thermal energy. In graphite this may also result in
a significant change in the scattering properties, thus causing a reactivity insertion. The full safety
consequences of high-temperature annealing of VHTR core materials will be evaluated using state-of-the-
art molecular dynamics and Monte Carlo simulations.

Develop improved methods for calculating material damage from irradiation: The primary
mechanism for material damage by neutron irradiation is atomic displacement (see Figure 20). The
estimation of the number of displacements in a given neutron field requires knowledge of the
displacement threshold energy (Ey) (i.e., the lowest amount of energy that could cause an irreversible
displacement to a non-equivalent lattice location if imparted to an atom in a solid). (A non-equivalent
lattice location is a location such as an interstitial or a location corresponding to a different energy state
[e.g., more or less stored potential energy].) In general, E4 is expected to depend on the direction of
motion in a crystal. This is due to the fact that E; may be viewed to represent the minimum energy needed
to cross the potential barrier that surrounds an atom. However, because of the nature of crystallographic
structure, the potential barrier may not be isotropic, which introduces variations in the threshold energy
needed to overcome it. Furthermore, graphite-related experiments did show that E4 in graphite depends on
direction. In addition, computational simulations for SiC revealed a similar dependence for E4 on
crystallographic direction. On the other hand, the possibility does exist for E4 to depend as well on the
temperature of the material. In fact, experimental evidence for graphite shows such dependence.
Nevertheless, most experimental determinations of E4 are conducted at temperatures close to room
temperature, whereas models also assume a low temperature (often essentially 0 K). For most
applications, this is acceptable. However, for applications related to VHTRs, the values of E4 determined
at 0 K or at room temperature may not be adequate. In this project, the values of E4 for graphite and SiC
have been determined as functions of direction and at temperatures representative of those of the
structural materials and of the fuel in the VHTR.
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Figure 20. 4b initio (first principles) modeling of imperfections in a graphite crystalline structure.

The threshold energy E; for this displacement depends strongly on temperature, yet methods to
account for this dependence have only now been developed. INL has recently developed a state-of-the-art
method to estimate displacement damage cross sections in many materials of interest in the Generation IV
program. Combined with the improved estimates for £,, these data provide a comprehensive capability to
estimate total number of displacements in a given neutron field. Work is continuing at NCSU to
determine the damage configuration and their properties of importance to neutronics, such as phonon
scattering and phonon spectra. The latter have a direct influence on the thermal conductivity and thermal
neutron scattering of these materials. Another important artifact is the annealing of the radiation damage
in high-temperature materials by the effects of heating and by further irradiation. A second goal of this
task is to account for these annealing processes in the INL material damage model. This task is very
complex and brings into play many areas of physics and computational science. For example, it requires a
thorough understanding of the inter-atomic potentials in the solids under consideration and the dynamics
of collisions in these materials. The proper modeling of the annealing will require the incorporation of
thermal motion and its impact on effective average inter-atomic potentials. Also, to be incorporated is the
modeling of collisions and atomic rearrangements, taking into account return to location of origin or to
equivalent locations as affected by thermal motion. Because of the level of complication, this task will
require a multi-year effort. Initially, the inter-atomic potentials for the materials of interest have been
researched and the modeling requirements stemming from their temperature dependence will now be
assessed. Later on, a new computer code will be written or an existing one will be modified to incorporate
thermal motion into the modeling of collisions and subsequent atomic motions and settling in new lattice
positions. Annealing will also be modeled toward the end of the task. So that this task can be kept to a
manageable size, the methods to be developed will target only one or two materials. The principal
material to be addressed will be graphite. In addition, silicon carbide (SiC) will be considered if time
permits and data and suitable inter-atomic potentials can be obtained.

In addition to the effects discussed above, it is well recognized that the accumulation of damage in
graphite manifests itself in increasing stored energy. If stable damage formations are created at the
operating temperatures of the VHTR/NGNP, then unplanned/unexpected increases in temperature
(transients) could result in the release of this energy and the potential creation of a positive feedback
situation. To estimate the impact of this effect on reactor safety and operational characteristics, it is
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essential to determine its time behavior. Clearly, effects characterized by long-time constants (i.e., slow
effects) will be easier to remedy than prompt effects characterized by extremely short-time constants.

The needed studies in this work can be performed using classical molecular dynamics (MD)
simulations running on parallel computers. At the heart of the MD simulation is the choice of the
potential function. The gradient of this function with respect to atomic displacement determines the forces
on each atom. The integration of the equations of motion of the interacting particles yields the trajectory
information. Consequently, the choice of the appropriate potential function is essential for the fidelity of
the simulation. In general, many-body potentials are used to describe materials such as metals and
semiconductors, and a few have been used for graphite. In addition, it is possible that potential functions
can be constructed using ab initio quantum mechanical simulations and subsequently used in the MD
calculations. These options will be explored in this work.

5.5 Improvement, Validation, and Verification (V&V) of Code Suite

The resulting suite of deterministic codes developed above will be verified against reference solutions
obtained using Monte Carlo and deterministic models and against integral experiments. The reference
(numerical) solutions will enable the accuracy of specific assumptions and approximations to be tested
and verified. The double heterogeneity treatment will be examined for detailed fuel block and pebble
problems by comparing the lattice code solutions with continuous-energy Monte Carlo solutions. The
whole-core solution scheme will be verified against multi-group Monte Carlo solutions using pre-
calculated multi-group cross sections and homogenized fuel-element models. The pebble-bed reactor
solution will also be compared against results from the code V.S.O.P.

As the improvements and the extensions are implemented, the overall accuracy of the resulting suite
of codes will be quantified by analyzing appropriate integral physics experiments. All known reactors,
critical facilities, and other experiments of both types have been assessed for suitability as benchmarks.
Similar assessments have been done for existing high-temperature reactors data by ANL and INL. For the
prismatic reactor, the HTTR facility in Japan possesses large amounts of critical reactor physics data that
can be used for validation purposes. For the pebble-bed reactor, the HTR-10 and PROTEUS may also
provide essential data. HTR-10 has in fact been selected as the initial candidate for a full evaluation under
the integral benchmark data task, as noted previously to be followed by PROTEUS funded under the
NGNP project. In an independent effort, a set of neutronic and thermal-hydraulic benchmarks for the
PBMR was initiated in 2005 OECD/NEA. This benchmark effort has been a cooperative effort among
PBMR, (Pty), Ltd., Purdue University, Penn State University, and the NRG Corporation of the
Netherlands and INL. Formal participation by INL began in June of 2005 when the PBMR benchmark
workshop was held in Paris in conjunction with an OECD/NEA meeting. This benchmarking effort will
conclude in 2008 when the participants will hold their last meeting in conjunction with the PHYSOR
meeting in September 2008 in Interlaken (Switzerland).

Validation and verification of the tools used for these predictions can be accomplished through the
collection of a large compendium of relevant in-core critical experiment data into a detailed, peer-
reviewed standard format as described previously in connection with the IRPhEP. USDOE-NNSA has
also taken such an approach in handling the validation and verification for stockpile stewardship where
computer modeling is also relied upon extensively. In support of this effort, it would be appropriate to
ultimately establish and promulgate validation and verification standards, or at least some set of test
problems, for the Generation IV systems. If suitable validation and verification data do not exist,
experiments will have to be designed and conducted to fill in the gaps.
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Monte Carlo simulation itself provides a powerful tool for validation and verification. The recent and
continuing growth in computer power motivates the assessment and further development of Monte-Carlo-
based analysis capabilities applicable to multiple reactor types. Enhancement of these codes would also
be investigated, including the propagation of errors as a function of depletion, provision of temperature
interpolation capability, and modeling of thermal-hydraulic feedback.

The 3-D whole-core transport code DeCART was developed based on the method of characteristics
for LWR applications at KAERI under an [-NERI project. This code eliminates the approximations and
laborious multi-group constant generation stage of the two-step approach by representing local
heterogeneity explicitly without homogenization using a multi-group cross-section library directly
without group condensation, and incorporating pin-wise thermal-fluid feedback. With the extension of the
geometry-handling capability and the inclusion of double-heterogeneity treatment, this code could be
used as the reference tool for verifying and validating the nodal codes along with the partial use of the
Monte Carlo solutions. The DeCART code could also be used as a lattice physics code for generating
group constants. Thus it would have the dual functionality of group constant generation and whole-core
calculation. An adaptation of the DeCART code for VHTR analyses was pursued under an I-NERI
collaboration with KAERI. This will leverage the U.S. cost for this effort.

The required enhancements to the initial suite of codes, as identified by the validation and verification
effort, will be implemented. This activity will be continuous and is tied to the validation and verification
effort.

Experimental Facilities for Methods Validation: Recent evaluations have indicated that the
operating range of the VHTR (temperature and burnup) will likely require an extensive experimental
component to validate the reactor physics calculations, including the Monte Carlo ones. The cost of this
effort will depend on the type of facility needed for such experiments, but would likely require significant
funding. As a first approach, attempts should be made to leverage international activities (e.g., HTTR,
HTR-10, ASTRA data, and planned activities by U.S. partners in the Gen IV International forum). If this
is insufficient for code validation, an expert group consisting of analysts and experimentalists would be
convened to provide justifications for the experiments and estimates of the associated costs. A more
complete discussion of the efforts required is presented in Section 4.1.1.

5.6 Summary: Focus and Direction

Based on the rationales described above, this project will focus on the development of two suites of
deterministic code systems consisting of spectrum codes: a lattice physics code and nodal diffusion codes
that can be used for efficient and accurate design of the VHTR. Three-dimensional transport codes will be
used when appropriate for generating assembly parameters or in benchmarking established designs. In
order to accomplish the project goal efficiently, whenever appropriate, existing codes will be used as the
basis of the new code suites with the addition of required functionalities for VHTR applications. ANL is
developing a prismatic VHTR analysis capability based upon the DIF3D/REBUS-3 code, which has been
successfully used for the reactor physics analyses of fast reactors, as well as LWRs. Similarly, INL is
developing a pebble-bed analysis capability centered around the PEBBED code and prismatic capability
embodying the same overall architecture as the PEBBED suite, but substituting a hexagonal-z nodal
solver in the proper location. Although these codes provide the starting point of this project, a significant
amount of development is required to enhance their capabilities and to equip a group-constant generation
system that properly incorporates all of the physics of the two concepts. Many of the issues to be
addressed in this effort are common to both concepts, yet there are distinguishing features that require
parallel developments. The timelines for these activities are shown in Figure 21.
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Neutronics & Reactor Kinetics Development
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Materials neutronics interactions
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. Task completion

Figure 21. Time line for neutronic and reactor kinetics analysis development.
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6. THERMAL-FLUID BEHAVIOR AND STRUCTURE TEMPERATURES

Flow and heat transfer in the VHTR are characterized by complex physics in complex geometries.
Advanced simulation tools are available to simulate turbulent flow and heat transfer in engineered
systems, and it is desired to validate such tools to determine their usefulness for applications to the
VHTR. It is fully expected that advanced CFD codes will be needed to simulate regions of complex
turbulent flow in the NGNP. Despite the size and complexity of the NGNP, it is currently expected that
thermal-hydraulics systems analysis codes can be applied, in conjunction with CFD codes, to fully
analyze the NGNP. The distinction between CFD and systems analysis codes stems from the distinctions
between the software tools themselves. CFD codes use first-principle based solutions and subdivide a
problem domain into cells that are small with respect to the phenomena that requires modeling. Systems
analysis codes use field equations that have been simplified (for example by not including the viscous
stress terms) and subdivide the problem into a macroscopic structure that does not model phenomena such
as turbulent eddies. Neutronics/fluid behavior interaction will also be important to analyze in the VHTR.

The methodology applied to ensure that the thermal-hydraulic software can be used with confidence
to calculate the behavior of the VHTR is outlined in Figure 22. However, it is useful to outline how the
methodology will be applied specifically for the thermal-hydraulic R&D outlined in this section—since
the thermal-hydraulics R&D, including the following summaries, stems directly from this methodology.

1. PIRT: Key phenomena
Identified

2. Are adequate
data available
for validating
software?

3. Design and perform
experiment; provide
needed data

Yes

Completion of development

4. Validate software
to demonstrate
capability to
calculate key
phenomena?

5. Software development
or selection of more
sophisticated software

Unsuccessful
validation

Successful

validation 6. Calculation of key phenomena

identified in PIRT is reasonable

Figure 22. Thermal-hydraulic software validation methodology.
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The R&D process is progressing as follows:

o R&D Based on the Latest PIRT. Presently, the only available PIRT is the “first-cut” PIRT given in
Table 6 (see Appendix A). However, as the design of the VHTR matures, an increasingly more
sophisticated PIRT will be required to identify the key scenarios and important phenomena shown in
Step 1 of Figure 22. Hence, the R&D plan is based on the assumption that an ever-improving PIRT
will be available. Clearly, all phenomena that must be calculated have not yet been identified. A
formal PIRT should be created in conjunction with the preconceptual design in approximately 2007
or 2008 and then updated as the conceptual design, preliminary design, and final designs are
formulated. Additional discussions on the upcoming PIRT requirements are summarized below.

o Software Validation. The software used to analyze the VHTR behavior must be validated for
important scenarios. The process thus begins using existing data. If either existing data are not
available or the existing data are not adequate to cover the VHTR’s operational envelope, the
experiments must be defined and built and data must be produced to provide the basis for software
validation (see Figure 22, Steps 2 and 3). Hence, the first R&D categories discussed below (Section
6.1) are experimental. Work to support the validation of the software tools used to calculate thermal-
fluids behavior are discussed in Section 6.2.

o Software Development. If validation studies show that the software cannot adequately calculate the
key phenomena in the important plant scenarios, development must be done to improve the software
or more sophisticated software must be used if available, or developed if not available (Figure 22,
Steps 4 and 5).

e Analyses. Once the software has been validated and shown to be capable of calculating the important
phenomena to the accuracy required (Figure 22, Step 6), then best-estimate analysis may begin.

Software validation, development, and analyses (Items ¢ and d) for both the computational fluid
dynamics and systems analysis codes are summarized in Sections 6.2.

Both the experimental research areas and the software-directed research areas are focused on the
high-priority R&D areas identified in the first-cut PIRT, as outlined in Table 6, where key regions of
concern are identified. In each case, the issues are whether the system will survive, particularly under the
most challenging accident conditions, and whether the system will have an adequate operational lifetime
for the conditions that are postulated (rated operational conditions, off-normal operational conditions, and
accident conditions). The high-priority research areas include: (1) the core heat transfer, (2) mixing in the
upper plenum, as well as the lower plenum, hot duct, and turbine inlet, (3) the heat transfer in the RCCS,
(4d) air ingress following a system depressurization, and (5) the behavior of the integral system during the
key scenarios, including the contributions of the balance-of-plant. These R&D areas are outlined in
Table 6 together with a summary of the key needs.

The R&D areas, including the relevant R&D tasks and the specific needs, are discussed in more detail
in Sections 6.1.1 through 6.1.5. For each of the R&D topics, study areas have been assigned (see 3rd
column of Table 6) that indicate whether the R&D is experimental (an activity designed to produce
validation data); CFD code-related; or systems analysis code-related.

The first-cut PIRT focuses solely on the phenomena that are expected to dominate within the reactor
itself and does not include any phenomena that may occur in the balance-of-plant or an intermediate heat
exchanger (IHX) if one is present. While it is likely that the phenomena that present the most significant
risk to the safety of the facility occur within the core, phenomena resulting from equipment failures in the
balance of plant or flow instabilities in an IHX might also have significant impacts on the safety of the
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facility and may be included in a future PIRT. In particular, the nuclear-chemical coupling IHX, which
provides the heat transport to the hydrogen production plant, similar to the core, has many coolant
channels that could produce flow instabilities. The IHX will have inlet and outlet plenums, with mixing
and stratification phenomena, so the reactor vessel plenum experiments could also apply in this case.

Table 6. Thermal-fluids methods R&D areas.

code coupled calculations,
behavior of balance-of-plant
components (intermediate
heat exchanger, turbine,
compressor, reheater),
analyses of preconceptual,
conceptual, preliminary, and
final designs

R&D Area Related R&D Study Area Need
1. Core Heat Mixed convection Experimental (E), | The core heat transfer, both with cooling flow
Transfer experiment, heated CFD, and systems | (operational conditions) and without cooling flow (DCC
experiments, core heat analysis codes (S) |and PCC), are instrumental in setting the maximum
transfer modeling, bypass temperature levels for fuel and material R&D (core
experiments, system graphite, structural materials, and heat load to RCCS).
performance enhancements, The core heat transfer will determine the material
Sana experiments. selection and configuration in the VHTR core, vessel,
and RCCS designs.

2. Upper and HTTR UP and LP, HTR_10 |E and CFD Circulation in the upper plenum is important during the
Lower plenums | UP and LP, MIR, heated PCC scenario, since hot plumes rising from the hot core
(UP and LP) experiments, scaled vessel, may impinge on the upper head structures and lead to a

jets and cross-flow data, potential overheating of localized regions in the upper

upper plenum experiments, vessel.

system performance The degree of lower plenum mixing determines both the

enhancements. temperature variations and maximum temperatures that
are experienced by the turbine blades, the lower plenum,
hot duct, and power generation vessel structural
components. Lower plenum mixing will determine the
material selection and configuration in the NGNP lower
plenum, hot duct, power generation vessel, and turbine
designs.

3. RCCS ANL (air-cooled), Seoul E, CFD, and S The heat transfer efficiency of the RCCS will determine
National University (SNU; the overall design concept (whether air-cooled is
water-cooled), HTTR RCCS, sufficient or water-cooled is required in accordance with
fission product transport, either a confinement or containment RCCS design), plus
system performance material selection of outer vessel wall, coatings
enhancements (selection of materials with emissivities that change with

surface temperature), natural circulation characteristics,
etc.

4. Air Ingress Diffusion model E, CFD, and S A gas-cooled VHTR should be able to survive the most
development, NACOK challenging accident scenarios with minimal damage and
experiment thus should be able to resume operation in a minimum

time frame. The system must be shown to sustain
minimal damage following potential air ingress into the
core region.

S. Integral HTTR, HTR-10, AVR, E, CFD, and S The ultimate system characterization, to show the final
System fission product transport, design is capable of meeting all operational expectations
Behavior CFD and systems analysis and of surviving the most challenging accident

conditions, is performed using validated software tools.
The tools consist of the neutronics and thermal-
hydraulics software (coupled CFD and systems analysis
software) used in concert. This step is the culmination of
the comprehensive R&D effort outlined herein.
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Flow instabilities may also be phenomena with complicated transient effects. At some point, as the
PIRT progresses, there may be a future need to separate out a task for the development of transient CFD
analyses techniques. As this could be a major undertaking, the budget may need to be adjusted
accordingly at that time. What is acknowledged at this stage, even though the PIRTs have not reached this
level of detail, is that local features in many cases determine the generation of the flow field turbulence
structure. Design features to mitigate thermal stresses, promote mixing, enhance heat transfer, and reduce
vibration are fluid-structure coupling mechanisms that need to be treated in CFD development.

In general, the R&D described herein is divided into two phases:

e Phase 1 focuses on codifying the methodologies, practices, and procedures for software validations.
Phase 1 R&D is designed to equally apply to either the pebble-bed or prismatic VHTR design.
Consequently, Phase 1 R&D includes experiments that are of a more fundamental nature and also
analysis efforts designed to qualify software such as CFD, which has never been validated and used
for nuclear system analysis purposes to any great extent in the past. Phase 1 R&D will continue until
a VHTR design is selected. Phase 2 will begin following design selection.

e Phase 2 focuses on executing the methodologies, practices, and procedures to validate the thermal-
fluids software and to perform the required analyses of the NGNP for final design studies, licensing,
and plant operational studies.

Since the design will likely not be selected until late 2009 or early 2010, Phase 1 assumptions will
govern the R&D until at least this time frame.

6.1 Introduction to CFD and Systems Analysis Code Validation
Experiments

The experiments that stem from the areas identified in Table 6 are described in Section 6.1.1-6.1.5.
These experiments are aimed at producing validation data for CFD and systems analysis codes. Some
potential issues identified to date
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experiments is rooted in using scaling studies that will enable the resulting data to be directly related to
other designs by using nondimensional parameters. This approach maximizes the relevance of the
specified experiments to the design that is eventually selected, whether it is a pebble-bed or a prismatic
design. The initial studies will concentrate on the coolant flow distribution through reactor core channels
(hot channel issue) and mixing of hot jets in the reactor core lower plenum (hot streaking issue),
phenomena that are important in both normal operation and accident scenarios. As VHTR development
proceeds through various design, construction, licensing, and operation stages, the identification of new
thermal hydraulic issues are anticip