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ABSTRACT

BWX Technologies, Inc. (BWXT) Advanced Nuclear Reactor (BANR) is a modular high-
temperature gas reactor (MHTGR) under development as part of the Department of Energy’s
(DOE) Advanced Reactor Demonstration Program (ARDP). The BANR program is being
conducted under a Strategic Risk Reduction Project in order to ensure the reactor is
commercially viable for commercial deployment. The BANR concept and design targets the
market for small and remote communities, disaster response, and in specialty applications
where reliable power and/or process heat are not available. This fuel qualification plan is the
first of several regulatory submittals on the path to demonstrating the safety and performance of
gas-cooled reactors for these commercial and industrial applications.

The BANR fuel qualification licensing approach described herein is applicable to all future
deployments of the BANR design, irrespective of licensing application type defined in Part 50
Operating License, Part 52 Combined Licenses or Design Approval and/or Certification, and
future reserved Part 53. A major component of the BANR design is the utilization of Uranium
Nitride (UN) Tri-structural ISOtropic (TRISO) fuel particles embedded in a Silicon-Carbide (SiC)
Matrix for fuel elements. The BANR particle fuel builds upon extensive investigations and
qualification regimes conducted over the past 50 years on multiple TRISO particle designs and
variants. The program utilizes the proven performance of individual particle-based fuel designs,
while integrating and optimizing the design to form a complete fuel form able to perform under
the BANR design operational requirements.

The design and licensing strategies of the BANR fuel system center on radionuclide retention
capabilities of the modified UN-TRISO coated particle fuel. The standard AGR UCO TRISO
design utilizes an engineered multi-layered fission product barrier system to retain radionuclides
during both normal operation and accident conditions. The particle fuel's ability to retain fission
products within the particle itself, providing “functional containment”, is critical to the safety case
and licensing approach. As such, the particle is a critical component to the overall functional
containment of the BANR HTGR design. Equally, the operational and design features of the
BANR HGTR define the life-limiting phenomena of a particle and play a critical role in defining
the operational performance envelope that ensures functional containment. The design
approach for BANR and for the UN-TRISO particle take into consideration these interactions
and tradeoffs to assess performance for both safe operation and accident conditions.

This document is one in a series of multiple planned white paper submittals that will address key
generic issues for licensing and related topics as part of the process for establishing BANR
specific mMHTGR regulatory requirements.

©2023 BWX Technologies, Inc. All rights reserved.
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FORWARD

This document presents the planned program for fuel qualification of the BANR project, utilizing
UN-TRISO, SiC matrix fuel. The document illustrates and builds upon the extensive national
and international development of TRISO particle-based fuels. Assessing the safe and proven
performance observed across particle designs from various qualification regimes and test
campaigns to identify the common, critical-to-quality attributes needed to ensure successful
qualification. Adaption and incorporation of these particle-based fuel commonalities seen in the
fabrication process, specifications, quality assurance and control methods, and statistical
techniques for assessing acceptability are paramount to establishing the BANR design.

This document discusses current U.S. regulatory structures relevant to these fuels to provide
licensing context for fuel qualification. Following this, reviews of relevant qualification regimes
and test campaigns for TRISO fuel used for High Temperature Gas Reactors are presented to
establish the precedents needed for the BANR project. The review utilizes results from a broad,
international understanding which has developed three considerations as the critical tenets of
TRISO-based fuel:

¢ High-quality TRISO fuel can be fabricated in a repeatable, consistent manner.

e Fuel performance with very low in-service failures is achievable under anticipated
modular HTGR conditions.

e The broad historical, international database is relevant to the proposed particle fuel and
fuel form under consideration.

From these tenets, fuel performance requirements are generated to address the relationships
between design and fuel service conditions. However, this document makes a fuel qualification
distinction between the reactor and fuel design respectively. Where, due to an evolving reactor
design, a representative operational envelope is assumed such that, the fuel particle and fuel
form will be designed and tested to ensure performance over a specified pre-defined operational
envelope range. The implication of this approach is a bounding design space for the reactor, to
which the results of this document will inform and support higher level design decisions.

As such, this document focuses on aspects involving regulatory, functional and performance
requirements, and methods of analysis for the fuel specific areas when addressing fuel
qualification. These areas will then inform future fuel design-based decisions and analyses so
the complete set of data, tests, models, fabrication processes, and regulatory requirements can
be addressed for the fuel aspects of fuel qualification. This approach allows for a graded
evaluation of the fuel design such that the BANR UN-TRISO particle-based fuel in SiC matrix
will be able to be licensed for multiple rector types, as long as the service conditions
experienced by the fuel are demonstrated to be within the specified operational envelope.

Critical to relating TRISO tenets and the BANR fuel qualification approach is obtaining early
regulatory reviews. The information in this document provides the basis for interactions with
Nuclear Regulatory Commission (NRC) staff. The BANR Project wishes to obtain comments on
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the adequacy of the planned fuel qualification approach and feedback on a number of issues
that can significantly impact the effort and schedule to prepare an appropriate license
application for the mHTGR-based BANR UN-TRISO particle-based fuel in SiC Matrix, as

summarized below:

e The fuel design and performance requirements for establishing an acceptable design

basis to support the licensing of BANR UN-TRISO fuel.

o The BANR fuel qualification methodology and approach are adequate to assess the UN-

TRISO-coated particles.

e Technical and regulatory obstacles in the qualification of UN-TRISO particle fuel in SiC

matrix.

e Other activities or recommendations to support the qualification of a UN-TRISO particle

fuel in SiC matrix.

©2023 BWX Technologies, Inc. All rights reserved.
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1 INTRODUCTION

The BANR mHGTR utilizes a novel particle-based fuel design where UN-TRISO embedded are
encapsulated within a SiC Matrix. The BANR UN-TRISO fuel particle consists of a microsphere
(generally referred to as the kernel) of nuclear material encapsulated by multiple layers of
pyrocarbon (PyC) in the form of low-density pyro-carbon represented by the buffer, multiple
dense pyrocarbon layers spatially distinguished by inner and outer (e.g. IPyC and OPyC), and a
SiC layer. This multiple-coating-layer system has been engineered to retain the fission products
generated by fission of the nuclear material in the kernel during normal operation and all
licensing basis events (LBEs) over the design lifetime of the fuel. Although plant safety depends
on many factors, the BANR UN-TRISO-coated fuel is critical to the safe operation of the reactor
as fuel particles constitute a primary fission product retention barrier within a multi-barrier
system implemented by the BANR HGTR design.

The BANR particle fuel builds upon extensive investigations from test campaigns and
qualification regimes conducted over the past 50 years. A critical observation across each of
these campaigns and regime was the excellent performance observed between different TRISO
particle designs and variants. The BANR program seeks to utilizes the demonstrated excellent
performance attributes of prior particle-based fuel variants, while integrating, and optimizing the
BANR particle fuel design and subsequent fuel form to be able to perform under operational
requirements of the BANR reactor. Assessments of the major contributors that have developed
and progressed particle-based fuel design, applicable to the BANR UN-TRISO particle, are
identified to be the U.S. DOE Advanced Gas Reactor (AGR) Fuel Development and
Qualification Program, the Transformational Challenge Reactor (TCR) Program, and Advanced
Fuels Campaign (AFC) Program performed in collaboration by Oak Ridge National Laboratory
(ORNL) and Idaho National Laboratory (INL) among other U.S. DOE national labs.

The AGR program’s focus is to qualify a Uranium Oxicarbide (UCO) TRISO particle fuel
dispersed in a graphite matrix and establish a commercial fuel vendor within the United States,
capable of supporting a breadth of possible HTGR designs [9.2.1]. The AGR program focused
on five major elements that in many ways, are adopted and inform the BANR fuel qualification
methodology:

o Established fuel fabrication processes to ensure fuel quality

e Fuel and Material Irradiation to provide data on fuel performance during irradiation

e Fuel post-irradiation examination (PIE) and Safety Testing thereby providing the required
facilities and processes to measure the performance of TRISO particle fuel as well as
baseline safety-relevant data

e Fuel performance modeling to address the structural, thermal, mechanical, and chemical
processes that can affect TRISO-coated particle performance

e Fission Product Transport and Source Term to provide a technical basis for source term
of the particle and fuel form in HGTR applications

The TCR ORNL test campaign, similar to ARDP BANR, have sought to adapt and modify the
UCO TRISO fuel in a graphite matrix fuel form to instead assess UN TRISO in a SiC matrix.

©2023 BWX Technologies, Inc. All rights reserved.
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These test regimes incorporate similar program elements as the AGR program and produce
essential experience and data used to form the technology bases for the BWXT BANR UN-
TRISO in SiC matrix fuel.

As the adoption and integration of applicable fuel performance data and tests provide the
foundation of the BANR UN-TRISO technology bases, it is understood and expected that this
bases likely does not represent the complete set of data needed for licensing. Thus, it is
critically important to ensure the BANR fuel qualification program provides data representative
of a performance demonstration for the modified UN TRISO in SiC Matrix fuel form. Generally,
with any fuel design modification, it is essential to identify and assess how the relevant
modifications propagate within both the fabrication process and operational envelope as well as
how these modifications will affect overall fuel performance. This report describes the
methodology designed to identify, analyze, and develop a fuel system architecture to
implement, integrate, and perform verification & validation of the fuel system required to support
the design and licensing strategy.

The design and licensing strategies of the BANR fuel system are centered on radionuclide
retention capabilities of the modified UN-TRISO coated particle fuel. The standard AGR UCO
TRISO design utilizes an engineered multi-layered fission product barrier system to retain
radionuclides during normal operation and accident conditions. The particle fuel’s ability to
retain fission product within the particle itself, providing “functional containment”, is critical to the
safety case and licensing approach. As such, the particle is a critical component to the overall
functional containment of the BANR HTGR design. Equally, the operational and design features
of the BANR HGTR define the life-limiting phenomena of a particle and play a critical role in
defining the operational performance envelope that ensures functional containment. The design
approach for BANR and for the UN-TRISO particle take into consideration these interactions
and tradeoffs to assess performance for both safe operation and accident conditions.

1.1  Purpose

This document the planned fuel qualification approach for the BANR HGTR UN-TRISO particle
fuel in SiC matrix. As of this publication, multiple fuel qualification activities are under
development resulting in specific aspects of the BANR UN-TRISO designs, tests, and
fabrication processes sections left intentionally blank. This document will be revised at future
states to incorporate fabrication processes, regulatory bases, tests, and results, as they become
available. As such, many sections below are reserved for future development, but are included
in Revision 0 to establish the extent of information that will be documented throughout fuel
qualification. This document will be used as a vehicle to continue engagement and discussions
with the NRC throughout the manufacturing development, irradiation testing, and post-irradiation
examination. The major goals and respective sections are outlined below. This report is
analogous to, and utilizes the general structure of, [NGNP FQ WP 2010] [9.2.2]. This document
purpose is to:

©2023 BWX Technologies, Inc. All rights reserved.
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e Section 2 - |dentify existing regulations, regulatory guidance, and licensing precedents
relevant to the qualification of fuel for the BANR UN-TRISO in SiC matrix;

e Section 3 - Summarize existing understanding, data, and analysis methods regarding
TRISO-coated particle fuel performance in order to identify the national and international
experience base that provides the technical foundation for the fuel qualification
approach;

e Section 4 - Review design and performance requirements for the reactor and fuel;

o Section 5 - Describe planned fuel fabrication, irradiation, safety testing activities, and
approach to qualify the reference fuel (UN-TRISO-coated particles in SiC matrix);

e Sections 1-5 - Provide a documented basis for engagement with regulators on the
planned approach and information required for qualifying the BANR UN-TRISO in SiC
matrix reference fuel.

1.2 Scope

This document focuses on the existing licensing framework, past licensing guidance from
applicable analysis methods, recent licensing guidance for related advanced reactor fuel
qualifications and reactors, use of existing fuel performance data, and the planned BWXT BANR
fuel qualification program to demonstrate acceptable fuel performance within expected normal
operations and accident conditions.

1.3 Objectives

The information in this document is intended to serve as a basis for interaction with NRC staff.
As stated above, this document’s focus is to provide a regulatory basis, an assessment of
relevant sources of existing fuel performance data, identify design and performance
requirements, and the qualification approach to establish a complete set of fuel qualification
data to demonstrate safe operation and support licensing applications. Where the qualification
approach transforms existing fuel performance data to regulatory, functional and performance
requirements, inform future development for BANR plant design, operational envelope, and
expected fuel service conditions. Given this, the planned fuel qualification program is designed
to establish a basis of fuel performance for the specified fuel design under the intended normal
operation and accident conditions.

The approach described for fuel qualification in this report is applicable to all future deployments
of the BANR design, irrespective of licensing application type (i.e., Part 50 Operating License,
Part 52 Combined Licenses or Design Approval and/or Certification, and future prospective Part
53). The following primary issues for which NRC feedback is requested, are given below. The
resulting information from these activities will be provided in future revisions of this documents
and/or in the design and licensing bases submitted for site or design-specific licensing
applications.

e The fuel design and performance requirements in Section 4 are adequate for
establishing an acceptable design basis to support the licensing of BANR UN-TRISO
fuel.

©2023 BWX Technologies, Inc. All rights reserved.
Page 11 of 58




l a Document No. Title Rev.

e etk s, s BANR-TECR-116543 BANR UN TRISO Fuel Qualification Plan 000

e The plans established in Section 5, describing the BANR fuel qualification methodology
and approach, are adequate to assess the UN-TRISO-coated particles. These include:

o Leveraging AGR and TCR heritage information and data for fuel fabrication, fuel
qualification, and operating conditions for normal operation and accidents,
including experimental data for irradiation testing and accident heat-up
conditions.

o Performance of additional confirmatory irradiation and safety tests on fuel
manufactured at a qualified facility to (1) statistically strengthen the performance
database and (2) demonstrate that the fuel performance is relatively equivalent to
the AGR fuel upon which the UCO-TRISO in graphitic matrix fuel design is
based.

¢ Identify technical and regulatory obstacles in the qualification of UN-TRISO particle fuel
in SiC matrix.

e Other activities and information the staff deem necessary to support the qualification of a
UN-TRISO particle fuel in SiC matrix.

Therefore, it is requested that the NRC review or confirm the following:

o Confirm that the plans presented in this paper are acceptable.
¢ Identify any additional information or testing needed to demonstrate adequate BANR
UN-TRISO fuel performance.

1.4 Topical Report Paper Series

The BANR program has identified a series of supporting white papers desired or required to
fully address an eventual licensing topical report on fuel qualification [9.2.3,9.2.4]. Thus, this
document serves as one of several white papers that will address key regulatory issues for NRC
review as part of a broader pre-application regulatory engagement strategy for BWXT. Each
white paper will be prepared with specific NRC review objectives for a single topic.

Possible topics include:

o Defense-in-Depth Approach

e Deterministic Bounding Source Term
e Fuel Performance Modeling

e Emergency Planning Zone (EPZ)

e Air and Water Ingress

e Licensing Basis Event (LBE) Selection

Plans for this white paper series will continue to develop and evolve within BWXT and support
proper communication with the NRC.

©2023 BWX Technologies, Inc. All rights reserved.
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2 REGULATORY BASES

2.1 Regulatory & Related Guidance

This section will focus on regulatory and related guidance that is fuel specific within the fuel
qualification regulatory base. The documents cited below contain a significant amount of
guidance, represented by General Design Criteria (GDCs), Advanced Reactor Design Criteria
(ARDCs), and MHGTR Design Criteria (MHGTR-DC).[[4]]

This
approach then supports desired end-state objectives and acceptance criteria for regulatory
requirements. For example, bounding the operational envelope allows for the characterization of
fuel system damage during normal operation to ensure the fuel designs functional capabilities
are not reduced below limits defined by the safety analysis. Where applicable, reviews of
regulatory and related guidance in this section distinguish between design criteria pertaining to
fuel performance and fuel qualification against reactor design.

This document proactively focusses on narrowing applicable guidance specific to fuel
qualification of the BANR UN-TRISO coated particle. This is done in an effort to enhance clarity
and generate a more succinct document for the benefit of all stakeholders involved.

2.2 NUREG-2246

NUREG-2246, “Fuel Qualification for Advanced Reactors.” [9.2.5] identifies and reviews a
framework for advanced reactor fuel qualification generated by NRC staff. The framework
provides a means to identify the safety criteria to be used in establishing performance criteria for
fuel related structures, systems, and components (SSCs) of a proposed nuclear facility.
Guidance given in the document identifies that, “addressing the criteria in the fuel qualification
framework provides the information necessary to meet the regulations, but does not in and of
itself satisfy regulatory requirements” and that “satisfying the fuel qualification framework criteria
only ‘partially addresses’ the requirements associated with the nuclear facility.” As such, it is
understood that the goals and requirements outlined in NUREG-2246 support a regulatory basis
applicable to design certifications, combined licenses, manufacturing licenses, or standard
design approvals.

NUREG-2246 establishes a regulatory basis by identifying a set of requirements codified in 10
CFR Part 50 and GDCs contained in Appendix A to 10 CFR Part 50. The bulleted list below
identifies the 10 CFR Part 50 and GDC/ARDC requirements cited in NUREG-2246 that are
specific to fuel qualification and references implementation and applications within the goals
outlined in Section 6 of this document.

e 10 CFR 50.43(e)(1)(i) requires demonstration of the performance of each safety feature
of the design through either analysis, appropriate test programs, experience, or a
combination thereof. The assessment framework developed in NUREG-2246 provides a

©2023 BWX Technologies, Inc. All rights reserved.
Page 13 of 58




l a Document No. Title Rev.

e etk s, s BANR-TECR-116543 BANR UN TRISO Fuel Qualification Plan 000

means to identify the safety features of the fuel necessary to comply with regulatory
requirements (see Goal (G) 2, “Safety Criteria,”), and clarifies the types of evidence
(e.g., analysis, testing, experience) typically expected to demonstrate these safety
features. The safety features assessed are associated with the identification and
understanding of fuel life-limiting failure and degradation mechanisms due to irradiation
during reactor operation.

e Theregulation in 10 CFR 50.43(e)(1)(iii) requires that sufficient data exist on the safety
features of the design to assess the analytical tools used for safety analyses over a
sufficient range of normal operating conditions, transient conditions, and specified
accident sequences (including equilibrium core conditions). This range appears in
G2.1.1, “Definition of Fuel Performance Envelope.” Additionally, the evaluation model
assessment framework in Section 3.3 provides criteria for assessing analytical tools, and
the experimental data assessment framework provides criteria for data adequacy.

¢ The regulations in 10 CFR 50.34(a)(1)((ii)(D), 10 CFR 52.47(a)(2)(iv), and
10 CFR 52.79(a)(1)(vi) require an evaluation of a postulated fission product release. This
requirement can be partially addressed by satisfying G2.2, “Radionuclide Release
Limits.”

NUREG-2246 additionally provide guidance for GDC (2, 10, 27, 35) and ARDC (2, 10, 26, 35).
Review of the provided DC determined the criteria representative to reactor design or requiring
reactor design input to be satisfied. As such these GDC/ARDC will be implemented in future
reactor and core design topical reports or white papers to satisfy the GDC/ARDC requirements.
The assessment is in line with enhance clarity and generate a more succinct document with
respect to the regulatory bases.

2.3 NUREG-800

NUREG-800, “Standard Review Plan.” [9.2.6] (SRP) Section 4.2 encompasses the fuel system
safety review to ensure that a fuel design meets the LWR requirements of GDC 10 and 35
(identified in section 3.2 of NUREG-2246) and the core coolability requirements of 10 CFR
§50.46. SRP 4.2 subsequently contains guidance on Specified Acceptable Fuel Design Limits
(SAFDLs) requiring the following assurances:

e Assurance that the fuel system is not damaged as a result of normal operation and
AOOs can be demonstrated.

e Assurance that fuel system damage is never so severe as to prevent control element
insertion when required can be demonstrated.

e Assurance that the number of fuel rod failures is not underestimated for postulated
accidents can be demonstrated.

e Assurance that coolability is always maintained can be demonstrated.

The SAFDL objectives were developed for water-cooled reactors, and as of yet, no clear
acceptance criteria exist for HTGR or advanced reactor fuel designs. However, demonstration
that the SAFDLs has been established and satisfy assurance requirements are needed for NRC
review. The following bullets repeat the descriptions of the specific areas of review identified in
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SRP 4.2 and give mention to specific acceptance criteria needed to satisfy the SAFDL
assurance objectives.

Design Bases — “The design bases for the safety analysis address fuel system damage
mechanisms and provide limiting values for important parameters to prevent damage
from exceeding acceptable levels. The design bases should reflect the safety review
objectives as described above.” To satisfy these objectives, acceptance criteria is
needed for fuel damage, fuel failure, and fuel coolability.

Description and Design Drawings — “The reviewer examines the fuel system description
and design drawings. In general, the description will emphasize product specifications
rather than process specifications.” To satisfy these objectives, SRP 4.2 states the NRC
should be provided with a description and design drawings that are sufficiently complete
to provide an accurate representation of the fuel.

Design Evaluation — “The reviewer evaluates the performance of the fuel system during
normal operation, AOOs, and postulated accidents to determine whether all design
bases are met. The fuel system components, as listed above, are reviewed not only as
separate components but also as integral units such as fuel rods and fuel assemblies.
New fuel designs, new operating limits (e.g., rod burnup and power), and the
introduction of new materials to the fuel system require a review to verify that the
existing design-basis limits, analytical models, and evaluation methods remain
applicable for the specific design for normal operation, AOOs, and postulated accidents.
The review also evaluates operating experience, direct experimental comparisons,
detailed mathematical analyses (including fuel performance codes), and other
information.” To satisfy these objectives, SRP 4.2 states the NRC will review the
methods of demonstrating that the design bases are met. To ensure that the design
bases are met, the NRC will examine operating experience of the fuel and other similar
fuel designs, prototype testing, and analytical predictions.

Testing, Inspection, and Surveillance Plans - “The licensee performs testing and
inspection of new fuel to ensure that the fuel is fabricated in accordance with the design
and that it reaches the plant site and is loaded in the core without damage. Online fuel
rod failure monitoring and post-irradiation surveillance should be performed to detect
anomalies or confirm that the fuel system is performing as expected; surveillance of
control rods containing B4C should be performed to preclude reactivity loss. The
organization responsible for reactor systems reviews the testing, inspection, and
surveillance plans, along with their reporting provisions, to ensure that the important fuel
design considerations have been addressed.” To satisfy these objectives, SRP 4.2
states that for a fuel design that introduces new features, a more detailed surveillance
program, commensurate with the nature of the changes, is warranted. The program
should include appropriate qualitative and quantitative inspections to be carried out at
interim and end-of-life refueling outages. This surveillance program should be
coordinated with prototype testing. When prototype testing cannot be performed, a
special detailed surveillance program should be planned for the first irradiation of a new
design.
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Similar to section 2.2, review of GDC 10 and 35 determined the criteria to be applied at the
reactor design level or requiring reactor design input to be satisfied. The current regulatory
framework for advanced reactor fuel qualification, NUREG-2246, states that specific acceptance
criteria provided above in NUREG-0800, Section 4.2, “may not apply or may not suffice to
address advanced reactor technologies that use different fuel forms, or address situations in
which the fuel plays different roles in the protection against the release of radionuclides.” As
such, the current regulatory framework requires Experimental Data (ED) and Evaluation Models
(EMs) to demonstrate manufacturing and safety limits for fuel, are provided in order to satisfy
the requirements of GDC 10 and 35 for any proposed advanced fuel design. As such the BANR
fuel qualification program will incorporate multiple SAFDL concepts in order to ensure reactor
level GDC/ARDCs are met. Further, NUREG-2246 specifically identifies the incorporation of
“lessons learned” from SRP 4.2 acceptance criteria as:

e The significant effect of fuel manufacturing parameters on fuel performance is addressed
via, “Fuel Manufacturing Specification.”

o Limitations on test facilities and the risks of obtaining irradiated fuel data are discussed
in the experimental data assessment framework.

These lessons learned are incorporated into the BANR UN-TRISO fuel qualification
methodology.

2.4 Regulatory Guide -1.203

Regulatory Guide (RG) -1.203, “Transient and Accident Analysis Methods” [9.2.7] describes a
process that the NRC staff considers acceptable for use in developing and assessing EMs may
be used to analyze transient and accident behavior that is within the design basis of a nuclear
power plant. Where, EM development and applicability is scenario dependent because the
dominant processes, safety parameters, and acceptance criteria change from one scenario to
another. This document utilizes RG 1.203 for the purpose of compliance with the GDC in
Appendix A to 10 CFR Part 50 in defining these criteria in terms of quantitative fuel and fuel
system design limits required by NUREG-2246. An additional benefit is that EMs that are
developed while using these guidelines will provide a more reliable framework for risk-informed
regulation and a basis for estimating the uncertainty in understanding transient and accident
behavior as it conforms to the BANR risk reduction strategy.

2.5 Regulatory Guide -1.232

Regulatory Guide 1.232, “Guidance for Developing Principal Design Criteria for Non-Light-Water
Reactors” [9.2.8] provides guidance on how GDC in Appendix A may be used by non-LWR
reactor designers, applicants, and licensees to develop principal design criteria (PDC) for any
non-LWR. The RG provides guidance for adapting the LWR GDC for modular HTGRs,
specifying that the design criteria may be used to develop all or part of a design’s PDC. The
designer may choose among the various design criteria to develop their PDC after considering
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the underlying safety basis as defined by a given criterion in conjunction with an evaluation of
the RG’s rationale for the adaptation [9.2.1].

Guidance given in RG 1.232 is applicable to the BANR program as the work provides direct
regulatory adaptions of the GDC with respect to the supplied ARDC and MHGTR-DC.
Specifically, MHTGR-DC 10 “Reactor Design” and MHTGR-DC 16 “containment Design,” in
combination, provide a model for evaluation of TRISO particle-based fuel performance, plant
systems performance, and functional containment performance. With the adaption from GDC
and ARDC, the focus of MHTGR-DC 10 shifts to a more particle fuel specific guidance and
gives the following associated rationales related to acceptable system radionuclide releases
limits:

The concept of specified acceptable fuel design limits, which prevent additional fuel
failures during anticipated operational occurrences (AOOs), has been replaced with that
of the specified acceptable system radionuclide release design limits (SARRDL), which
limits the amount of radionuclide inventory that is released by the system under normal
and AOO conditions. The term “system” refers to the fuel, the helium coolant circuit and
all connected systems that are not isolated and may contribute to dose.

e Design features within the reactor system must ensure that the SARRDLS are not
exceeded during normal operations and AOOs.

e The tristructural isotropic (TRISO) fuel used in the MHTGR design is the primary fission
product barrier and is expected to have a very low incremental fission product release
during AOOs.

e As noted in NUREG-1338 (Ref. 3) and in the NRC staff's feedback on the Next
Generation Nuclear Plant (NGNP) project white paper, “Next-Generation Nuclear Plant —
Assessment of Key Licensing Issues” (Ref. 11) the TRISO fuel fission product transport
and retention behavior under all expected operating conditions is the key to meeting
dose limits, as a different approach to defense in depth is employed in an MHTGR. The
SARRDL concept allows for some small increase in circulating radionuclide inventory
during an AOO. To ensure the SARRDL is not violated during an AOO, a normal
operation radionuclide inventory limit must also be established (i.e., appropriate margin).
The radionuclide activity circulating within the helium coolant boundary is continuously
monitored such that the normal operation limits and SARRDLSs are not exceeded.

e The SARRDLs will be established so that the most limiting license-basis event does not
exceed the siting regulatory dose limits criteria at the exclusion area boundary (EAB)
and low-population zone (LPZ), and also so that the 10 CFR 20.1301 annualized dose
limits to the public are not exceeded at the EAB for normal operation and AOOs.

e The NRC has not approved the concept of replacing specified acceptable fuel design

limits (SAFDLs) with SARRDLs. The concept of the TRISO fuel being the primary fission

product barrier is intertwined with the concept of a functional containment for MHTGR
technologies. See the rationale for MHTGR-DC 16 for further information on the

Commission’s current position.
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Addressing the last guidance bullet for MHTGR-DC 10 and SARRDL approval, it is understood
that this stance pertains to the integrated MHTGR-DC 10 and 16 respectively. Where SARRDL
usage is approved at the fuel level and additional analysis will be required at the reactor design
level to characterize and evaluate design-specific limits of the BANR reactor design [Section 3].
MHTGR-DC 16, provides guidance for a functional containment design and application, which
relies on the use of multiple barriers to control the release of radioactivity.

e The term “functional containment” is applicable to advanced non-LWRs without a
pressure retaining containment structure. A functional containment can be defined as “a
barrier, or set of barriers taken together, that effectively limit the physical transport and
release of radionuclides to the environment across a full range of normal operating
conditions, AOOs, and accident conditions.”

e Functional containment is relied upon to ensure that dose at the site boundary as a
consequence of postulated accidents meets regulatory limits. Traditional containment
structures also provide the reactor and SSCs important to safety inside the containment
structure protection against accidents related to external hazards.

These criteria establish the usage of SARRDLSs in determining limits for the amount of
radionuclide inventory that is released by the system under normal and AOO conditions. Define
and/or credit the TRISO based particle design as a radionuclide barrier within the multi-barrier
functional containment approach. And provides guidance on how the particle fuel design and
performance testing supports the development of the basis for establishing radiological source
terms.

2.6 Requlatory Guide -1.233

Regulatory Guide -1.233, “Guidance for a Technology-Inclusive, Risk-Informed, and
Performance-Based Methodology to Inform the Licensing Basis and Content of Applications for
Licenses, Certifications, and Approvals for Non-Light-Water Reactors” [9.2.9] provides guidance
for a modern, risk-informed approach to licensing reviews. The guide emphasizes an approach
for assessing facility risk by quantifying event frequencies and the associated radiological
consequences. Specifying through Commission’s Policy Statement for Regulation of Advanced
Reactors, “advanced designs are expected to provide enhanced margins of safety and/or use
simplified, inherent, passive, or other innovative means to accomplish their safety and security
functions.” RG 1.233 discuss the role for fuel in meeting fundamental safety functions and that
fuel qualification safety criteria derived in NUREG-2246 can be partially meet through the fuel
design. The RG applies to and supports the goals developed in NUREG-2246 for G2.1 - Design
Limits during Normal Operation and AOOs for MGHGT-DC 10 and G2.2 - Radionuclide Release
Limits for 10 CFR 50 and 10 CFR 52.

2.7 NUREG-6844

NUREG-6844, “TRISO-Coated Particle Fuel Phenomenon Identification and Ranking Tables
(PIRTSs) for Fission Product Transport Due to Manufacturing, Operations, and Accidents,” [10]
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was commissioned by the NRC in order to develop a better understanding of the significant
features that effect particle-based fuel performance.

It cited the “issue” or “driving need” of the PIRT as “In anticipation of future licensing
applications for gas-cooled reactors, the NRC seeks to identify the significant features of
TRISO-coated particle fuel design, manufacture, operation, and accident behavior.” As the PIRT
process is understood to be deterministic and not risk-informed, the results of PIRT and
significant features identified should be used to inform design-based decisions such as
generating requirements or assessing adequacy or applicability of experiments and analytical
tools. NUREG-6844 was developed to assess the performance effecting phenomena which
effect fission product release or source term. The phenomena identified were categorized into a
total of seven scenarios, where six were fully developed into fully formed phenomena tables as
identified below:

e Manufacturing

e Operations

e Depressurized Heat-up Accident

e Reactivity Accident

o Depressurized Accident with Water Ingress
e Depressurization Accident with Air Ingress.

With the down selection of scenarios, hardware, and design assumptions for coated particle and
reactor type (e.g. UO2/UCO kernels of the TRISO coated particle and pebble bed/Prismatic
cores for the reactor type) key phenomena were attributed to figures of Merit (FOM). However,
upon completion of PIRT, panel members generated and applied a set of objectives such that
the phenomena identified could be applied to or used to assess a range of particle based HGTR
designs. The objectives and subsequent conclusion of the NRC identified that the results could
be used generally to:

o Identify key attributes of gas-cooled reactor fuel manufacture that may require regulatory
oversight.

e Provide a valuable reference for the review of vendor HTGR fuel qualification plans.

e Provide insights for developing plans for fuel safety margin testing.

e Assist in defining test data needs for the development of fuel performance and fission-
product transport models.

e Inform decisions regarding the development of NRC's independent HTGR fuel
performance code and fission-product transport models.

e Support the development of NRC's independent models for source term calculations.

e Provide insights for the review of vendor HTGR fuel safety analyses.
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3 Regulatory Policy

NRC policy issues specific to the HTGR concept are identified in RG 1.232, SECY-03-0047,
SECY-93-092 and in Section 5 of NUREG-1338. For the various issues identified in SECY-93-
092, “Containment Performance” and “Source term” policy issues are directly related to the fuel
given that BANR UN-TRISO particle fuel performance incorporates the use of the HTGR’s multi-
barrier containment configuration and deterministic source term concepts in its safety case.

3.1 Functional Containment and Fuel Performance

The BANR design incorporates and credits the coated particle as part of a functional
containment approach. Supporting guidance provided in NUREG-2246 states that a facility
using TRISO fuel may credit a series of barriers (including barriers within the fuel itself) to
prevent the release of radioactive material (i.e., a functional containment). This represents a
significant departure from current LWR containment leakage requirements depicted in GDC 16
and Appendix J of 10 CFR Part 50 [9.2.2]. Guidance given in RG 1.232 MHTGR-DC 16
appendix C, provides clarification in addressing the departure as it revolves around the concept
of alternative containment performance vs “essentially leak-tight” containment structures when
assessing fission product release to the environment.

A core component to the BANR concept is its emphasis on release prevention by utilizing high-
integrity fuel particles rather than leak-tight containment barriers to minimize radionuclide
releases. In SECY-18-0096, NRC staff provided its proposed methodology for an applicant to
develop plant-level design and performance criteria for SSCs based on accepted event
categories and demonstrating the design meets the fundamental safety functions. MHTGR-DC
16 cites SECY-93-092 and SECY-03-0047 in providing commission-approved guidance on
implementing a functional containment approach and defining a standard based on the
evaluation of the acceptability of the proposed designs against containment design criteria,
where, coated particle-based fuel are included in the assessment.

The proposed methodology in SECY-18-0096, now integrated into NEI 18-04 and endorsed by
RG 1.233, provides consideration of both probabilistic and deterministic methods in defining a
spectrum of LBE for transient and safety analyses. It establishes the role of fuel in safety
functions pertaining to control of reactivity, cooling of radioactive material, and confinement of
radioactive material required for the licensing application. The method allows for the justification
of which SSCs are credited (e.g., SAFDL or SARRDL assessing the specific barrier functions),
the performance criteria applied to the SSCs, and the acceptance criteria with which the SSCs
are demonstrated to meet.

3.2 Deterministic Bounding Source Term

The BANR project is pursuing a deterministic bounding source term approach based on the
conservative assumption of core damage and fission product release within the overall fuel
qualification methodology. The methodology is consistent with the view (i.e., defense-in-depth)

©2023 BWX Technologies, Inc. All rights reserved.
Page 20 of 58




l a Document No. Title Rev.

e etk s, s BANR-TECR-116543 BANR UN TRISO Fuel Qualification Plan 000

that siting and containment decisions should be made in consideration of a severe core damage
from identified AOOs and DBEs [9.2.15,9.2.16]. A systematic bottom-up approach shall be
applied integrating and building upon statistical behavior analysis of the particle fuel, fuel form,
fuel system, and reactor under accident scenarios to generate a conservative source term.
Where the complete analysis will be reported in a separate deterministic bounding source term
white paper [section 1.4]. Additionally, the integrated bottom-up approach described above will
incorporate an assessment of radionuclide source terms that are generic to HGTR designs as
well as identify the differences with respect to the BANR design. The effect of these differences
will inform discussions and design decisions as they relate to licensing implications. With this
fuel qualification white paper, a determination of as manufactured fuel-quality and the results of
fuel qualification testing to determine fuel performance (failure fraction) will support the
determination of the radionuclide release from the fuel as input to the determination of the
source term.

4 COATED PARTICLE FUEL EXPERIENCE

4.1 High Level Requirements & Commonalities

A large body of experience and data has been generated involving a variety of coated particle
designs. The coated particle-based fuel concept has been investigated from lab-scale tests to
engineering/commercial scale production/qualification regimes. The development of the particle
concept has progressed to the point that manufacturing of fuel has been demonstrated. The
feasibility of producing large quantities of fuel with low as-manufactured defect levels
(approaching defect fractions of 10-®) is achievable, robust, and independent (to a certain
extent) of design. Notable test and qualification programs that have demonstrated such
fabrication quality are the German Arbeitsgemeinschaft Versuchsreaktor (AVR) and United
States Advance Gas Reactor Program (AGR).

An example of this can be seen within the AGR program, where differences in fabrication
conditions and scales between AGR 1 and 2 exhibited large variations in kernel and coating
properties with “remarkably” similar irradiation and accident safety performance. As such,
multiple types of TRISO particle designs utilizing various kernel fuel material and layer
architectures have been put forth. However, to some degree, the kernel and low-density-carbon
buffer layer of the coated particle have been demonstrated to be decoupled from the dense
pyrocarbon and SiC architecture layers from both a mechanical design and performance
standpoint [9.2.2]. Thus, a major conclusion across TRISO designs is that the experience
generated is generally applicable across similar architectures, as can be seen with the AGR
LEU UO; and LEU UCO coated particles.

This section addresses the common elements across the broad range of coated particle designs
and places an emphasis on the design varication & validation critical to performance process,
parameters, characteristics, and phenomena that are directly attributed to the BANR UN-TRISO
coated particle. Section 4.2 addresses the broad base of international coated-particle
fabrication, irradiation, and testing experience that forms the basis of common elements of
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coated-particle designs in order to define functional, performance, and nonfunctional
requirements for the system element of interest from inputs as described in Section 6.2
Requirements analysis. Section 4.3 addresses observed and potential particle failure
mechanisms that inform closure criteria when establishing appropriate EMs and are supported
via the experience base discussed in Section 4.2. Section 4.5 describes the current or standard
coated-particle designs that evolved from this broad international experience. The
considerations of these design elements, in combination with fuel service limitations
(temperature, burnup, fast fluence) established by the BANR design, shall inform the failure
mechanisms and design limiting phenomena that define the design and performance
requirements under development in section 5.

4.2 HGTR Interfacing Documents

The following interfacing documents are identified as key precedents in particle-based fuel
qualification and play a significant role in the development of the BANR fuel qualification
methodology. The national and international experience generated from these reports will be
reviewed in greater detail in the following sections.

o NRC Final Safety Evaluation of EPRI TRISO Topical Report
e NRC-CNSC MOC Final Report Concerning TRISO Fuel Qualification

4.3 Experience Base & Evolution

This section is reserved for future use.

4.4 Failure Mechanisms

This section is reserved for future use.

4.5 Coated Particle Design

This section is reserved for future use.

4.6 AGR Program

The umbrella objectives of the AGR Fuel Development and Qualification program were to
establish the capability to fabricate high-quality TRISO fuel and to demonstrate fuel
performance. The program has focused on the LEU UCO TRISO-coated particle fuel design for
use in HTRs. The fuel development and qualification activities under the AGR Fuel Program
include fuel manufacturing process and Quality Control methods development, irradiation
testing, post-irradiation examination, Post-Irradiation Heating (PIH) tests to bound modular HTR
accident conditions, and fuel performance model development and validation. The program also
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includes tests to quantify how the fission products are transported through the fuel kernel,
particle coatings and graphite matrix that comprise the fuel compact. Validation of fuel
performance and fission product transport models — which was part of the original program — is
no longer part of the AGR program with the cessation of the NGNP project.

At the start of the AGR Program, without a reactor design concept, the program decided to
qualify fuel to an operating envelope that would bound both pebble bed and prismatic options.
Consequently, the program selected UCO as the fissile kernel of choice because of its ability to
limit CO production and kernel migration under irradiation, phenomena that are potentially life
limiting for traditional UO,; TRISO fuels operating at the upper temperature range (~1250°C) and
high burnup of a prismatic modular HTGR. The AGR program is organized around a fabrication
campaign and a series of irradiation tests designed to generate high-quality fuel that is able to
perform well within a designated operating envelope. The following sections discuss the
relevant data and its application to the BANR UN-TRISO fuel qualification program.

4.7 Fabrication

This section is reserved for future use.

471 Kernel

This section is reserved for future use.

4.7.2 Coated Particle

This section is reserved for future use.

4.7.3 Compact

This section is reserved for future use.

4.8 Irradiation, PIE, and Safety Testing

This section is reserved for future use.

4.8.1 Irradiation

This section is reserved for future use.
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4.8.2 Safety Testing

This section is reserved for future use.

4.8.3 Analysis Methods

This section is reserved for future use.

49 TCR Program

The Transformational Challenge Reactor Program was developed to bring to bear Additive
Manufacturing (AM) and Artificial Intelligence (Al) to deliver enabling technologies for advanced
reactors. TCR is now being joined with Advanced Methods for Manufacturing (AMM) and
Nuclear Materials Discovery and Qualification Initiative (NMDQi) to address the whole lifecycle
of nuclear materials and related technologies. A unique component of the TCR program was the
incorporation of UN based TRISO and SiC Matrix fuel forms. The following sections discuss the
relevant tests, data, and experience generated from the program as they apply to the BANR
UN-TRISO fuel qualification program.

4.10 Fabrication

This section is reserved for future use.

4.10.1 Irradiation

This section is reserved for future use.

4.10.2 Safety Testing

This section is reserved for future use.

4.10.3 Analysis Methods

This section is reserved for future use.
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5 DESIGN AND PERFORMANCE REQUIREMENTS

Section 4 provided an overview of assessments made of prior international development of
TRISO based particle fuels covering applicable fabrication techniques, irradiation and safety
testing, and analysis methods. This purpose of the assessment was to adapt common
understanding of failure mechanisms and generally accepted design features to develop
correlations of critical performance phenomenon, parameters, properties, and fabrication
process that effect particle-based fuel performance. This section incorporates these
performance-based characteristics and applies them to the specific UN-TRISO fuel form design
under consideration for the BANR project.

By providing representative operational envelope or service conditions of the BANR design this
section will inform and define the performance requirements that the fuel shall be qualified to.
Section 5.1 discusses the common performance-based considerations across HGTR types and
particle-based fuels. Section 4.2 addresses the design of the BANR UN-TRISO coated particle,
fuel form, and general reactor design considerations needed to inform the operational envelope.
Design information is provided to illustrate how service conditions and performance
requirements to which the fuel must be qualified to are established. As the particle architecture,
fuel form, and reactor design are in the initial development stages and subsequently evolving,
the resulting fuel service conditions and performance requirements can be expected to change.
Design specifications and parameters for the testing programs, addressed in Section 6, are
established to support a test envelope based on the expected capability of the fuel, allowing
flexibility in the evolution of the designs.

5.1 High Level Requirements & Commonalities

Similar to previous HTGRs that utilized coated particle fuels, the BANR design emphasizes
passive safety systems applied to the core and fuel. The following inherent characteristics of
HTGR reactor core and coated-particle fuel design limits are applied under both normal and
accident conditions [9.2.2].

e HTGR Core:
o Low power density/high heat capacity to limit mismatch in rates of change of
temperature from heat generation/heat-removal.
o Strong negative temperature coefficient of reactivity for mitigating unacceptable
response to loss of coolant flow or pressure.
o Large neutron-migration length to limit local power peaking.
o Single-phase coolant to eliminate effects of phase change on thermal and power
outputs.
o Neutronically and chemically inert coolant to eliminate power change associated
with density change and fuel/coolant interactions.
o High effective thermal conductivity with or without coolant to a passive ultimate
heat sink.
e Coated-Particle Fuel:
o High degree of fission-product retention
o Large overpower margins
o Large short-term temperature margins.
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Previous fuel testing and operating experience has developed a broad performance base from
which fuel may be qualified to. This performance base involves the generation of an operating
envelope to bound potential options across a range of high-temperature applications and
reactor conceptual designs [9.2.1]. Translating this performance base consists of defining a set
of parameters and their importance in influencing fuel performance. This current section outlines
these performance base factors and provides a brief explanation of each. Subsequent sections
shall expand on these factors as they relate to the modified BANR fuel.

o Fuel temperature - Many of the potential failure mechanisms and fission product
transport mechanisms are dependent on both time at temperature during power
operation and time at temperature under postulated accident condition.

e Fuel burnup - Determines the fission product inventory in the kernel and thus directly
impacts the gas pressure and fission product concentration in the particles that can
interact with the coating layers.

e Fuel fast fluence - Determines the level of radiation damage in the particles and drives
some changes in properties and dimensions in the layers.

o Power density - Together with the thermal conductivity and the geometry of the fuel
(e.g., compact or pebble), determines the temperature gradient across the fuel
specimen. Some potential failure mechanisms depend on this temperature gradient.

o Particle packing fraction - Packing fraction together with the global power density and
total fuel volume can be used to establish the power per particle, which directly impacts
the temperature inside the particle.

An assessment of the BANR UN-TRISO coated particle design will be identify and provided the
common features consistent with the coated particle properties, processes, characteristics, and
phenomena generated from activities addressed in Section 4. However, with modifications to
the standard TRISO particle, the following differences are identified to be major contributors to
possible fuel performance effecting behaviors. The chemical form and enrichment profiles with
substitution of the UCO kernel with UN, possibly effecting the kernel-buffer interaction and
fission product transport mechanisms. The modification of TRISO particle layer thicknesses,
leading to possible changes in layer-layer interactions from thermomechanical and irradiation
induced behaviors effecting performance. The replacement of the matrix material from a
graphitic or carbonaceous to SiC base, effecting particle-matrix interaction and fission product
transport.

5.2 UN-TRISO Fuel Form

This section is reserved for future use.

5.3 Design Overview

This section is reserved for future use.

5.3.1 BANR ARDP UN-TRISO Fuel Particle
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This section is reserved for future use.

5.3.2 BANR ARDP Fuel Form Design

This section is reserved for future use.

5.4 Design Basis Approach

This section is reserved for future use.

5.5 Fuel Operational Envelope & Service Conditions

This section is reserved for future use.

5.6 Fuel Performance Requirements

This section is reserved for future use.

6 FUEL QUALIFICATION PROGRAM

This section addresses the qualification approach and activities for the BANR UN-TRISO coated
particle in SiC Matrix. The BANR qualification methodology is modeled after the AGR programs’
approach which was developed under an evolving reactor design and focuses on the coated
particle and not a reactor specific fuel form. The BANR program utilizes a representative reactor
design operational envelope such that, the fuel particle in matrix will be designed and tested to
ensure performance over a specified pre-defined range. Allowing designers to design unique
fuel form geometries as long as the particle can be demonstrated to be fabricated and operated
within the bounds, limits, and margins set forth by the program.

Incorporating and adapting this methodology, a major focus of BANR’s fuel qualification
program is to assess modifications applied to the TRISO particle and to demonstrate that
assessment data, EMs, and verification and validation activities conducted constitute a
performance demonstration for the particle design over a range of normal operating and off-
normal accident conditions. This demonstration provides a foundational basis for use of the
BANR UN-TRISO particle in SiC matrix, such that the particle may be used in varying fuel forms
or element geometries. The program scope for this section includes a summary discussion and
a description of critical elements for the overall qualification methodology, irradiation testing with
subsequent PIE and safety testing, modeling, quality control, and fabrication methods planned.
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Section 6.1 reviews the common features and considerations across previous test and
qualification programs. Section 6.2 describes the BANR fuel qualification methodology used to
generate and assess the verification and validation activities required to satisfy performance
requirements defined in NUREG-2246 and subsequently used to inform upon activities in the
following sections. Section 6.6 identifies planned SET/IET irradiation and material testing.
Section 6.10 describes fuel performance modeling and development designed to be performed
in parallel with SET/IET activities to augment the data required for qualification. Finally, Sections
6.11 and 6.15 describe the QC methods and fabrication process to be assessed for the UN-
TRSIO particle based fuel.

6.1 High Level Requirements & Commonalities

Commonalities with all fuel qualification activities requires fabrication in compliance with a
comprehensive product specification to produce fuel meeting required performance under
normal operation and accident conditions. Common elements of a qualification program include:

e Establishment of fuel product, process, equipment, and feedstock specifications.

¢ Implementation of a fuel fabrication process capable of consistently and reliably
meeting the specifications at the required scale.

¢ Implementation of statistical QC/QA procedures to demonstrate that the product
meets these specifications.

¢ Irradiation of statistically sufficient quantities of fuel with monitoring of in-pile
performance and PIE to demonstrate that normal operation performance
requirements are met.

o Safety testing of statistically sufficient quantities of irradiated fuel to demonstrate
that accident condition performance requirements are met.

The objective of fuel qualification is the “demonstration that a fuel product, fabricated in
accordance with a specification, behaves as assumed or described in the applicable licensing
safety case, and with the reliability necessary for economic operation of the reactor plant”. Prior
TRISO-based fuel qualification efforts provide a significant set of experience, tests, and
databases that are applicable to this particle-based fuel demonstration. The justification and
integration of these prior programs into BANR are extremely desirable. Given the modification of
the particle and matrix materials in BANR UN-TRISO compared to AGR TRISO, a graded
approach such as the one discussed in Section 6.3.1.1 can be used to review and assess data
from these prior test and qualification programs. As described in Section 5, many elements of
the kernel and coated-particle characteristics and fabrication processes are similar or even
almost identical when comparing the BANR UN-TRISO and AGR UCO-TRISO particle designs.
Where major discrepancies are generated from the kernel composition and enrichment,
optimized coating layer thicknesses and interactions, and matrix material selection. A major
tenet of the BANR fuel qualification methodology is the ability to demonstrate that these
changes do not adversely affect the overall performance of the coated particle. This is
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accomplished by the BANR qualification approach through a series evaluation models adapted
from of prior fabrication processes, SETs/IETs data, PIE studies, and safety testing. These
models are designed to provide justification that the prior data and tests results are common
across the coated particles concept and are representative for the BANR UN-TRISO design.
The adapted EMs will then form a combined analytical and empirical approach to develop a
conservative EM for failure fraction as a function of the fabrication process and operational

envelope.

6.2 Design Verification & Validation

(41

(41

(41
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6.2.1 Fuel Qualification Assessment Framework (FQAF)

NUREG-2246 outlines the base set of high-level goals required for fuel qualification. As
advanced reactors and fuel designs often operate in environments (e.g. neutron energy spectra,
fuel temperatures, neighboring materials) that differ from the large experience base available for
traditional light-water reactor fuel, a modified regulatory basis and related guidance must be
applied to HTR fuel qualification efforts. NUREG-2246 provides the most up to date guidance
currently available and identifies criteria that will be useful for advanced reactor designs through
a fuel qualification assessment framework (FQAF). The FQAF particularly emphasizes the
identification of key fuel manufacturing parameters, the specification of a fuel performance
envelope to inform testing requirements, the use of EMs in the fuel qualification process, and
the assessment of the experimental data [9.2.5]. The FQAF incorporates an established top-
down approach in which a set of base goals support high-level regulatory requirements. This
provides the set of criteria needed for satisfying the requirements in applications involving
design certification, combined license, manufacturing license, standard approval, and for the
development of a fuel qualification plan to support future licensing submittals for BANR, e.g. a
construction permit or a combined operating license.

The FQAF architecture is broken down into three high-level branches defined by the respective
goal. Each branch goal is accompanied by a number of sub-goals representing a complete set
of high-level requirements. The main “Fuel is qualified for use” goal (G), is subdivided into
branches for fuel manufacturing specification (G1) and safety criteria (G2) respectively (Figure
6-2). The fuel manufacturing specification sub- goals define the key dimensions, constituents,
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and end of state attributes identified to affect fuel performance. Safety criteria sub-goals define
the evaluation of normal operation, including the effects of Anticipated Operational Occurrences
(AOOs) and to some degree Design-Basis Events (DBEs) used to develop and validate EMs
and empirical safety criteria.

GOAL | Fuel is qualified for use

G1 Fuel is manufactured in accordance with a specification

G1.1 | Key dimensions and tolerances of fuel compeonents are specified

1.2 | Key constituents are specified with allowance for impurities

G1.3 | End state attributes for materials within fuel components are specified or
otherwise justified

G2 Margin to safety limits can be demonstrated

G2.1 | Margin to design limits can be demonstrated under conditions of normal
operation and AOOs

G211 | Fuel performance envelope is defined

G2.1.2 | Evaluation model is available (see EM Assessment Framework)
G2 2 | Margin to radionuclide release limits under accident conditions can be
demonstrated

G2.1.1 Fuel performance envelope is defined

G221 Radionuclide retention requirements are specified

G222 Criteria for barrier degradation and failure are suitably conservative

(a) Criteria are conservative
(b} Experimental data are appropriate (see ED Assessment
Framework)

G223 Radionuclide retention and release from fuel matrix are modeled
conservatively

(a) Model is conservative
(b) Experimental data are appropriate (see ED Assessment
Framework)

2.3 | Ability to achieve and maintain safe shutdown is assured
G231 Coolable geometry is ensured

(a) Criteria to ensure coolable geometry are specified
(b) Evaluation models are available (see EM Assessment
Framework)
G232 Control element insertion can be demonstrated
(a) Criteria are provided to ensure that control element
insertion path is not obstructed
(b) Evaluation model is available (see EM Assessment

Framework)

Figure 6-2 FQAF Goals(G): Fuel Qualified for Use [9.2.5].

The FQAF Evaluation Model (EM) branch defines the set of high-level requirements and criteria
to assess fuel performance for fuel qualification. It is designed to be generically applicable to
advanced reactor fuels in addressing the evaluation of specific fuel design limits as defined in
the (G) branch. An EM is commonly described as a set of analytical tools, computer codes, or a
combination thereof required to be used in the evaluation of fuel performance. However,
specialized tools and/or codes may not be necessary in some cases. For example, a simple
mathematical expression or set of data is sufficient, if enough evidence exists to support its use.
The EM goal is subdivided into branches via evaluation modeling capabilities (EM G1) and
assessment against experimental data (EM G2) (Figure 6-3). The evaluation modeling
capabilities (EM G1) pertain to the geometry, material, and physics associated with the fuel
design. Experimental data assessment (EM G2) defines the fidelity and the accuracy of the
model to predict failure and degradation over the test envelope. The test envelope spans the
performance envelope and pertains to the key processes, factors, components, phenomena,
and with respect to design, manufacturing, operation, and accident scenarios (collectively
referred to for simplicity as phenomena and scenarios). The complete verification of key
phenomena and scenarios as well as the data used to validate these identified phenomena and
scenarios is required for any acceptable fuel design EM. Development of the EM and relevant
areas where a database is/can be used to support qualification is expanded upon in Section 6.3.
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GOAL | Evaluation model is acceptable for use

EM G1 Evaluation model contains the appropriate modeling capabilities

EM G1.1 | Evaluation model is capable of modeling the geometry of the fuel system
EM G1.2 | Evaluation model is capable of modeling the material properties of the fuel
system

EM G1.3 | Evaluation model is capable of modeling the physics relevant to fuel
performance

EM G2 Ewvaluation model has been adequately assessed against experimental data

EM G2.1 | Data used for assessment are appropriate (see ED Assessment
Framework)

EM G2.2 | Evaluation model is demonstrably able to predict fuel failure and
degradation mechanisms over the test envelope

EM G2.2.1 | Evaluation model error is quantified through assessment
against experimental data

EM G2.22 | Evaluation model error is determined throughout the fuel
performance envelope

EM G2.2.3 | Sparse data regions are justified

EM G2 24 | Evaluation model is restricted to use within its test envelope

Figure 6-3 FQAF Goals (G): Evaluation Model (EM) [9.2.5].

The largest area of any fuel qualification is the assessment of whether the experimental data
(ED) is appropriate for use. Multiple goals/requirements in an assessment framework require
this evaluation. This can be achieved from either a single data set of a single model/experiment
or from a consolidated database between multiple test facilities or experiments. Proving that the
data is appropriate is further compounded by fuel qualification programs involving several types
of experiments such as Integral Effects Tests (IETs) and Separate Effects Tests (SETs) over
the test envelope. Test facilities often have limitations and challenges associated with irradiated
fuel testing for the specific reactor environment (e.g. neutron energy spectra, fuel temperatures,
fluence, etc.). Therefore, the evidence needed to support a goal can vary depending on the type
of data collected as well as its independence from any data used in the EM. Any ED used to
support fuel qualification will require establishment of its fidelity and variance. The ED branch is
subdivided into four goals; Independence of Validation Data (ED G1), Test Envelope (ED G2),
Data Measurement (ED G3), and Test Conditions (ED G4) (Figure 6-4).

GOAL | Evaluation model is acceptable for use

EM G1 Evaluation model contains the appropriate modeling capabilities

EM G1.1 | Evaluation model is capable of modeling the geometry of the fuel system
EM G1.2 | Evaluation model is capable of modeling the material properties of the fuel
system

EM G1.3 | Evaluation model is capable of modeling the physics relevant to fuel
performance

EM G2 Evaluation model has been adequately assessed against experimental data

EM G2.1 | Data used for assessment are appropriate (see ED Assessment
Framewaork)

EM G2 .2 | Evaluation model is demanstrably able to predict fuel failure and
degradation mechanisms over the test envelope

EM G2.2.1 | Evaluation model error is quantified through assessment
against experimental data

EM G2.2.2 | Evaluation model error is determined throughout the fuel
performance envelope

EM G2.2.3 | Sparse data regions are justified

EM G2 24 | Evaluation model is restricted to use within its test envelope

Figure 6-4 FQAF Goals(G): Experimental Data (ED) [9.2.5].
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6.3 Evaluation Model Development and Assessment Process (EMDAP)

RG 1.203 describes EMDAP as a guided approach considered acceptable by NRC staff for use
in developing and accessing EMs. Specifically, RG 1.203 provides guidance for EMs for
accident and transient analyses. This concept is described in 10 CFR 50.46 for LOCA analysis
but is identified to be a general approach and applicable to all analyzed events described in the
SRP, including SRP Chapter 4.2 (Fuel system design). An additional benefit is that EMs
developed using these guidelines will provide a more reliable framework for risk-informed
regulation and a basis for estimating the uncertainty in understanding transient and accident
behavior.

RG 1.203 provides applicants and licensees with guidance regarding analysis methods in order
to streamline the review process, specifically addressing a process designed to reduce the
frequency and extent of iterations between the method developers and NRC staff reviewers.
The document describes the set of principles that should be addressed during EMDAP in order
to produce a viable product. Specifically, the following six basic principles are identified as
important to follow in the process of developing and assessing an EM:

o Determine requirements for the evaluation model - the purpose of this principle is to
provide focus throughout the EMDAP.

o Develop an assessment base consistent with the determined requirements - since
an EM can only approximate physical behavior for postulated events, it is important to
validate the calculational devices, individually and collectively, using an appropriate
assessment base.

o Develop the EM - the calculational devices needed to analyze the events in accordance
with the requirements determined in the first principle should be selected or developed.

o Assess the adequacy of the EM - based on the application of the EMDAP first
principle, especially the phenomena importance determination, an assessment should
be made regarding the inherent capability of the EM to achieve the desired results
relative to the figures of merit derived from the ARDC/MGHTR-DC.

o Follow an appropriate quality assurance protocol during the EMDAP - quality
assurance standards, as required in Appendix B to 10 CFR Part 50, are a key feature of
the development and assessment processes.

o Provide comprehensive, accurate, up-to-date documentation.

Figure 6-5 illustrates the adaptation and expansion of the first four principles into core elements
of the process. These core elements identified as (1) Establish Requirements for Evaluation
Model Capability, (2) Develop Assessment Base, (3) Develop Evaluation Model, and (4) Assess
Evaluation Model Adequacy define the process steps needed to generate a successful EM.
Element 1 defines the process of generating an application envelope and identifying constituent
phenomena, processes, and key parameters within that envelope. Element 2 provides a basis
for development and assessment by utilizing the prior element’s outputs to perform a scaling
methodology in both bottom-up and top-down approaches. The methodology includes acquiring
appropriate ED relevant to the scenario being considered and ensuring the suitability of
experimental scaling. Element 3 utilizes the outputs from element 1 in order to generate the EM
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development plan, model structure, and closure criteria. Finally, element 4 assesses the
adequacy of scalina methodoloaies developed in element 3 for both the top-down and bottom-

up approaches.
41
Element 1
Establish Requirements for evaluation model capability

1) Specify analysis purpose, tr class and power plant dass

2) Specify figures of merit

3) Identify sy comp ph & ies fields and

processes that should be modeled

4) Identify and rank phenomena and process

|
Element 2 Element 3
Develop Assessment Base Develop Evaluation Model

5) Specify objectives for assessment base

6) Perform scaling analysis and identify similarity criteria
7) identify existing data and for perform IET/SET to compl
8) Evaluate effects of IET distortions and SET scaleup capability
9) Determine experimental uncertainties

data base.

10) Establish EM development plan
11) Establish EM structure
12) Develop ori porate closure

Aol

\ 4

v

Element 4
Assess Evaluation Model Adequacy

Closure Relations (bottom-up)

13) Determine model pedigree and applicability
to simulate physics process

14) Prepare input and perform calculations to
assess model fidelity and /for accuracy

15) Assess scalability of models

Integrated EM (TOP-down)

16) Determine capability of field equations and
numeric solutions to represent processes and
phenomena

17) Determine applicability of EM to simulate
system components

18) Prepare input and perform calulations to
assess system interactions and global capability
19) Assess scalability of integrated calculations
and data distortions

20) Determine EM bases and uncertainties

Figure 6-5 EMDAP Architecture
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41

6.3.1.1 Graded Approach

Given that similar fuel designs may have significant overlap, a full EMDAP may not be required.
The scope and depth of abplvina the develobment process to an EM can be based on a araded
approach.
41
(41 The following four attributes of the EM shall be considered when determining the

extent to which the full model development process may be reduced for a specific application
[9.2.7]:

¢ Novelty of the revised EM compared to the currently acceptable model

¢ Complexity of the event being analyzed

e Degree of conservatism in the EM

o Extent of any design or operational changes that would require reanalysis

41
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6.4 Accelerated Fuel Qualification (AFQ)

6.4.1 lIterative Design

The accelerated fuel qualification (AFQ) approach relies heavily on the iterative coupling of
advanced modeling and simulation with targeted separate-effects testing [9.2.17]. The
approach allows designers to efficiently reduce the length of historic qualification methods
involving lengthy series of integral irradiation tests. These traditional irradiation test programs
require long lead times, immense costs, and due to the extreme complexity of these tests, often
only allow for exploration of a limited set of operational and transient envelopes. When these
factors are compounded, the resources required to implement a historic fuel qualification test
regime are ill suited for innovation. However, the coupling of modeling and simulation with SETs
has been proposed to be an effective way to reduce these aspects via iteratively informing
integral fuel designs, safety analysis methodology, phenomena identification, and prioritization
of material property measurements. In essence, AFQ down-selects and prioritizes critical-to-
performance fuel parameters for integral tests by applying the required verification sensitivity
analyses and uncertainty quantification for validation purposes. The result is a predefined
operational envelope for a respective fuel design resulting in a reduced dependence on
expansive and exhaustive integral testing.

6.4.2 Integrated AFQ
[[41]
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Figure 6-9 Phase | — Accelerated fuel qualification
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Figure 6-10 Phase Il — Accelerated Fuel Qualification

6.5 PIRT — Modified PIRT GAP Analysis

A central element of a successful EM utilized in the FQAF is the determination of system
requirements. Early and accurate requirements development is pivotal in focusing EM outputs
that are used to support fuel performance criteria, which are then used to satisfy safety criteria.
The outcomes and analysis of these requirements should be the identification of mathematical
modeling methods, components, phenomena, physical processes, and parameters (referred to
in the PIRT process as phenomena) needed to evaluate the event behavior relative to the FOM
or evaluation criteria (EC). FOMs as described in the SRP are derived from GDCs in 10 CFR
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Part 50 Appendix A, adapted by RG 1.232 (ARDC appendix A and MHGTR-DC Appendix C)
and are the basis for developing the quantitative standards of acceptance to define acceptable
answers for safety analyses [9.2.10,9.2.18,9.2.19]. The phenomena assessment process is
central to ensuring that the EM can appropriately analyze postulated events and that the
validation process addresses key phenomena in order to generate quantitative fuel and reactor

system design limits to satisfy requirements defined in NUREG-2246.

(41

The major
outputs of gap analysis are outlined below. The gap analysis activities are depicted in Figure

6-11 and described in the following sections.

(41
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6.6 Irradiation, PIE, and Safety Testing

BANR fuel qualification will utilize prior irradiation and testing data from fuel and material test
programs with equivalent material properties, supplemented by additional data produced under
BANR-ARDP. While both the AGR and AVR fuel irradiation and safety testing database
provides a firm basis for projecting performance for UO2 and UCO TRSIO coated particles, gap
areas are expected and will be subject to further work to support performance demonstrations
for the BANR design. This future work will be heavily influenced by the concepts depicted in the
AFQ [Section 6.4] and the initial activities described in the BANR qualification approach
[Section 6.2in order to fulfill requirements for ED and EMs described in the FQAF [Section
6.2.1].

6.7 Irradiation and Testing of Lab-scale Fuel

Irradiation and testing of laboratory-scale fuel will be performed to generate ED that can be
used to adequately assess if the EM is demonstrably able to predict fuel failure and degradation
mechanisms over the test and fuel performance envelopes. The irradiation and testing in this
area will include SET activities designed to address knowledge gaps or bolster existing ED from
prior test programs that have been identified as being of greatest interest and importance.
Specific phenomena or mechanisms will be identified, testing objectives will be specified for a
test activity related to a behavior or mechanism, test materials will be characterized before
irradiation and testing, irradiation will be performed, and post-irradiation examination (PIE) of the
test article will then be conducted to assess what happened during the test and generate the
appropriate ED. The SETs shall leverage AFQ concepts, utilizing modeling and simulation tools
to inform and develop the experimental tests designed to target these critical performance
phenomena. This approach, outlined in Section 6.4, is the basis for accelerating fuel
qualification through the iterative exercise of advanced engineering-scale modeling and
simulation tools, resulting in a reduced and targeted combination of SETs overall. This targeted
SET testing constitutes a core verification activity of EMs developed with the design-V
methodology. PIE activities could include heat (furnace) tests for safety testing if desired. The
results of these activities will inform the integral fuel specification and testing to define a set of
integral fuel performance criteria which must be met.
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6.7.1 Testing Objectives

This section is reserved for future use.

6.7.2 Pre-Irradiation characterization

This section is reserved for future use.

6.7.3 lIrradiation

This section is reserved for future use.

6.7.4 Post-Irradiation Examination

This section is reserved for future use.

6.7.5 Safety Testing — Heat Tests

This section is reserved for future use.

6.8 Irradiation and Testing of Production-scale Fuel

Irradiation and testing of production-scale fuel will be performed using an integral fuel design
specification developed from coupled SETs and engineering scale modeling efforts within the
BANR fuel qualification methodology. The testing is designed to ensure that all important
phenomena and their complex inter-relationships are fully accounted for and that scaling
relationships are well understood to fully validate the safety case. The validation approach is
informed from all prior design-V and EMDAP activities as defined in Section 6.2 and 6.3
respectively.

The design-V requirements analysis and architecture activities inform the database scalability,
distortion, and uncertainty assessments for closure models of prior IETs and IET gaps needed
to complete the necessary ED required for fuel qualification. Where gaps exist, Ems developed
from verification activities are implemented and integrated, informing the integral fuel
specification to be tested. Specific phenomena or mechanisms will be identified, testing
objectives will be specified for a test activity related to a behavior or mechanism, test materials
will be characterized before irradiation and testing, irradiation will be performed, and post-
irradiation examination (PIE) of the test article will then be conducted to assess whether the
integral test constitutes a successful demonstration of the BANR fuel and fuel form. The test
objectives are to provide irradiated fuel performance data for the modified UN-TRISO coated
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particle fuel and irradiate samples for safety testing and PIE. These samples will then be used
to broaden options and increase prospects for meeting fuel performance requirements. As such,
the IETs will constitute a fuel performance capability demonstration to validate fuel performance
codes and models to support overall fuel qualification.

6.8.1 Testing Objectives

This section is reserved for future use.

6.8.2 Pre-Irradiation characterization

This section is reserved for future use.

6.8.3 Irradiation

This section is reserved for future use.

6.8.4 Post-Irradiation Examination

This section is reserved for future use.

6.8.5 Safety Testing — Heat Tests

This section is reserved for future use.

6.9 Fuel Matrix SiC Irradiation Tests and PIE

With the incorporation of the novel SiC matrix, a set of thermo-mechanical, thermo-chemical,
and irradiation tests in conjunction with post-examinations may be needed to evaluate the
capabilities of the matrix material to mitigate the release of fission products to the environment.
Justification for the need in crediting the matrix material as part of the functional containment
approach is reliant on the BANR UN-TRISO coated particle performance and the interaction of
the matrix material with the particle as defined by the safety case. The testing activities will
focus on the physical processes to characterize transport of radionuclides released from the fuel
and inform compatibility and adequacy assessments of the matrix material to ensure the EM is
capable in assessing normal operation and anticipated operational occurrences. The test will be
informed in a similar fashion to lab-scale irradiation testing, where the testing in identified areas
will include SET activities designed to address knowledge gaps or bolster existing ED from prior
test regimes. These small-scale materials test shall be incorporated into ED and EM
development, supporting the integral fuel specification and large-scale fabrication. Specifically,

©2023 BWX Technologies, Inc. All rights reserved.
Page 44 of 58




l a Document No. Title Rev.

e etk s, s BANR-TECR-116543 BANR UN TRISO Fuel Qualification Plan 000

the results of these activities shall inform the integral fuel specification and testing to define a
set of integral fuel performance criteria which must be met.

6.9.1 Pre-lrradiation characterization

This section is reserved for future use.

6.9.2 Irradiation

This section is reserved for future use.

6.9.3 Post-Irradiation Examination

This section is reserved for future use.

6.9.4 Compatibility assessment

This section is reserved for future use.

6.10 Fuel Performance Modeling and Development

Fuel performance modeling is critical to the success of the BANR program. This program
element addresses the mechanical, thermal, irradiation, and chemical processes that can lead
to TRISO fuel failures. It includes the effects of fission product chemical interactions with the
coatings, which can lead to the degradation of the coated particle properties. Furthermore,
modeling of fission product release from the fuel particles and transport in the SiC matrix and
fuel element during irradiation under normal and off-normal conditions is a critical component in
establishing safety criteria. Identification of these event behaviors through modeling of
components, phenomena, physical processes, and parameters that are critical to performance
is described in Section 6.2. These fuel behaviors shall be assessed relative to the FOM
described in the SRP and derived from the GDC and is essential to establish EMs need for
verification activities to inform integral test and specifications. Computer codes and models will
be further developed and validated as necessary to support fuel fabrication process
development [9.2.20]. The complete assessment of this activity is further discussed in the BANR
fuel performance modeling white paper series described in section 1.4.

Fuel performance modeling, as it relates to the BANR program, consists of the following:

o Improve the existing coated-particle material property database to help develop
constitutive relations that describe the thermos-irradiation, thermos-mechanical,
thermos-physical, and physio-chemical behavior of coated particles.
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e Develop a deterministic fuel performance model for normal and off-normal HTGR
conditions and benchmark against relevant performance data.

e Generate a probabilistic failure mode analysis to inform design limits, fission product
release limits, and margins in order to establish a performance envelope.

6.11 Fuel Quality Assurance & Control

The quality control sections’ intent is to is to provide a consolidated tabular overview of fuel
particle sampling techniques and QC inspection/testing methods used for the BANR ARDP UN
TRISO fuel SET/IET activities and large-scale fabrication. Given the iterative nature of the
qualification program described in section 6.2, QC methods ensuring the as-fabricated critical to
performance parameters described here-in are expected to evolve as the program progress.

6.12 Manufacturing Quality Assurance

A Quality Assurance Project Plan (QAPP) for the BANR project was to provide guidance for
implementing quality requirements across the entire program, including for the project’s key
partners and subcontractors: BWXT NOG-L, BWXT NOG-T, Oak Ridge National Laboratory
(ORNL) and Idaho National Laboratory (INL). The guidance provided supports the
implementation of a graded approach to quality. It applies to BANR activities affecting the
quality and performance of safety-related structures, systems, and components including, but
not limited to designing, procuring, fabricating, inspecting, handling, testing, and training. As
such, the QAPP describes the methods and establishes quality assurance (QA) and
administrative control requirements that meet 10 CFR 50, Appendix B and 10 CFR 52.

The QAPP is based on the requirements and guidance of ASME NQA-1-2015, "Quality
Assurance Requirements for Nuclear Facility Applications," Parts | and 11.The QAPP was
submitted to the NRC as part of a QA Topical Report [9.1.3] to demonstrate that the program
meets the requirements of 10 CFR 50, Appendix B.

6.13 SET/IET QC Methods & Controls

QC methods for TRISO kernels and coated particles are well established from prior fabrication
regimes ranging from lab to commercial scale production [9.2.21,9.2.22,9.2.23,9.2.24]. A base
set of specifications can be adapted from early UCO/UO; TRISO QC inspection/testing methods
used at GA Fort Saint Vrain (FSV) and fuel fabrication of irradiation tests for the MHGTR and
GT-MHR programs. These established base specification sets have already gone through
consolidation and process improvement via the AGR program, incorporating modern analytical
instrumentation with improved detection limits and accuracies as well as general program
development, refining the critical to quality processes, parameters, and properties. The
incorporation and adaption of these base specifications coupled with integral fuel analysis of the
BANR ARDP UN TRISO variant shall be used to inform the integral fuel specification and
fabrication for large scale fabrication.

The following tables highlight the parameters important to the manufacture of quality fuel, along
with the respective QC methods and specifications. Each parameter and corresponding
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specification are generated from activities described in Section 6.2 and reported in Section 5
(Design and Performance Requirements). Initial QC inspection/testing methods and
specifications for the kernel, TRISO coated particle, and fuel form are given in Table 6-1, Table
6-2, and Table 6-3.

Table 6-1 Initial SET/IET ARDP UN Kernel QC methods

Parameter QC Method Specification

Table 6-2 Initial SET/IET ARDP UN TRISO Particle QC methods

Parameter QC Method Specification

Table 6-3 Initial SET/IET ARDP Fuel Form QC methods

Parameter QC Method Specification

6.14 Integral fuel fabrication QC Methods

This section describes the finalized QC methods for large-scale fabrication of the BANR ARDP
UN-TRISO fuel kernel, particle, and form. As mentioned above, the BANR fuel qualification
process utilizes a robust and iterative verification and validation process in order to support a
final integral fuel specification through the demonstration of the safety case from SET/IETs
coupled with integral fuel analyses. The integral fuel fabrication QC inspection/testing methods
and specifications for the Kernel, TRISO Coated Particle, and Fuel Form are given in Table 6-4,
Table 6-5, and Table 6-6.
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Table 6-4 BANR Kernel QC Methods - Integral Fuel Specification

Parameter QC Method Specification

Table 6-5 BANR TRSIO Particle QC Methods - Integral Fuel Specification

Parameter QC Method Specification

Table 6-6 BANR Fuel Form QC Methods - Integral Fuel Specification

Parameter QC Method Specification

6.15 Fuel Fabrication Process and Controls

The properties of the UN-TRISO coated particle are well established as critical factors in
determining performance with respect to fission product retention. These properties define the
operational envelope that the particle can be exposed to and still operate safely. The fabrication
process used by the BANR program for the UN-TRISO coated particle shall adapt a modified
internal gelation kernel fabrication process (Section 6.16) and implement the same fluidized-bed
chemical vapor deposition coating process as AGR (Section 6.17). The SiC matrix fuel form is
similar to the TCR fuel formed using a chemical vapor deposition (CVI) process and is currently
still evolving and under development; Section 6.18 gives a high-level overview of the process.

6.16 UN-TRISO Kernel Fabrication

Figure 6-12 depicts the kernel fabrication process flow and compares the UCO-AGR to the UN
ARDP Process. The process is summarized below and the only difference in the overall process
for producing a UN-ARDP kernel is the content of carbon added prior to internal gelation and an
additional Nitriding step after the kernel undergoes carbothermic reduction.
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Table 6-7 BANR UN-TRISO Kernel Fabrication Process

BANR UN-Kernel

Process Specification Parameter

6.17 UN-TRISO Coated Particle Fabrication

The BANR UN-TRISO fuel particles are manufactured (e.g. TRISO coating) using fluidized-
bed chemical vapor deposition (FB-CVD). The coating process utilized by BANR is identical
to the AGR process as the program has demonstrated the fabrication process to be an
efficient method to produce high quality coated particles. The method involves suspending
bare kernels in a deposition zone by flowing a gas upwards through a particle bed, levitating
the kernel spheres allowing for continuously deposition of multiple coating layers and types.
Pyrolytic carbon (PyC) is deposited in two forms, low-density PyC, referred to as buffer and
high-density PyC distinguished by inner and outer application (e.g. Inner-PyC or IPyC and
Outer-PyC or OPyC). Layers are deposited from acetylene, or a mixture of
acetylene/propylene, at specified deposition temperature ranges. Similarly, silicon carbide
(SiC) is deposited by the decomposition of methyl trichlorosilane (MTS) in a hydrogen
environment at specified temperature ranges. The BANR UN-TRISO coating process and
depicted in Figure 6-13 and parameters are will be reported in Table 6-8.
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Table 6-8 BANR UN-TRISO Particle Coating Process Parameters

Process Specification Parameter

This table is reserved for future use.

6.18 UN-TRISO Fuel Form Fabrication

The nominal BANR fuel form consists of tightly packed UN-TRISO particles residing within a
solid SiC matrix. The BANR fuel form fabrication process replaces the compacting (molding and
pressing) process utilized in AGR compacts with preform geometries, filled or loaded with UN
TRISO particles. The BANR fuel form fabrication process flow Figure 6-14 and process
parameters Table 6-9 will be reported in this section.
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Figure 6-14 BANR Fuel Form Fabrication Process Flow

This figure is reserved for future use.

Table 6-9 BANR Fuel Form Fabrication Process Parameters

Process Specification Parameter

This table is reserved for future use.

7 Conclusion and Outcome Objectives

The information provided in this document regarding BANR fuel qualification is intended to
serve as the basis for interaction with NRC Staff. The focus is on the adaptation and
development of the regulatory framework to assess existing fuel-performance data that will be
applied to the future HGTR design and operational envelope. An encompassing operational
envelope is therefore utilized to establish a performance basis for the UN-TRISO particle-based
fuel in SiC matrix. This document focuses solely on the fuel specific areas when addressing
fuel qualification, these areas include: regulation, function and performance requirements, and
methods of analysis. These areas will then inform future fuel design-based decisions and
analyses such that the complete set of data, tests, models, fabrication processes, and
regulatory requirements can be addressed for the fuel specific aspects of fuel qualification.

The Primary issues for which NRC staff feedback is requested prior to submission of any
licensing application for fuel qualification include:

e The fuel design and performance requirements in Section 4 are adequate for
establishing an acceptable design basis to support the licensing of BANR UN-TRISO
fuel.

e The plans established in Section 6, describing the BANR fuel qualification methodology
and approach, are adequate to assess the UN-TRISO-coated particles. These include:

o Leveraging AGR and TCR heritage information and data for fuel fabrication, fuel
qualification, and operating conditions for normal operation and accidents,
including experimental data for irradiation testing and accident heat-up
conditions.

o Performance of additional confirmatory irradiation and safety tests on fuel
manufactured at a qualified facility to (1) statistically strengthen the performance
database and (2) demonstrate that the fuel performance is equivalent to or better
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than the AGR fuel upon which the UCO-TRISO in graphitic matrix fuel design is
based.
o Identify regulatory obstacles in the qualification of UN-TRISO particle fuel in SiC matrix.
e Other activities or recommendations from the staff to support the qualification of a UN-
TRISO particle fuel in SiC matrix.
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8 DEFINITIONS, ABBREVIATIONS, AND ACRONYMS

8.1 Abbreviations and Acronyms

ACRS
ADUN
AGR
AOO
ARDC
ART
ATR
AVR
B&W.
BAF
BISO
BWXT
BWXT-AT
CCCTF
DLBL
DOE
DTF
EAB
EFPD
EPA
EPRI
FIMA
FSV
GA
GDC
HEU
HFIR
HFR
HM
HMTA
HTGR
HTR
HTTR
IAEA
INL
IPyC
LBE
LEU
LWR
MCNP
MHTGR
MTS
NEFT
NGNP
Non-LWR
NP-
MHTGR
NPR
NRC
NUREG

Advisory Committee on Reactor Safeguards
acid-deficient uranyl nitrate (solution)
Advanced Gas Reactor (Fuel Development and Qualification Program)
anticipated operational occurrence

advanced reactor design criteria

Advanced Reactor Technologies

Advanced Test Reactor (United States)
Arbeitsgemeinschaft Versuchsreaktor (Germany)
Babcock and Wilcox, Inc

Bacon Anisotropy Factor

bistructural isotropic

BWX Technologies, Inc

BWX Technologies, Advance Technologies, Inc
Core Conduction Cooldown Test Facility (ORNL)
deconsolidation-leach-burn-leach

U.S. Department of Energy

designed to fail

exclusion area boundary

effective full-power day

U.S. Environmental Protection Agency

Electric Power Research Institute

fissions per initial metal atom

Fort St. Vrain (United States)

General Atomics

general design criteria

highly enriched uranium

high-flux isotope reactor (United States)

High Flux Reactor (Netherlands)

heavy-metal

hexamethylenetetramine

high-temperature gas-cooled reactor
high-temperature reactor

High-Temperature Test Reactor (Japan)
International Atomic Energy Agency

Idaho National Laboratory (United States)

inner pyrolytic carbon

licensing basis events

low-enriched uranium

light water reactor

Monte Carlo N Particle

modular high-temperature gas-cooled reactor
methyltrichlorosilane

northeast flux trap

Next Generation Nuclear Plant

non-light-water reactor

New Production Modular High-Temperature Gas-Cooled Reactor

New Production Reactor
U.S. Nuclear Regulatory Commission
publication prepared by the NRC staff
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ORNL Oak Ridge National Laboratory

PDC principal design criteria

PIE post-irradiation examination

PIRT phenomena identification and ranking table
PSER pre-application safety evaluation report
PyC pyrolytic carbon (also pyrocarbon)

R&D research and development

R/B release-rate-to-birth-rate ratio

RG regulatory guide

SARRDL specified acceptable system radionuclide release design limits
SECY NRC Commission papers

SiC silicon carbide

SSC structures, systems and components
TAVA time-average volume-average

TRISO tristructural isotropic

uU.S. United States

UCx uranium carbide

uco uranium oxycarbide

UN Uranium nitride

UoO:2 uranium dioxide
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