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ABSTRACT

This report proposes potential research priorities for the Department of Energy (DOE) with the intent of improving
the licensability of the Sodium Fast Reactor (SFR). In support of this project, five panels were tasked with
identifying potential safety-related gaps in available information, data, and models needed to support the licensing of
a SFR. The areas examined were sodium technology, accident sequences and initiators, source term characterization,
codes and methods, and fuels and materials.

It is the intent of this report to utilize a structured and transparent process that incorporates feedback from all
interested stakeholders to suggest future funding priorities for the SFR research and development. While numerous
gaps were identified, two cross-cutting gaps related to knowledge preservation were agreed upon by all panels and
should be addressed in the near future. The first gap is a need to re-evaluate the current procedures for removing the
Applied Technology designation from old documents. The second cross-cutting gap is the need for a robust
Knowledge Management and Preservation system in all SFR research areas. Closure of these and the other identified
gaps will require both a reprioritization of funding within DOE as well as a re-evaluation of existing bureaucratic
procedures within the DOE associated with Applied Technology and Knowledge Management.
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EXECUTIVE SUMMARY

While the Department of Energy Nuclear Energy (DOE-NE) has historically sought to work
cooperatively with nuclear power vendors to license a Sodium Fast Reactor (SFR) domestically,
recent support for these efforts has been intermittent. As a result, the ability for the DOE-NE to
successfully support the safety-related aspects of a SFR license application has become
uncertain. To better understand DOE-NE’s current capabilities and provide insight into potential
future research programs, a series of five safety-related gap analysis panels were formed in the
following areas: Accident Sequences and Initiators, Sodium Technology, Fuels and Materials,
Source Term Characterization, and Codes and Methods. These panels were comprised of
representatives from across the DOE lab complex, academia, industry and international bodies
and identified key gaps relating to existing experimental databases and capabilities,
computational abilities, human capital, and the knowledge-base. The resulting five gap analysis
reports are compiled in VVolume Il of this report.

Volume | of this report is focused on consolidating the safety-related gaps identified by the five
expert panels and evaluating these gaps to inform future decision-makers. Historical operating
experience, licensing efforts, and proposed industry consensus standards were examined for
insights concerning the relative importance of identified gaps to a safety case. Existing domestic
and international facilities were cataloged to identify which safety gaps could be closed without
new investment, for large, capital-intensive facilities. Experts were consulted to estimate costs
associated with addressing identified gaps to help inform future decisions made with limited
resources. Finally, existing research programs which were already addressing safety-related
research needs were highlighted.

Once the safety-related gaps were evaluated, they were divided into six prioritization categories
including: gaps which are estimated to cost less than a million dollars, time sensitive gaps which
should be addressed in the near term, gaps with the potential for international cooperation, gaps
related by precursors (other gaps or capabilities), gaps significant to normal operation of a SFR,
and gaps which would be addressed with a fully funded SFR program. These categories were
then examined for similarities under the assumption that resolving gaps which appeared under
numerous prioritizations would be beneficial to the SFR community. The following general areas
emerged as high level research needs which the DOE-NE should address in the foreseeable
future: knowledge preservation and management efforts, source term and sodium fire modeling
capability, modernization of codes which support licensing, and improved abilities to model
accident phenomena in a post-Fukushima world.

A sufficiently funded and coordinated knowledge preservation and management emerged as the
most pressing need within the SFR community. Documentation for some codes significant to
licensing have been lost (e.g., NUBOW), and other codes are not currently maintained (e.g.,
LIFE-Metal). Many documents and test data have been saved recently using funds from the
Advanced Reactor Concepts program, but much of this information still needs to be sorted,
interpreted, and transferred into retrievable storage. While patchwork efforts have ensured that
information has not been lost, these efforts should be coordinated to make certain that the DOE-
NE knows what it has preserved and what still needs to be determined. A key component to
knowledge preservation and management is to ensure that the codes which are needed to support
a safety case have the appropriate level of stewardship and user-base within the DOE labs and
academia. While the user-base for even the highest profile SFR safety-related codes (e.g.,
SAS4a) needs improvement, the fuel performance code LIFE-Metal has only a few, nearly
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emeritus, stewards. Should they retire before the code has been transferred to the next generation
of users, the DOE’s capability to support and defend a fast reactor fuels qualification case may
be lost. Finally, the current process for handling Applied Technology (AT) documentation was
determined to occasionally be counterproductive to knowledge preservation efforts. DOE-NE
should consider streamlining the AT review process, by allowing qualified researchers speedier
access to AT documents, by allowing referencing of AT documents, and timely removal of the
AT designation when no longer needed while still retaining the preservation of the technology
for possible international exchange.

Due to the SFR’s reliance on inherent and passive safety, little effort has been made to maintain
domestic capabilities to characterize source terms and sodium fires. After Fukushima, these
capabilities will likely receive greater attention in the SFR’s safety case. The NRC currently uses
MELCOR to examine severe accidents of Light Water Reactors. MELCOR has many similarities
to the internationally supported SFR containment performance code Contain-LMR, making
MELCOR an ideal code to absorb Contain-LMR’s capabilities to become the domestically
supported source term and sodium phenomenology code. Additionally, some U.S. facilities, such
as Sandia National Labs’ (SNL) sodium fire testing vessel Surtsey, are currently under-utilized
and are capable of addressing many high-priority sodium phenomenology gaps. These facilities,
if properly utilized, can help close the remaining sodium-related safety gaps in a sodium version
of MELCOR.

In addition to the need for expanded user-base for SFR safety codes, the codes themselves need
to be updated to take advantage of modern computing practices and infrastructure, and to
improve their capabilities. SAS4A needs enhancements to improve modeling accuracy,
functionality, and usability as well as to take advantage of the multi-processor capabilities which
are the current trend in modern computing. Models within SAS4A also need to be improved,
especially concerning transitions from full power to natural circulation if passive safety is to be
an integral part of the SFR’s safety case. In regards to LIFE-Metal, data from the new fuel tests
should be incorporated into the code’s empirical correlations, and the user manual needs to be
updated to incorporate the new changes.

Another implication of Fukushima will likely be increased importance of seismic isolation and
modeling. New experimental data concerning the response of SFR core materials and structures,
systems, and components to earthquakes and other external events is needed to improve the
current predictive modeling capability. Additionally, no validation experiments yet exist to
gauge the model’s predictive capability.

Finally, external stakeholders were given the opportunity to comment on this report’s
recommendations before final publication. While various stakeholders obviously would like
DOE research to more closely align with their specific design needs (e.g., very high burnup fuel
or a stronger emphasis on severe accident research), commonalities in their comments were also
identified. A general agreement was reached concerning the importance of seismic-related
modeling and validation efforts, as well as the need to preserve licensing codes.



1 INTRODUCTION

1.1 Motivation

The U.S. Department of Energy (DOE) is currently funding various research initiatives to
support future fast reactor deployment. In addition to accomplishing new technical
achievements, the ability to support a U.S. industrial partner’s licensing effort may potentially
influence future DOE funded research areas. Sodium fast reactors (SFRs) have long been both
studied and operated by the DOE and its predecessor, the Atomic Energy Commission (AEC).
By the early 1990s, the DOE complex operated a wide range of fast reactor related experimental
facilities. The DOE national laboratories supported fast reactor research with both experimental
facilities and predictive model development across all relevant areas pertaining to SFR
deployment until the program was suddenly closed in 1994.

In 1994, policy changes in the U.S. Government abruptly canceled nearly all of the fast reactor
research in the United States. The abrupt end to fast reactor research resulted in many programs
ending prematurely, with no funding available to properly preserve intermediate or final project
results. Currently raw data tapes and paper records are stored in uncontrolled environments
where they are not protected from deterioration or unintentional destruction. Even if the data
tapes are recovered, experts from the early 1990s would need to be consulted in order to decipher
them. These experts are quickly retiring from the DOE, ensuring that the likelihood of significant
additional capability loss increases dramatically with every passing year.

1.2 Determination of the State of Knowledge of SFR safety

Between 2009 and 2011, the Advanced Reactor Concepts (ARC) program within DOE has
funded a series of five gap analysis panels tasked with identifying safety-related gaps that still
remain in the knowledge needed for making the safety case for licensing a SFR. These five gap
analysis reports have been combined in Volume Il of this report. Both burner and breeder
reactors were considered in this expert elicitation, although their respective needs were not
delineated in the report’s recommendations. Filling these gaps would be essential in order to
license a future SFR. It was expected that, because of the relatively mature state of SFR
technology, many of the identified gaps would be related to design options that were near
maturity at the end of the Integral Fast Reactor (IFR) program, i.e., metallic fuel qualification,
evolution of the licensing structure (e.g., increased use of Probabilistic Risk Assessment [PRA]),
or because of loss of institutional knowledge (e.g., abandoned computer codes).

Expert panel elicitation was used in order to identify the regulatory significant gaps in each of
the five topical areas. Experts were asked to rank each research area on the technical adequacy of
existing knowledge in an area of interest and the importance of the research area to the licensing
process.

The five topic areas examined for safety-related gaps included:
» Accident Sequences and Initiators — How well known are the accidents and associated
phenomena that are important in establishing the safety case for licensing a SFR?
(Sackett et al., 2010)

* Sodium Technology — How well can a designer accommodate and model potential
energetics associated with sodium fires? (Corradini et al., 2010)



* Fuels and Materials — How well does the existing experimental database allow for fuel
qualification and use of advanced structural materials, and what is the status of fuel
performance computer codes? (Walters et al., 2011)

e Source Term Characterization — How well can we model the source term for a SFR to
support emergency planning and other regulatory issues? (Powers et al., 2010)

» Codes and Methods — What are the status and capabilities of existing computer codes
and models for SFR accident analysis? (Schmidt et al., 2011)

1.3 Objective of this Report

This report is intended to both make research recommendations based on five previously
conducted safety-related gap analysis reports and determine cross-cutting needs that exist
throughout the SFR-related DOE complex. While the eventual funding decisions will be privy to
the changing needs and budget priorities of external decision-makers, the identification of cross-
cutting gaps, i.e., a coordinated Knowledge Management and Preservation effort, may be the
most important information highlighted by this report.

In general, this report assumes that a U.S. SFR design will use metallic fuel, either binary (U-
10%Zr) or ternary (U-x%Pu-10%2Zr). While some of the gap reports considered other fuel types,
such as oxide fuel, for simplicity these gaps are not included in this cumulative report due to the
existing U.S. research direction for SFRs. Additionally, it is assumed that gaps relating to design
alternatives, e.g., qualifying extremely high-burnup fuel, deploying a loop or pool design, or
developing a Supercritical-CO, (S-CO; ) power conversion cycle, will have a lower priority
associated with resolving outstanding licensing and safety issues than gaps that cross-cut almost
any SFR design. Unlike gaps relating to oxide fuel, optional gaps are not discarded from this
report’s analysis.

In an attempt to ensure that the research plan identified in this report addresses the needs of all
potential U.S. SFR designers, a wide range of stakeholders will be consulted to provide input on
the recommendations of this report. A series of case studies were used to assist the decision
maker in consideration of a range of varying funding priorities, i.e., Low Cost or Time Sensitive
Gaps.

A draft of this report was released to DOE in February of 2012 (without external input). The
final version of this document was released in June of 2012. This final version will include all
external feedback acquired between the release of the draft and final document.

1.4 Structure of the Report

This report is intended to highlight current safety-related research needs for the SFR program. In
order to provide insights from the identified safety-related gaps, a SFR decision maker needs to
understand the history of SFR research program, ongoing SFR related research activities, and the
most likely future licensing pathways facing the SFR. Thus, the report is structured as follows:

1. Introduction — Provides an overview of the motivations and objectives of this project.

2. History and Future of SFR Development — Discusses historical SFR research and
facilities, open items from licensing efforts between the 1970s and 1990s, the role of
beyond design basis accidents, and updates to the SFR licensing standard ANS/ANSI
54.1.



Methodology — Discusses the initial selection of the five topical reports, the general
selection criteria of the expert panels, the procedure for identifying and ranking safety-
related gaps used in the five gap analysis reports, the methodology for evaluating the
safety-related gaps, and a discussion of safety-related topical areas which were not
selected for a formal gap analysis report.

Review of the Gap Analysis Reports — Reviews the recommendations from each gap
report, summarizes the gaps into generic gap categories for easier prioritization and
evaluates the gap categories using expert opinion elicitation.

Potential Resolution of Gaps — Overviews both national and international experimental
facilities, national programs which are already funding the resolution of safety-related
gaps, and documents the need for a systematic knowledge management and preservation
program.

Potential Roadmaps — Groups safety-related gap categories into six potential funding
prioritization groups and highlights commonalities from these prioritizations.

Observations and Recommendations — Reviews the insights gained from the study and
summarizes external feedback received before publication of the report.

References — Lists the references used to support this report.
Bibliography — Lists the references used to support the five gap analysis reports.






2 HISTORY AND FUTURE OF SFR DEVELOPMENT

2.1 History of SFR Deployment

Next-generation nuclear energy systems currently under consideration aim for significant
advances over existing and evolutionary light water reactors (LWRS) in the areas of
sustainability, economics, safety, reliability, and nonproliferation. Development of these systems
is an international effort, involving collaborations under the framework of the Organization for
Economic Cooperation and Development’s (OECD’s) Generation-1V International Forum (GIF)
and the International Atomic Energy Agency’s (IAEA’s) International Project on Innovative
Nuclear Reactors and Fuel Cycles (INPRO).

Recent studies under these programs highlight the importance of closed fuel cycle systems using
fast-neutron reactors to meet the sustainability goals through efficient resource utilization. In
comparison to LWRs, fast reactors can extract about two orders of magnitude more energy from
the same amount of fuel. Moreover, nearly all long-lived heavy elements (transuranic waste that
remains radioactive for a long time) can be consumed in a fast reactor with a closed fuel cycle,
greatly reducing the amount of repository space needed for waste isolation.

Although reconsidered as part of the next generation of nuclear reactors, the fast-spectrum
systems, particularly the liquid sodium cooled reactors (SFRs), are not new concepts. Since the
1950s, SFR technologies have been pursued and demonstrated worldwide, leading to the
construction and operation of several experimental and prototype fast reactors in the United
States (Experimental Breeder Reactor [EBR]-I and -1, FERMI , Southwest Experimental Fast
Oxide Reactor (SEFOR), and the Fast Flux Testing Facility [FFTF]), Soviet Union (BR-10,
BOR-60, BN-350 and -600), United Kingdom (DFR and PFR), France (RAPSODIE, Phénix, and
Superphénix), Germany (KNK and SNR-300), and Japan (JOYO and Monju). These fast reactors
have achieved well over 300 reactor-years of accumulated operation experience.

Although interest in SFRs has declined during the past several decades, the restart of Monju in
Japan, completion of the Chinese Experimental Fast Reactor (CEFR), and ongoing construction
of the Prototype Fast Breeder Reactor (PFBR) in India and BN-800 in Russia have demonstrated
a renewed interest in SFR development. Recent commercial interests in building SFRs within
the United States have been shown by GE (Power Reactor Innovative Small Modular [PRISM]),
Toshiba (Super-Safe, Small, Simple [4S]), and TerraPower (TP-1).

2.2 Open Items From the Previous SFR Licensing Efforts

The current U.S. SFR licensing experience has come about from the Clinch River Breeder
Reactor (CRBR) and the Advanced Liquid Metal Reactor (ALMR) program interactions with the
U.S. Nuclear Regulatory Commission (U.S. NRC). In the 1970s and early 1980s, the DOE
attempted to license CRBR, but Congress cut funding before the project was complete. While
core disruptive accidents (CDASs) were not considered as part of the design basis for CRBR,
accidents that could lead to CDAs, including unprotected accidents and large break loss of
coolant accidents, received a large amount of regulatory attention, which prolonged the licensing
process. The U.S. NRC Atomic Safety and Licensing Board (ASLB) eventually excluded CDAs
from the licensing basis, with the U.S. NRC staff stating:



It is our current position that the probability of core melt and disruptive accidents can
and must be reduced to a sufficiently low level to justify their exclusion from the design
basis accident spectrum.

The CRBR licensing process resulted in a U.S. NRC Safety Evaluation Report in 1983,
NUREG-0968.

After CRBR was canceled in 1983, the DOE embarked on the Advanced Liquid Metal Reactor
(ALMR) program. This program emphasized a pool-type reactor concept and metal fuel to avoid
severe accident related regulatory issues that impeded CRBR’s licensing. After an initial design
competition between the PRISM (GE) and Sodium Advanced Fast Reactor (SAFR)
(Rockwell/Westinghouse) reactor concepts, with both designs submitting a Preliminary Safety
Information Document (PSID) to the U.S. NRC in 1986, the GE-led PRISM reactor became the
focus of the ALMR program in 1988. Coupling the ALMR fuel cycle with GE’s PRISM reactor
concept later led to establishment of the Integral Fast Reactor (IFR) program.

The resulting Preapplication Safety Evaluation Report (PSER) highlighted key regulatory issues
for PRISM (U.S. NRC, 1991, 1994). The major non-design-specific items highlighted by the
U.S. NRC Staff in the PRISM PSER include:

¢ limited performance and reliability data for passive safety feature,
e unverified analytical tools used to predict plant response,

e limited supporting technology and research,

¢ limited construction and operating experience, and

e incomplete information on the proposed metallic fuel.

While IFR program continued to address these identified issues, some of them were never fully
resolved due to the abrupt closure of the IFR program in 1994. While the PSID was analyzed by
a relatively small group within the U.S. NRC and thus cannot be taken as encompassing all
potential regulatory issues, the PSER provides the best indication of potential regulatory
concerns for the sodium reactor. As will be seen in Section 4, many of these issues were also
captured by the five supporting gap analyses. Only the limited construction and operating
experience was neglected from our findings because this gap can only be addressed through the
act of building more reactors, not sponsoring more research.

2.3 Consideration of Beyond Design Basis Accidents

The relative importance of safety-related gaps for the sodium reactor depends upon the safety
approach taken by both the design and the potential regulatory. These approaches have evolved
over time, shifting the relative importance of research areas along with the evolving
philosophies.

The safety of reactors is traditionally based on deterministic approaches. Deterministic
approaches consider a set of challenges to safety and determine how those challenges should be
mitigated. A probabilistic approach to safety enhances and extends this traditional deterministic
approach by allowing consideration of a broader set of potential challenges to safety, by
providing a logical means for prioritizing these challenges based on risk significance, and by
allowing consideration of a broader set of resources to defend against these challenges. For both



the traditional deterministic approach and a deterministic approach that is enhanced by PRA, the
resulting safety framework for a reactor design is essential to the licensing application that is
presented to the regulator.

The licensing basis for the reactor is constructed around the definition of events to be considered
within the safety framework of the reactor. Those that are beyond the safety framework are
subject to much less rigorous evaluation. A PRA, because it considers both likelihoods and
consequences of events, can very readily be used to identify and study those events that would
fall within a licensing basis. Events that have large consequences, beyond the capability of the
reactor plant to safely mitigate, are reduced in risk significance by requiring that their likelihoods
are acceptably small such that they do not cause the risk profile of the plant to be beyond an
accepted norm. For advanced plants, such as the SFRs, even higher aspirations for safety are
expected because the advanced plants incorporate improved design features and may benefit
from operational experience with the current fleet of LWRs (U.S. NRC., 2008)

Fukushima has refocused regulatory attention on severe accidents as well as the low probability
range of PRA results. In post-Fukushima work, the regulatory importance of containment
response codes, e.g., Contain-LMR or MELCOR, will be increased even with the enhanced
passive safety of current SFR designs. Seismic risks will take a more prominent role in advanced
reactor risk assessment, possibly even driving containment design or the adoption of three-
dimensional seismic isolation. The increased priorities associated with addressing gaps related to
containment response and seismic related modeling has been incorporated to the following
analysis.

Furthermore, determining how passive safety relates to the required redundancy and diversity of
defense-in-depth will be extremely important. Passive systems do not fit in the binary event or
fault trees within a PRA. This challenge may cause the potential for a designer to overly rely on
passive systems to ensure safety.

2.4 Proposed Updates to Fast Reactor Industry Consensus Standard
ANSI/ANS 54.1

If a reactor designer approached the U.S. NRC to license a SFR, the designer would have to
demonstrate that they meet all appropriate codes and standards to ensure the safety of the public.
Unfortunately, while some standards were published (see Section 3.5.3), most previous attempts
to develop fast reactor codes and standards, including a licensing standard, were abandoned
when the research programs were terminated. These standards need to be resurrected or
completed before it can be determined how much supporting research is required for licensing.

Currently, the ANS and ANSI are working on an update of the 1989 SFR industry consensus
standard ANSI/ANS 54.1 - 1989, General Safety Design Criteria for a Liquid Metal Reactor
Nuclear Power Plant (ANSI/ANS 54.1, 1989). The 1989 standard, which was eventually
withdrawn in 1999 because it was not being maintained by the ANS, was intended to provide the
SFR equivalent of the LWR-specific general design criteria (GDC) that are promulgated in the
U.S. NRC regulation 10 CFR 50 Appendix A. This current updated draft standard recognizes
changes in SFR technology, safety, and the use of PRA in achieving a risk-informed and
performance-based approach to the safe design of a reactor.

The purpose of this draft standard is to define criteria to be satisfied for providing assurance that
SFRs are designed so that they can be operated with acceptable risk to public health and safety



and to the environment. This purpose is achieved through the identification of applicable safety
requirements from the U.S. NRC, industrial codes and standards, and other published guidance
and professional engineering practices. It is also the purpose of the draft standard to define
requirements for the acceptable use of probabilistic risk information in support of design
decisions (i.e., risk-informed design criteria).

The update to ANSI/ANS 54.1 builds on the body of knowledge on sodium-cooled reactor
technology and information that has been developed over the past half-century. Previous
standards, guidelines, safety reviews, design, operating, and research experience have been
recognized in the development of this draft standard. It is intended to be implemented on both a
design- and site-specific basis and to be compatible with regulatory dose limits related to the
protection of public health and safety and the environment.

While this report summarizes the current safety-related gaps associated with SFRs, the degree of
required research in various areas cannot be determined until standards, such as ANSI/ANS 54.1,
are complete.
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3 METHODOLOGY

3.1 Selection of the Five Topical Areas

Since SFR design studies are at an early stage and currently include many system design and fuel
options, the safety-related gap evaluation must address the range of relevant options needed to
fully assess the phenomena that must be considered in the safety evaluation. In defining the
major safety-related gap topic areas, it is recognized that the topic areas and phenomena are
driven by the potential accident sequences (the first topic area listed below). The accident
sequences are in turn significantly affected by the SFR design. However, some aspects of SFR
safety, such as sodium phenomena, are less design-specific. A preliminary list of gap topic areas
was identified based on general knowledge of SFR technology and requirements for evaluating
the SFR safety case (Pickard et al., 2008). The topic areas (corresponding to panels) for the SFR
safety-related gap evaluation project are:

e Accident Initiators/Sequences — The accident scenario panel addressed the broadest
scope of safety-relevant phenomena. This panel utilized available information and expert
opinion to define classes of events with safety significance and the systems or subsystems
that are affected; identified the phenomena that are active in those events; assessed the
importance of these phenomena against safety criteria, and assessed the state of
knowledge for analyzing the safety significance of these phenomena. The broad
spectrum of phenomena addressed in this panel resulted in overlap with the other
phenomenological panels. The scope of this panel extended to secondary systems and
balance of plant interactions with accident events where appropriate.

e Sodium Phenomena —-Sodium coolants add an additional dimension of safety relevant
phenomena that must be considered in the overall evaluation of SFR safety. The
probability and location of a sodium fire is design-dependent, but the phenomena
associated with the range of sodium fires that could result from a leak in the primary or
secondary system can be assessed at an early stage. There has been considerable research
on sodium fires and sodium phenomena, such as sodium concrete interactions, in the
United States and other countries as part of previous fast reactor development programs.
Pool fire phenomena that were considered by this panel include radiation heat fluxes
between the pool surface and environment, aerosol generation, convection at the surface,
development of the oxide crust, and sodium flow (spreading) issue. Spray fire
phenomena include modeling of the plume and spray dynamics (thermal-fluid dynamics),
spray characteristics, including droplet size and velocity distributions, chemical
combustion Kinetics, and agglomeration phenomena. Sodium interactions with concrete
may also result in hydrogen production and aerosol generation.

e Fuels and Materials — Understanding the characteristics of fuels and key materials under
accident conditions is essential to reactor safety analysis. Advanced fuel characterization
under both normal and accident conditions is needed to assess fission product
release/retention, fuel-coolant interactions, fuel-clad interactions, fuel swelling, and fuel
motion mechanisms under accident conditions. Both metal and oxide fuel types are being
considered for SFRs and the implications of both types must be evaluated. The
anticipated high burnups and long service lifetimes also pose issues for key non-fuel
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materials, particularly cladding materials. The very high burnup and the resulting high
fast neutron fluences require that clad properties (embrittlement, swelling, etc.) be
understood and included in accident analysis. The fuels and materials panel assessed fuel
and material phenomenology important to safety and identified the information needed to
support the overall safety and licensing approach. Fuel types and materials of
construction, and the associated conditions of safety-relevant service, would be design-
and scenario-dependent, and therefore this panel was convened after the accident initiator
panel.

Source Term — The source term of primary interest is the release of radionuclides to the
site and beyond the site boundary. To assess the defense-in-depth of a plant design, the
regulatory process also will define a source released to the containment and evaluate the
leakage of radionuclides to the environment. The concentrations of radionuclides
suspended in the containment atmosphere as functions of time are of crucial importance.
With the exception of noble gas releases and some small fraction of the radioactive iodine
release, the radionuclides are suspended in the reactor containment as aerosol particles.
Aerosol sources to the containment arise directly from fuel in the case of fuel handling
accidents. Otherwise, important aerosol releases to the containment come from the
sodium coolant. The least intense type of radionuclide release from sodium comes from
quiescent sodium pools retained in the reactor coolant system. Contamination of the
sodium coolant with radionuclides is most important when fuel rods have ruptured and
the fuel is exposed to the coolant.

Computer Codes and Models — Based on the range of scenarios and phenomenology
identified from the SFR safety evaluation performed in the other safety-related gap
topics, the codes and models panel addressed the analytical capabilities and data required
to adequately assess the safety implications of SFR scenarios and phenomena. The scope
of this panel included the assessment of thermal-hydraulics (TH), heat transfer, and
structural and neutronics modeling capabilities, as well as the evaluation of the validation
basis. Of particular interest is the evaluation of accident analysis tools that are generally
unique to nuclear reactor safety. In addition, this panel addresses the potential for modern
advanced modeling and simulation techniques to improve nuclear safety analysis
approaches using higher-fidelity, integrated multi-process tools. This activity was closely
coupled to the Accident Initiators/Sequence panel scope.

3.2 Selection of Expert Panels

While each of the five gap analyses used slightly different criteria to select their expert panels,
the following three guidelines were generally followed:

The panel should be chaired by an authority in the topical area of interest,
The panel should include at least one expert in every topical area analyzed, and

The panel should be representative of the DOE complex and, if possible, the international
community.

The panel size varied for each topic ranging from 5 to 12 panelists.
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3.3 Gap Identification and Ranking Process

The individual panel evaluations identified safety relevant features and components that are

involved in the range of accident sequences relevant to that panel, and then assessed the

phenomena active in those scenarios. The panels assessed the importance of those phenomena to
the safety case for a SFR and the knowledge level currently available to address these issues for
licensing. Gaps or areas of inadequate understanding were identified to define safety-related
R&D needs. Figure 1 shows a high-level description of how the gap analyses were conducted.

The importance of the issues identified by each panel was ranked qualitatively by the panel
members as either: High (H), Medium (M), or Low (L) importance. The general descriptions of

these importance ranking levels are:

e High (H) — phenomena is of first order (fundamental) importance based on evaluation

criteria.

e Medium (M) - phenomena is of secondary (contributing) importance based on evaluation

criteria.

e Low (L) — phenomena not important for the scenario and evaluation criteria being

considered.

Define Objectives and high
level evaluation criteria

Compile current LMR safety ¢
knowledge base - phenomena and
scenarios

Define design options (systems or
components) be considered in each

review area (panel)

/ Define scenarios and key systems or

A

components active in scenario

Identify Key Phenomena active in

T

scenario

Assess the Importance of the key

Iterative Panel
Evaluation
Sequence

T

< phenomena and Rank (H,M,L)

Assess knowledge level for the key

phenomena and define gaps

| Compile Results and Document |

T

-

| Compile final report and recommendations

o

Figure 1. Sequence of gap analysis activities and panel process.

Evaluating the state of knowledge of a phenomenon generally involves the assessment of both
the modeling capabilities and the database to validate the model(s). The panels discussed each
phenomenon extensively during the evaluation, with the general criteria for ranking the state of

knowledge defined as:
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High (H)

e A physics-based or correlation-based model is available that adequately represents the
phenomenon over the parameter space of interest.

e A database exists adequate to validate relevant models or to make an assessment.
Medium (M)

e A candidate model or correlation is available that addresses most of the phenomenon
over a considerable portion of the parameter space.

e Data are available but are not necessarily complete or of high fidelity, allowing only
moderately reliable assessments.

Low (L)
e No model exists, or model applicability is uncertain or speculative.
e No database exists; assessments cannot be made reliably.

The gap analysis knowledge results are also provided in the summary table, which includes
comments for each ranking. In that same section of the report, we provide details of the rationale
or justification for the panel knowledge ranking in our discussion.

3.4 Gap Closure Evaluation

Once all of the gaps have been identified, descriptive ranking criteria are needed to evaluate and
prioritize the closure of these gaps. These criteria were first evaluated by chairs of the identifying
panel and then updated by other subject matter experts. The ranking criteria which were used are
described below. It should be noted that the expected responses were left broad to acknowledge
the inherent uncertainty of predicting many of these variables. The evaluation criteria are
explained in Table 1.

Table 1. Gap Evaluation Criteria.

Criteria Expected Response
What is estimated cost range? How much will it cost to fill this gap if the requisite facilities were
available?
$100K-1M, $1M-10M, $10M-100M, $100M+.
Are there related DOE funding List other U.S. programs which may be interested in helping to finance
programs other than ARC? this gap.
Are there related international List other international programs that may be interested in financing this
funding programs? gap.
Is there a time sensitivity associated If the gap is not filled by the following time window, significant
with resolving this gap? capabilities would be lost.

< 5 years, < 10 years, < 15 years, 15+ years.
How much time would be required to  How long will it take to fill the gap?
fill the gap?
< 5 years, < 10 years, < 15 years, 15+ years

Are there precursors? List activities that much first be completed before the gap can be filled.
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Table 1. Gap Evaluation Criteria (cont.).

Criteria Expected Response

US Facilities List any U.S. facilities that could be utilized to fill this gap.

International Facilities List any existing international facilities that could be utilized to fill this
gap.

Importance Two values are listed:

e Was the gap rated high, medium, or low regulatory
significance?

e Was the current state of knowledge associated with the gap
rated low, medium, or high?

It should be noted that this evaluation is made assuming that the
capability related to the gap would be included in a licensing effort. It is
left to the decision maker to interpret the relative priority of design
optional gaps.

Event Category Does this gap fill an Anticipated Operational Occurrence (AOO), Design
Basis Event (DBE), Beyond DBE (BDBE) or Severe Accident (SA)
need?

Optional Design Feature Is this gap associated with a fundamental design feature of a sodium

reactor or with a beneficial, yet optional, design feature?

3.5 Gaps in the Reports

While an effort was made to form expert panels focused on the major areas affecting reactor
safety, some subject areas fell outside the primary scope of this project. A cursory review of the
safety-related subject area was conducted where the authors were able to identify potentially
neglected subject areas. These potential gaps are addressed in Sections 3.5.1 through 3.5.3. The
authors acknowledge that some subject areas may have been omitted.

3.5.1 Instrumentation and Control

Instrumentation and Control (I&C) is important to reactor safety and is addressed in Chapter 7 of
a reactor’s Final Safety Analysis Report (FSAR). Although no official gap panel was assembled
to identify potential safety-related gaps for the SFR, 1&C experts from Argonne National
Laboratory (ANL) and Oak Ridge National Laboratory (ORNL) were consulted to conduct a
cursory review of safety-related gaps in this area. These experts identified safety-related gaps
concerning key sensors that proved unreliable in EBR-I1 and FFTF, the need for a well-funded
Knowledge Preservation and Management program, the development of a SFR Surveillance
Diagnostics and Prognostics system, and numerous technological gaps that, if narrowed, could
improve the overall economics of a SFR.

The top two high-priority gaps that were identified were related to the reliability of high-
temperature sensors in a sodium environment and an improved Knowledge Preservation and
Management program. The need for improved sensors was demonstrated by the performance of
the under-sodium sensors in EBR-11. Safety-related flow and pressure sensors slowly failed over
the life of EBR-II, with barely enough remaining operational when EBR-11 was shut down.
Ensuring that an adequate number of safety-related sensors are functional over the plant’s
lifetime can be addressed through a combination of improved design (the core should be
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designed to allow for replacement of these sensors) and improved reliability both at high
temperatures and in a sodium environment. The Nuclear Energy Enabling Technologies (NEET)
program is currently developing high-temperature sensors for reactor concepts, but there exists a
need for the program to focus on sodium environment effects on these new sensors.

The other high-priority gap that was identified was related to the need for a Knowledge
Preservation and Management program. While a Knowledge Preservation and Management
program is currently in place for fast reactor 1&C, this effort is not comprehensive enough to
prevent a loss of existing capability. This gap cross-cuts almost every area of SFR technology.

An additional high-priority safety-related gap was the need for Surveillance Diagnostics system
to confirm safety-related passive feedbacks. This system couples online sensor measurements
with computer models and uncertainty propagation to continuously verify that the passive
feedbacks, which are relied upon to avoid core damage during unprotected accidents, behave as
expected. Because these feedbacks can change over a 60-year reactor life, an online verification
system will be extremely beneficial to ensure the regulator of continued reactor safety. This
underlying capability is currently being developed in the Small Modular Reactor and Light
Water Reactor Sustainably programs, but a SFR focus will be needed to appropriately account
for fast reactor specific phenomena, such as core expansion.

The final gaps identified would also deal with the economic competitiveness of the SFR.
Improvements in acoustic instruments to measure sodium flow in the primary pool, steam
generator leak detection, under-sodium viewing, subassembly blockage detection and mitigation
(primarily a safety issue), and development of under-sodium maintenance robotics will all
improve the economics of the SFR as well as safety, but will not jeopardize the licensability of
the SFR if they are not addressed quickly.

3.5.2 In-service Inspection and Under-Sodium Viewing

Development of in-service inspection capabilities to facilitate periodic examination and repair of
the plant components is primarily a design challenge. The design considerations include
improvements of the primary and secondary systems in order to reduce the number of structures
and components to be surveyed, to locate sensitive zones in accessible areas from either the
inside or outside, and to reduce the need for welding. The efforts include adaptation of the design
for in-service inspections and repair requirements, development of ultrasonic transducers for
under-sodium viewing, non-destructive examination techniques, repair processes, and associated
robotic equipment.

In addition to improving the plant’s economics and providing an investment protection, in-
service inspection and repair is also fundamentally related to reactor safety (for detection of
failures) and physical protection (assuring the security of the nuclear material and equipment
during the reactor’s life span). Therefore, establishment and validation of the techniques to
improve inspection, maintenance, availability, and decommissioning have broader licensing
implications.

One of the major difficulties for SFR inspection and repair is the high-temperature sodium
coolant, which is opaque and reactive with air and water. Some of the reactor components can be
inspected and repaired by removing them from the reactor, but majority of other parts of the
reactor block need specific means for in situ inspection. Since the reactor inspections and
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maintenance operations for these parts have to be performed under sodium, instead of optical
devices, the ultrasonic devices that are tolerant of high temperatures are needed.

In-service inspection for SFR is usually aimed at assuring the main safety functions such as
reactivity monitoring and control, decay heat removal, and containment of hazardous products. It
is typically implemented in various stages of plant design and operation by:

1. Reducing inspection and repair needs at design stage by design optimizations,

2. Continuous monitoring of the structures and components during the reactor operation
against reactivity anomalies, unexpected temperature spikes, leaks, mechanical
deformation, vibrations, and anomalous acoustic signals,

3. Performing required periodic tests and examinations to confirm the operational status
observed during continuous monitoring, and looking for undetected damages like cracks
and corrosion,

4. Answering to any abnormal situation by allowing intervention (including core unloading,
draining, and examination), and

5. Repairing and replacing the components that are found to be defective.

Since a regulatory oversight would be required for any of these in-service inspections and
especially the repair stages described above, consideration of the gaps will also be important.
However, although these objectives require technological readiness and progress particularly in
the area of under-sodium viewing, non-destructive examination, and robotics for basic repairs,
no major specific safety-related gaps have been perceived at this time.

3.5.3 Codes and Standards

In designing any nuclear reactor or fuel-cycle facility, designers have traditionally relied on a
large number of codes and standards, many of which are consensus documents arrived at using
the consensus process of the American National Standards Institute (ANSI) and other standards
development organizations. These codes and standards have been developed and adopted by
governmental agencies, either regulatory or developmental agencies like the U.S. NRC or DOE.

For U.S. sodium fast reactors, there already exists a huge body of such standards, which fall into
two broad categories:

1. The AEC and its successor, the DOE, developed and adopted many “Reactor
Development and Technology (RDT) Standards,” starting in the 1960s and continuing
into the early 1980s; and

2. Several standards development organizations (including the American Nuclear Society
[ANS], American Society of Mechanical Engineers [ASME], Institute of Electrical and
Electronics Engineers [IEEE], and a few others) developed a large number of consensus
standards. Taken all together, these codes and standards number in the few hundreds,
albeit the most important of these number in the several dozens.

Unfortunately, the major standards development activities for sodium fast reactor technology
mostly came to a halt in the 1980s. Since that time, these standards have largely been dormant.
To revive them and make them applicable to today’s needs, it is necessary to review them
individually to determine which are still applicable, which could be easily updated, and which
are so outdated that it would be necessary to rewrite the standards.
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Revising a consensus code or standard is a time consuming effort — it takes two to three years
minimum, and sometimes longer, depending on the issue. A five year period is not atypical if a
new technical approach is being introduced and consensus about it must be reached within the
very broad technical community. Yet some of the standards development activity is now, or will
soon be, on the “critical path,” in the sense that it will impede the specific technical work that
facility designers will need to do. Both the design work and the U.S. NRC regulatory review
process are at risk. The standards development work is intellectually challenging and also
organizationally challenging in that this work requires bringing industry, DOE, the DOE labs,
U.S. NRC, and others together into a small set of new ANS, ASME, and IEEE standards
committees.

The standards revision efforts are also not necessarily expensive — each new standards committee
needs only $50K to $100K of outside funding to do its work. The bulk of the labor is almost
always donated by the participating experts' institutions. However in the case of SFRs where
most of the expertise resides at national laboratories additional DOE funding may be needed to
support these subject matter experts time spent on standard development. But funding is needed
to pay travel for those few (retirees, consultants) who cannot get an employer to pay travel, and
also for staff time at the standard development organizations (SDOs).

The initial work must identify the codes and standards required to design, construct, and license
the SFR, after which a dialogue must be established with the pertinent SDOs to begin a timely
process for developing or modifying the necessary codes and standards.

Specifically, a survey is needed of codes and standards required for design, construction, and
licensing of SFRs. This survey would identify existing codes and standards that are applicable,
in whole or in part, to SFRs, and identify additional codes and standards that are required for the
SFR. The status and viability of existing codes and standards must be assessed considering
important factors including the spectrum of possible SFR designs and materials. Based on this
evaluation, the codes that are on the critical path for the design and licensing of a SFR would be
identified. Then proposals would need to be developed and presented to the appropriate SDOs.

18



4 REVIEW OF THE GAP ANALYSIS REPORTS

Five gap analysis reports were written by expert panels to highlight the open safety hurdles still
facing the sodium reactor. This section reviews the conclusions from each report, summarizes
the highlighted gaps, and provides additional expert opinion concerning the level of effort
needed to close each gap.

4.1 Accident Initiator/Sequences Gap Analysis

The Accident Initiator/Sequence gap analysis examined the regulatory significance and state of
knowledge for various phenomena that can affect the SFR’s response to anticipated operational
occurrences, design basis accidents, and beyond design basis accidents.

4.1.1 Summary of Findings

The following general conclusions were reached by the expert panel:

There are no major technology gaps that would prevent the design and the
development of a licensing case for a sodium-cooled fast reactor as long as one stays
with known technology. Additionally, there were no identified differences in
knowledge between oxide and metallic fuel, or between pool and loop designs. New
transient testing may be needed to verify margin to failure for planned reactor fuels and
to complete severe accident testing to support safety analyses and U.S. NRC licensing
discussions.

There are technology knowledge gaps for fuel with minor actinide content
significantly higher than known fuels, likely requiring a fuel qualification program
sufficient to understand the extent of the differences. Depending on the outcome of the
comparison, new transient testing may be required to quantify margin to failure and
identify post-failure phenomena.

Passive, self-protecting features in the plant design can be an effective and
important part of the safety case, potentially reducing the importance of phenomena
that historically have had higher uncertainties. Verification of predicted reactor
system response to upsets as part of plant qualification testing is recommended to reduce
uncertainties in expected reactor response arising from modeling uncertainties. Continued
development of analysis tools is recommended to improve simulation capability and
reduce prediction uncertainties.

Availability and accessibility of known technology is required to avoid repeating
past R&D. A comprehensive knowledge management effort is recommended to achieve
this. Although the team did not identify any significant knowledge gaps, the data
supporting the modeling may not have been collected and reviewed/evaluated with the
rigor needed to support licensing of an SFR. There is a real possibility that this firsthand
knowledge of the data and its interpretation may be lost if a knowledge management
program is not implemented. This would include collecting and cataloging information
that exists in log and data books, especially from facilities that are destined for
deactivation and decommissioning.

A plan needs to be developed to address the lack of experiments and tools qualified
for use in a licensing environment, either by qualifying the existing experimental
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data and analysis tools, and/or by performing new experiments and developing new
analysis tools.

There are important “stretch technologies” that have been identified and could be studied or
developed to determine if they offer opportunities to improve the economics, safety, and security
of a SFR. Although not needed to proceed with an advanced SFR, as such they may be
considered as “gaps” for further advances in development of these specific technologies. These
are:

e Advanced simulation of coupled neutronic/fluid flow dynamics.
e Supercritical CO, power conversion.
e High minor-actinide content fuel.

While no significant gaps were identified by the report, the rigor of the licensing justification for
backup decay heat removal and core restraint systems were all areas of concern.

While emergency decay heat removal systems were subjected to testing before they could be
employed in EBR-11 and FFTF, it is unknown if the test documentation still exists and if these
tests would meet current Nuclear Quality Assurance (NQA) standards. Additional questions
about decay heat removal include:

e Were tests conducted under all worst conditions?
e Are there international data available?

e Could some of the system evaluation be conducted by codes (best estimate plus
uncertainty)?

An additional area of concern when attempting to license a reactor with SAS4A/SASSYS-1 is
that this code system was developed as a research tool, not a licensing code. Thus,
SAS4A/SASSYS-1 may not meet NQA standards required by the U.S. NRC. Additionally, much
of the supporting information for the code is Applied Technology (AT) and thus cannot be
handled by the U.S. NRC. A program would have to be initiated to remove unnecessary AT
designations from important documentation to create a licensing code from SAS4A or SASSYS.

The final area of concern resides in the area of core restraint modeling. The current code,
NUBOW, couples stress and creep calculations with a point kinetics model of the reactor. Point
kinetics may not be sufficient to model this behavior; thus more research may be needed in this
field. Additionally, the state of the supporting experimental database for NUBOW is currently
unknown. This gap is also associated with sixth gap category identified in the Fuels and
Materials gap report.

4.1.2 Identified Gaps

The accident sequence and initiator gap report identified 10 gaps of varying degrees of
importance. To facilitate the prioritization process with gaps from the other four reports, these
gaps were consolidated into the following seven topical areas listed in Table 2. A detailed
explanation of each gap was not provided in the Accident Initiator/Sequence gap report.
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Table 2. List of Research Gaps Associated with High Level
Gap Topical Areas for Accident Initiator/Sequences.

Gap Experimental Database Ability to Model
Steady State Intact Fuel and Fuel Changes (A1S01)

End-of-Life (EOL) fuel composition. M M

EOL prediction of reactivity feedback. M M
Transition to Natural Convective Cooling (A1S02)

Sodium stratification. H M

Thermal Response of Structures (A1S03)

Thermal striping. M H
Decay Heat Rejection (A1S04)

Radiation heat transfer from vessels. M H

Power Conversion Cycle (AIS05)

CO,-sodium chemical interaction. L
CO; release and impact. L L
Fuel Transient Behavior (A1S06)

Length effects on fuel performance during transient for L H
metallic fuel.

High-minor-actinide content fuel performance. L L

Severe Core Damage (AIS07)

If:ue;l motion, dispersal, and morphology for metallic M M
uel.

Table 3 is a consolidated list of the highest-priority gaps in the area of Accident Sequences and
Initiators. While detailed gaps were identified in the Accident Sequences and Initiators report
that can guide the details of further research in this area, Table 3 is intended to provide an
overview of the types of programs that need to be funded to close the remaining gaps. The colors
in the table are provided to highlight differences in the classification of gaps.

Importance to safety H/M/L designations reflects the expert panel’s belief of the relative
importance of each gap in defending a SFR safety case. The gap report assigns values for
importance to safety to each of the gaps listed in Table 2. The importance to safety within
category column in Table 3 is an aggregated representation of the rankings associated with the
individual gaps. The overall lowest knowledge state is the lowest value assigned to either ability
to model gap or experimental database. Because not all gap reports listed both modeling and
experimental states of knowledge, the overall lowest knowledge state is needed for comparison
across gap reports.
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Table 3. Accident Sequence and Initiator Gap Topical Areas.

Gap
1D

Importance to

. - Ability to Experimental Overall Lowest
Name of Gap Topical Areas Safety Within
Category Model Gap Database Knowledge State

Steady State Intact Fuel and Fuel Changes H M M M

Tran§|_t|on_ to Natural Convective Cooling, Sodium H M H M

Stratification

Thermal Response of Structures, Thermal Striping H H M M

Decay Heat Rejection, Radiation Heat Transfer from Vessels H H M M

Power Conversion Cycle, S-CO, Accident Analysis H L L L

Fuel Transient Behavior M H L L

Severe Core Damage, Metal Fuel Motion, Dispersal and H M M M

Morphology

4.1.3 Gap Closure Criteria

Table 4 summarizes expert opinions on topics that may be used to help prioritize funding of the
gaps identified in Table 3. The colors in the table are provided to highlight differences in the

range of the evaluation parameters.
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Table 4. Accident Sequence Gap Closure Estimates.

DOE Funding Time Event
Programs International ~ Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
ID Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
JAEA/CEA/ Fuel Testing
10M-100M* AFC ROSATOM 10 - 15* 5-10 Facility ATR and/or HFIR JOYO DBA, BDBA H/M No
Sodium
Most GIF Component Test PLANDTL,
1M-10M* - Members 10 - 15* <5 Facility - CCTL DBA, BDBA H/M No
Sodium
Component Test PLANDTL,
1M-10M* - - 10 - 15* <5 Facility MELT Facility once Built CCTL DBA, BDBA M/M No
JAEA/CEA/
1M-10M - ROSATOM 10 - 15* <5 - NSTF ATHENA DBA, BDBA H/L Yes
S-CO; loop at SNL but Na
Solar and Fossil  JAEA/CEA/ Coupled Na/S- test loop is needed / Scaled
1M-10M Energy** ROSATOM 10 - 15* <5 CO; loop up version of SNAKE - DBA, BDBA M/M Yes
Irradiated Fuel and
(TREAT or
10M-100M* AFC - 10-15 <5 ACRR) TREAT or ACRR - DBA, BDBA
Irradiated Fuel and
either (TREAT or  TREAT or ACRR,
10M-100M* AFC - 10-15 <5 ACRR) Possibly CAMEL MELT-II SA H/L No
1M-10M - JAEA 10-15 5-10 - - - DBA BDBA H/L Yes

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-10 years and
Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** |f Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop
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4.2 Sodium Technology

The sodium technology gap analysis focused on the current ability to model sodium fires, gas
production, and sodium interactions with concrete and drip liners.

4.2.1 Summary of Findings
The objective of this Sodium Technology Gap Analysis was to:

e Identify safety-relevant phenomena in the area of sodium technology,

e Establish criteria and evaluate importance of the phenomena to safety,

e Assess the status of knowledge pertaining to the phenomena, and

o ldentify knowledge or capability gaps as well as suggest a path to bridge these gaps.
The panel evaluation involved:

e Defining the relevant accident scenarios and the safety-relevant features and components
relevant to sodium technology phenomena,

e ldentifying the key phenomena active in the scenarios, and

e Assessing the importance of those phenomena to the SFR safety case, assessing the
knowledge level currently available to address these issues for establishing the safety
case of a SFR.

The technology areas with inadequate understanding (i.e., gaps) are then identified, allowing one
to define safety-related R&D needs.

Sodium coolants add the dimension of chemical compatibility and reactivity phenomena when a
sodium leak occurs that must be considered in the evaluation of SFR reactor safety. This work
focuses on the phenomena that would exist after a sodium leak occurs and does not focus on SFR
inspection and leak detection technologies. The panel considered that sodium leaks and
interactions can be classified into three general broad accident areas:

e Sodium leakage from the primary or intermediate cooling system at high-pressure in a
compartment;

e Sodium leakage from the primary or intermediate cooling system at low-pressure into a
compartment;

e Coolant leakage (water or supercritical carbon dioxide [CO,]) into sodium within the
power-cycle heat exchanger.

The distinction between high and low pressure was qualitative, based on the concept that leaks at
higher pressures (~1 MPa) cause a dispersed sodium spray in a containment compartment,
whereas leaks at lower pressures (0.1 MPa) could be characterized more as a jet of sodium.

Given these accident scenarios, the panel identified a group of seven general phenomena, which
were then subdivided into specific phenomena for ranking of their importance and their
knowledge base. Most of these phenomena are important in determining the containment
response during sodium leakage events and severe core damage accidents.

e Sodium spray dynamics
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e Sodium jet dynamics

e Sodium-fluid interactions

e Sodium-pool fire on an inert substrate
e Aerosol dynamics

e Sodium-cavity-liner interactions

e Sodium-concrete-melt interactions

The key evaluation criteria or figure of merit used for ranking these phenomena is radioactive
material release to the public from fission products and other sources in the plant. This is the
common criteria for all SFR gap analyses. Two refined evaluation criteria were identified by this
expert panel:

e Radiological consequence criteria: dose at the site boundary, worker dose, radioactive
inventory; and

e Functional criteria: potential impact of leak on system or component operability or
functionality.

The panel identified the following sodium technology gaps in each of the seven phenomena
areas:

Sodium Spray and Jet Dynamics: Given a sodium leak as a spray, a substantial sodium surface
area is produced that is subject to evaporation and/or oxidation. The size of droplets that form is
difficult to predict, particularly the range of droplet sizes or the full distribution of droplet sizes.
Since this range of droplet sizes has a strong influence on the degree of evaporation/oxidation
before impact on a surface, an experimental program to understand relevant droplet size
distributions is recommended. A related gap that can be addressed, in concert with this
phenomenon, is in the prediction of liquid breakup when very large droplets impact surfaces and
splash. Associated aspects (oxidation, ignition, optical properties) can be investigated
simultaneously.

Sodium-Fluid Interactions: CO, is being considered for the power conversion fluid in
advanced supercritical cycles for future sodium fast reactors. The intermediate loop for the SFR
uses non-radioactive sodium coolant as the heat transfer medium between the sodium-cooled
reactor and the CO, power cycle. Thus, the intermediate heat exchanger is where sodium - CO,
interactions may occur given a leak of the high-pressure gas into the low-pressure sodium flow
channels. Available research and understanding of the fluid interaction between sodium-CO; is
limited for operational as well as safety issues. While the importance to safety would be greater
for designs which remove the intermediate loop, these designs were considered extremely long
term options and were not considered in this report. Experiments and supporting analysis for
sodium-CO; interactions is needed to determine their safety significance given such advanced
power conversion systems.

Sodium Surface Pool-Fire on Inert Substrate: Substantial research has already been carried
out to quantify the gross behavior of sodium pool fires at a variety of scales ranging up to fires
involving cubic meters of sodium. This collection of information (i.e., test data and codes
developed on the basis of that data) may be sufficient to support licensing activities for currently
conceived fast reactor designs. To support development of advanced computational models that
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are increasingly being utilized to support design and licensing issues, additional data are needed,
such as

e Radiation heat flux from a burning pool,

e Overall pool mass burning rate with oxide crust present,
e Oxide crust behavior, and

e Source term for sodium aerosols.

Sodium-Cavity Interactions

Sodium-Liner Interactions: Experiments focused upon steel liner corrosion with various ratios of
sodium metal, oxide, hydroxide, and peroxide with steam present should be performed to provide
data for model development and to understand the complex chemistry. In addition, failure of
flawed liners can occur when sodium metal leaks behind the liner and reacts with underlying
concrete. Large-scale experiments with sodium metal, sodium fire, and purposely-flawed liners
with reactive aggregates need to be performed to evaluate the potential and to aid in model
development of liner failure for this scenario.

Sodium-Concrete Interactions: Given liner failure, sodium concrete reactions have been
observed both experimentally and operationally, and they can pose a serious threat to reactor
operations and can even challenge containment integrity. A new series of experiments need to be
conducted at large scale for both siliceous and carbonate concretes in order to better understand
why experiments have not been reproducible and modeled appropriately. These experiments
need to be conducted at large scale because vigorous reactions were not always observed at small
scale. The experiments need to be conducted with and without sodium fire present and include
aerosol production measurements.

Sodium-Concrete Interactions with Core Melt: Sodium concrete reactions with core melt are
expected to enhance the rate of concrete ablation. Experiments should also be performed that
will provide data for model development of fission product migration and partitioning between
core melt, sodium metal, sodium concrete reaction products, and aerosols.

Aerosol Dynamics: The panel concluded that no major gaps in our knowledge on aerosol
dynamics exist, although two areas were identified as uncertain. This may be especially true
when considering the effect of sodium aerosols on a mechanistic radioactive source term
released during a core damage accident. The uncertainty in the agglomeration process of sodium
aerosols and other aerosols coming from fuel and cladding can result in uncertainties in
mechanistic source terms. The degrees of importance of these uncertainties were better defined
by the source term gap analysis team (see Section 4.2).

While historical codes exist that can model sodium fires, these codes need to be updated to
incorporate the existing database from sodium fires test and maintained in a regulatory code such
as MELCOR.

In 2005, funding was briefly provided to incorporate the existing state-of-the-art code which
models sodium fires and calculates containment behavior, Contain-LMR, into MELCOR, but
funding was cut before the project was complete. Contain-LMR originated as a Sandia National
Laboratories (SNL) code that was given to Japan and then transferred back to SNL. It is
unknown if the Japanese have improved Contain-LMR since the transfer back to SNL.

26



Additionally, a series of experiments were recommended to close outstanding gaps in the
understanding of the details of large pool fire and sodium spray dynamics. The large pool fire
gaps can be closed using existing facilities at SNL. ANL also has operational sodium fire
facilities which may be utilized to close gaps associated with smaller scale testing. PNNL may
have facilities that can be revived, but this has not been confirmed yet.

4.2.2 Identified Gaps

The Sodium Technology gap report identified 26 gaps of varying degrees of importance relative
to establishing a safety case. To facilitate the prioritization process with gaps from the other four
reports, these gaps were consolidated into the following six topical areas. The gap report also
included brief comments outlining the details of the gap and how the gap can be filled. These
comments are also included in Table 5.

Table 5. List of Research Gaps Associated with High Level

Gap Topical Areas for Sodium Technology.

Gap

Experimental Ability to Details
Database Model

Single drop particle
average size

Single drop particle size
distribution

Pre-ignition phase
dynamics.

Basic evaporation and
combustion.

Crust formation on
droplets

Source of Sodium Aerosol
Model radiation transfer
with/from aerosols

Inertial impact of molten
sodium.

Burning of droplets on
surface of a sodium pool

Sodium Spray Dynamics (ST01)

M M The Weber number gives average size, given the
droplet velocity. Weber number correlations are
well known for simple geometries (circular orifices)
for both models and data, but correlations are not
well known for irregular cracked geometries.

M L Considerably more difficult to obtain size
distribution data than average diameter data.
Empirical correlation models exist for some cases.
Only recent data are considered “good” data.
Models will require data.

M M While the Makino model is considered acceptable
and the Morewitz et al. data are good (Makino,
2003; Morewitz et al., 1977), improvements would

be desirable.

M H There are good data and models for a single droplet
but data for interacting sodium droplets (spray) is
sparse.

L L Wick boiling is documented in the literature for
sodium pools but data and models are lacking.

L L There is no model known by panel and the data is
sparse.

L L Missing absorption/emissivity data.

L M Data exist for water primarily but there is some

metal spray data. Low-pressure spray droplets will
have non-spherical shapes; there is a gap involving
non-spherical droplets. The high-pressure spray
model and data are adequate.

L L Models are not accurate in their present form and
the data is almost non-existent.

27



Table 5. List of Research Gaps Associated with High Level
Gap Topical Areas for Sodium Technology (cont.).

Gap

Experimental
Database

Ability to

Model

Details

High pressure fluid jet leak L

into sodium in heat
exchanger

Radiation net heat flux

Mass Burning Rate

Oxide crust behavior on
pool substrate

Near-surface aerosol
size/distribution

Surface aerosol production

Sodium aerosol source
term

Hydrolysis of peroxides

Liner failure pressure or
thermal response

Reaction Product Swelling
Behavior

Corrosion of Liner

Sodium-Fluid Interactions (ST02)

L

Sodium Surface Pool Fire on an

This general phenomenon is considered important
but knowledge is good for sodium-water
interactions and is lacking for sodium-CO,
interactions.

Inert Substrate (ST03)

L

H

L

Models are good but parameters are poor with low
accuracy (surface and aerosol optical properties;
optical properties are linked with sprays).

When at high temperature burning, the models are
good. For smoldering fires (burning through the
crust) the models are poor. Most experiments were
conducted using non-representative insulated
surfaces.

Difficult to measure experimentally because of the
low residence time of oxide to hydroxides.

No good model is available.

Interfacial effect at the crust is not well known.

Aerosol Dynamics (ST04)

L

The gap panel did not have the expertise to list
specific research areas, but sodium aerosol source
term was agreed to be an area where significant
R&D is needed.

Hydrolysis may not be lacking data, but aerosol
behavior is the key concern.

Cavity Liner (ST05)

M

Likely no composite model exists for liner failure
(because of the complexity involved in the
modeling process and the necessary constraints).
Also, there are little data for combined effects.

There is very little modeling known between steel
and sodium mixed with sodium oxides, peroxides,
and hydroxides at elevated temperatures

The Japanese conducted some steel immersed into
sodium tests (Aoto et al., 1998; 2001).
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Table 5. List of Research Gaps Associated with High Level
Gap Topical Areas for Sodium Technology (cont.).

Gap Experimental Ability to Details
Database Model

Sodium-Concrete-Melt Interactions (ST06)

Aerosol source term L L There are no known models.

without melt

Inert concrete-sodium M L Some testing has been done at Cadarache, but this
interactions without melt testing is insufficient to close the gap.

Basaltic concrete-sodium M L Low ability to model because swelling is excluded
interactions without melt in current models. Experiments have been

performed but little confidence in whether the data
are understood.

Limestone concrete- M M While the data are not understood, basic models are

sodium interactions accurate for small-scale tests. Large scale testing

without melt and theoretical model development is needed.

Sodium-concrete reaction M L Open chamber test and covered tests exist but

with sodium fire additional testing may be needed to understand the
underling phenomena.

Fission product dissolution M M Partitioning may not be accurately known.

and partitioning in melt

and gases

Table 6 is a consolidated list of the highest-priority gap topical areas in the area of sodium
technology. While detailed gaps were identified in the Sodium Technology gap report, Table 6 is
intended to provide a high-level overview of the programs that need to be funded to close the
remaining gaps. It should be noted that the H/M/L categorization was based on general
observation of all relevant phenomena within each category, not solely the isolated gaps
highlighted above. The colors in the table are provided to highlight differences in rankings.

Importance to safety H/M/L designations reflects the expert panel’s belief of the relative
importance of each gap in defending a SFR safety case. The gap report assigns values for
importance to safety to each of the gaps listed in Table 5. The importance to safety within
category column in Table 6 is an aggregated representation of the rankings associated with the
individual gaps. The overall lowest knowledge state is the lowest value assigned to either ability
to model gap or experimental database. Because not all gap reports listed both modeling and
experimental states of knowledge, the overall lowest knowledge state is needed for comparison
across gap reports.
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Table 6. Sodium Technology Gap Topical Areas.

b Name of Gap Topical Areas it Category . GapDatabase  Knowledgs State
Sodium spray dynamics H L L L
Sodium-fluid interactions (S-CO,) H H L L
Sodium-pool fire on an inert substrate H H L L
Aerosol dynamics M M H M
Sodium-cavity-liner interactions H M M M
Sodium-concrete-melt interactions H M M M
Sodium tech. knowledge management H N/A N/A M

4.2.3 Gap Closure Criteria

Table 7 summarizes expert opinions on topics that may be used to help prioritize funding of the
gaps identified in Table 6. The colors in the table are provided to highlight differences in
parameter ranges. The following acronyms in Table 7 have not been previously defined: Small
Modular Reactor (SMR), Japan Atomic Energy Agency (JAEA), Commissariat a I'énergie
atomique (CEA), Rosatom Russian Nuclear Energy State Corporation (ROSATOM). A brief
description of facilities can be found in Table 19.
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Table 7. Sodium Technology Gap Closure Estimates.

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
1D Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
JAEA/CEA/
1M-10M SMR ROSATOM 5-10* 5-10 ST7 B308 AMPB/ Surtsey - SA HIM No
SMR / Solar S-CO; loop at SNL but Na
and Fossil JAEA/CEA/ Coupled Na/S- test loop is needed / Scaled DISCO2
1M-10M Energy*** ROSATOM 5-10* 5-10 CO; loop up version of SNAKE (CEA) DBE H/IM Yes
Solar and Fossil  JAEA/CEA/
1M-10M Energy*** ROSATOM 5-10* 5-10 ST7 B308 AMPB / Surtsey SAPFIRE SA H/IM No
JAEA/CEA/ SAPFIRE
1M-10M SMR ROSATOM 5-10* 5-10* ST7 B308 AMPB / Surtsey (JAEA) AOO H/IM No
Solar and Fossil ~ JAEA/CEA/ SAPFIRE
1M-10M Energy*** ROSATOM 5-10 5-10* ST7 SNL**, ANL** (JAEA) DBE H/L No
ST7, Core- PLIINIUS
JAEA/CEA/ Concrete-Sodium (CEA)
10M-100M SMR ROSATOM 10 - 15* 5-10 Test Facility MCCI (SAPFIRE?) SA No
100K-1M - - 5-10* <5 0 ANL** SNL** PNNL**, Japan** H/IM No

* The experts did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-10 years and
Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** When the exact facility name is unknown, the laboratory designation is used.

*** |f Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop
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4.3 Fuels and Materials

The Fuels and Materials gap analysis focused on the current licensability of in-core SFR fuels
and materials. The status of ex-core materials was derived from a previously conducted gap
report (Natesan, 2008).

4.3.1 Summary of Findings

The current state of knowledge of SFR fuel and structural material performance is sufficient for
designing and licensing a SFR today within the envelope of the existing database. The
boundaries of the existing database would be a fuel burnup of 10 at% or less, either metallic or
oxide fuel, a peak cladding temperature of 600 °C or less, a peak dpa of 100 or less, and with fuel
that has not been reprocessed. Both the steady-state and off-normal irradiation database would
be sufficient to support such a design. The only qualifications to the above statement are the
following: The existing data must be retrievable and in a form, from a quality assurance
standpoint, that is acceptable to the licensing body. Fabrication experience for fuel, cladding,
and ducts must also be retrieved to provide assurance that the core materials could be replicated
such that the existing database is applicable. It must be appreciated that few, if any, vendors of
these materials exist. Thus for fuel from zero to moderate burnup (10 at% or less), two gaps
exist:

e An effort should be made to inventory the existing fuel performance database, collect the
hard copy information and store it in approved storage locations, and transfer this
information to an electronic database that can be readily queried.

e Exactly the same effort should be carried out for the fuel fabrication processes.

Should a reactor be designed for fuel burnup up to 20 at% the database weakens substantially for
both metal and oxide fuel. The number of fuel pins taken to 20 at% is limited and these pins were
not taken to high burnup without reconstitution of the irradiation subassembly in which they
were located. Thus, there is no whole assembly experience or whole core experience at high
burnup. Without the availability of a test reactor, a high burnup design could not be licensed.
Thus, the major gaps for fuel irradiated beyond 10 at% are the following:

e A need for irradiation of a significant number of prototypic assemblies to high burnup in
the steady-state conditions.

e Subject a number of high burn pins to off-normal tests in a fast-pulse reactor.

SFRs have been viewed as means to fission the minor actinides, americium, neptunium, and
curium that arise from the reprocessing of LWR fuel in order to reduce the heat load and radio-
toxicity of a spent fuel repository. The technological database is weak for either oxide or metal
fuel that contains substantial quantities of minor actinides. Experiments are under way in the
Advanced Test Reactor (ATR) to study the performance of metal and oxides fuel that contain
additions of minor actinides. However, the fuel capsules are small and the neutron energy
spectrum does not duplicate that of a fast reactor. The following gap exists for fuel with
additions of minor actinides:

e Irradiation data gained from the ATR must eventually be augmented with the irradiation
of full-size capsules in a SFR test reactor or modeled to the extent that the results from
the small ATR capsules can be convincingly extrapolated to full size fuel pins.
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It is unlikely that SFR fuel would be reprocessed using the PUREX process, which has minimal
carryover of fission products to the reprocessed fuel. Pyro-processing or UREX have the
potential for substantial carryover of fission products. The database is weak for the performance
of either metal or oxide fuel that contains a substantial quantity of carried-over fission products.
For oxide fuel, fabrication may be problematic; for metal fuel, the migration of lanthanide fission
products to the fuel cladding interface may result in low melting compounds. Experiments are
under way in the ATR to aid in the resolution of these issues. The following gap exists for fuel
with fission product carryover:

¢ Irradiation data gained from the ATR must eventually be augmented with the irradiation
of full-size capsules in a SFR test reactor or modeled to the extent that the results from
the small ATR capsules can be convincingly extrapolated to full size fuel pins.

The last U.S. variation of 316 stainless steel, that being cold-worked with titanium and other
alloy additions, designated as D9, is suitable for both oxide and metallic fuel cladding and ducts
up to modest burnup levels and dpa less than 100. Vendors for this steel are readily available.
The only identified gap was that more information is needed relative to fuel-cladding chemical
interaction for reprocessed fuel with fission product carryover, particularly the issue of
lanthanide migration to the fuel-cladding interface in metallic fuel (Mariani et. al., in press).

The ferritic/martensitic alloys have the potential to solve the irradiation enhanced swelling issue
for both cladding and ducts up to at least 150 dpa and perhaps 200 dpa (Bridges et. al., 1993;
Garner, 1994). However, the majority of the high dose data originates from a duct that operated
at a relatively low temperature compared to fuel cladding temperatures. Thus the following gaps
exist for both HT-9 and for the advanced cladding T91 (9Cr1Mo):

e High-dose/high-temperature swelling data do not exist for HT-9 or T91. Any data that
exist or will be generated will originate from foreign SFRs.

e Recent attempts to obtain a small test sample of HT-9 revealed that there are no vendors
readily available to produce reactor grade material. T91 is easier to acquire than HT9, but
has a smaller metallic fuel experimental database.

Fuel performance information is used to validate fuel performance codes which are then used to
support a license application. LIFE-METAL is the current metallic fuel performance code
[Billone et al., 1986; ANL-IFR-169, 1992] which would support a SFR license application. It has
been developed to predict the behavior of metallic fuel pins in fast reactors environment as a
function of reactor operating history. Several gaps were identified in the discussion of fuel
performance codes.

e Virtually all the gaps were related to the fact that there has been little attention given to
fuel performance code development for the last two decades. Most of the code routines
are empirically based as opposed to mechanistically based and thus are useful primarily
for interpolation within the existing database.

e In addition, few people are adept in exercising the codes with documentation less than
adequate for the training of new users.

In the area of structural materials it was noted that the panel borrowed from the results of
previous gap analysis (Natesan, 2008). It was generally concluded that should a SFR be
designed in the near future, using a Rankine cycle, that the technology base was likely adequate
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to license the reactor, provided that the burnup was limited to 10 at%. The only exceptions were
associated with the incorporation to the SFR design of a rotating plug which is used to move fuel
assemblies (this plug has yet to be designed) and large primary system electro-mechanical (EM)
pumps (there is not fabrication capability to build a large EM pump, nor is there performance
data to support licensing). The overall materials technological base for the Brayton cycle would
require a significant research effort due to the combination of high temperatures, pressures, and
small component sizes; though, this cycle offers many advantages to more traditional power
cycles.

Two overarching gaps were apparent throughout the gap analysis discussions. These gaps were:

e Uncertainty in the preservation state of the existing knowledge base. Operating
information, fuel performance data, and fabrication experience exist in a number of
locations. Some exist on electronic media, which may or may not be queried easily, some
on hard copy reports that are stored in substandard locations, and some may be lost.

e The need for an irradiation SFR facility such as EBR-II or FFTF and a transient behavior
facility such as TREAT or Annular Core Research Reactor (ACRR) to enhance the
existing knowledge base.

It is extremely important to preserve the existing database because without EBR-I11, FFTF, and
TREAT information cannot be duplicated. Even in the event that such facilities become available
in the future, duplication of these irradiations would be expensive and time-consuming.

4.3.2 Identified Gaps

Three short-term and high-priority issues were identified as potentially needing immediate
action:

e The new test segment of HT9 needs to be demonstrated to be comparable with the 1980s
heat of HT9. This was identified as a challenge to the primary barrier to fission product
release.

e Fuel performance codes such as the LIFE codes need to be maintained in terms of
documentation, personnel, and funding. If this gap is not closed soon, no person in the
DOE complex will have experience with these codes.

e A comprehensive knowledge management program is needed to not only record but
analyze the FFTF, TREAT, and EBR-II data. Much of these data are not easily
decipherable and will need experts from the corresponding facility to properly
understand.

One high-priority gap that was not deemed as time-sensitive as the three listed above is a
TREAT-type test to examine post-metal-fuel failure behavior under low-flow conditions. While
TREAT restart may be the most obvious option to fill this gap, it is possible that these tests could
be conducted in the ACRR at SNL. If post-failure fuel testing is to be performed at the ACRR,
novel techniques may need to be developed to track fuel motion. It is estimated that full length
fuel pins in multi-pin geometries can be analyzed in the ACRR. More information on both
TREAT and ACRR can be found in Section 5.1.2.
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The Fuels and Materials gap report identified 20 gaps of varying degrees of importance. In order
to facilitate the prioritization process with gaps from the other four reports, these gaps were
consolidated into the 10 topical areas shown in Table 8.

Table 8. List of Research Gaps Associated with High Level
Gap Topical Areas for Fuels and Materials.

Gap State of Knowledge  Details
High-Burnup Fuel Characterization (FM01)
Fuel swelling and Fuel M The experimental database between 10 at% and 20 at% is
Cladding Mechanical limited and almost non-existent above 20 at%
Interactions (FCMI) above
10at% burnup.
Gas release above 20 at% L The experimental database above 20 at% is almost non-
burnup. existent. This phenomenon is understood below 20 at%.
Fuel Cladding Chemical M The experimental database between 10 at% and 20 at% is
Interactions (FCCI) above limited and almost non-existent above 20 at%. This gap is also
10 at% burnup. highly dependent on the choice of cladding.
Fuel swelling and Fuel M The experimental database between 10 at% and 20 at% is
Cladding Mechanical limited and almost non-existent above 20 at%.
Interactions (FCMI) above
10at% burnup.
Fission Product Carryover Fuel Characterization (FM02)
Fuel swelling and FCMI M Fission product carryover fuel is not expected to behave
above 10 at% burnup. differently to normal driver fuel for this gap.
Gas release above 20 at% L Fission product carryover fuel is not expected to behave
burnup. differently to normal driver fuel for this gap.
FCCI at all burnups. L Very limited FCCI data exists for fuel with fission product
carryover.
MA Carryover Fuel Characterization (FM03)

Fuel swelling and FCMIl at L Very limited data exists for fuel with MA.
all burnups.
Gas release at all burnups. L Very limited data exists for fuel with MA.
FCCI at all burnups. L Very limited data exists for fuel with MA.

Advanced Cladding and Duct Fabrication, HT-9, 9Cr-1Mo, ODS (FMO04)
Advanced Cladding and M No vendors readily available to produce reactor grade HT-9.
Duct Fabrication, HT-9, T91 is easier to acquire than HT9, but has a smaller metallic
9Cr-1Mo, ODS fuel experimental database.

Advanced Cladding and Duct Material Properties (FM05)

Creep rate at high M Limited data exists for the creep rates of advanced claddings in
temperature and dpa reactor environments
levels.
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Table 8. List of Research Gaps Associated with High Level
Gap Topical Areas for Fuels and Materials (cont.).

Gap State of Knowledge  Details

Duct/Bundle Performance Experience (FMO06)

Potential loss of
historical database.

Bundle-bundle
interactions at all
temperatures and dpa
levels.

Bundle-duct interactions
at all temperatures and
dpa levels.

Rotating Plug general
knowledge.

Intermediate Heat
eXchanger (IHX)

degradation mechanisms.

Electro Magnetic (EM)
Pump fabrication
capability and
operational experience
for large pumps.

Brayton (S/CO,)
Materials Issues

Validation database for bundle performance codes such as
NUBOW are currently missing.

If validation database can be found, knowledge of Stainless
Steel 316 bundle performance is adequate. No experimental
data exists for advanced cladding full core bundle performance.

If validation database can be found, knowledge of Stainless
Steel 316 bundle performance is adequate. No experimental
data exists for advanced cladding full core bundle performance.

Structural Material Issues (FMOQ7)

Materials and surrounding environment has not been selected,
thus large uncertainties exist regarding expected performance

Knowledge of degradation mechanisms should be improved to
inform maintenance and service life decisions.

Small EM pumps are available but large EM pumps, such as
those needed for the primary system, are not currently
manufactured nor does the capability currently exist.

Brayton (S/CO,) Materials Issues (FMO08)

Most components, excluding potentially the Recuperators,
need to select potential materials, develop fabrication capacity
and improve the experimental database.

SFR Fuels and Materials Knowledge Base Preservation (FMQ9)

SFR Fuels and Materials
Knowledge Base
Preservation

The identification, consolidation, and interpretation of
information needed for licensing is an ongoing but
underfunded process.

Fuel Performance Code Documentation and Training Issues (FM10)

Fuel Performance Code
Documentation and
Training Issues

LIFE-Metal currently has one steward who can locate the
supporting database for LIFE-Metal. Updates to the code have
been performed but not documented.

Table 9 is a consolidated list of the highest-priority gap topical areas for fuels and materials. The
colors in the table are provided to highlight differences in importance.

Importance to safety H/M/L designations reflects the expert panel’s belief of the relative
importance of each gap in defending a SFR safety case. The gap report assigns values for
importance to safety to each of the gaps listed in Table 8. The importance to safety within
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category column in Table 9 is an aggregated representation of the rankings associated with the
individual gaps. The Fuels and Materials gap reports did not list both modeling and experimental
states of knowledge for each gap, thus the reported knowledge state represents the overall lowest
knowledge state for the gap or gap topical area.

Table 9. Fuels and Materials Gap Topical Areas.

Gap ID Name of Gap Topical Areas Importance to Safety  State of

Within Category Knowledge
FMO01 High Burnup Fuel Characterization H M
FMO02 Fission Product Carryover Fuel Characterization H L
FMO03 MA Carryover Fuel Characterization H L
FMO04 Advanced Cladding and Duct Fabrication, HT-9, 9Cr-1Mo, ODS H M
FMO05 Advanced Cladding and Duct Material Properties H M
FMO06 Duct/Bundle Performance Experience H L
FMO7 Structural Material Issues, Rotating Plug, IHX, EM Pump M L
FMO08 Brayton (S/CO,) Materials Issues H L
FMO09 SFR Fuels and Materials Knowledge Base Preservation H L
FM10 Fuel Performance Code Documentation and Training Issues H L

4.3.3 Gap Closure Criteria

Table 10 summarizes expert opinions on topics that may be used to help prioritize funding of the
gaps identified in Table 9. Most of these gaps fall under the purview of the Advanced Fuels
Campaign (AFC) and are currently receiving active funding, although many of these gaps cannot
be completely filled without access to a fast neutron irradiation facility. A more detailed
overview of the current work being conducted by the AFC can be found in Section 5.1.3.1.
Indeed the only fuels and materials gaps that are not currently receiving sufficient funding are

e FM1, which cannot be filled without a robust irradiation program, and
e FMQ9 and FM10, which concern preservation of historical resources for future use.

The colors in the table are provided to highlight differences in the parameter ranges assigned to
each subject.
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Table 10. Fuels and Materials Gap Closure Estimates.

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
1D Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
Access to a fast
Not for Metal flux irradiation
FMO01 AFC Fuel 15 + 5-10* facility - CEFR / BN60 [¢) M/M Yes

Access to a fast
flux irradiation
Not for Metal facility,
FMO02 1M-10M AFC Fuel 5-10* 5-10* Irradiated FP fuel - CEFR / BN60 (0] H/IM Yes

Access to a fast
flux irradiation

Not for Metal facility,
FMO03 1M-10M AFC Fuel 5-10* 5-10* Irradiated MA fuel - CEFR / BN60 0 H/IM Yes
Not for Metal
FMO04 1M-10M AFC Fuel 5-10* 5-10* - - - (0] H/L Yes
Access to a fast
Not for Metal flux irradiation
FMO05 1M-10M AFC Fuel 5-10* 5-10* facility - CEFR / BN60 (0] H/L Yes
Not for Metal
FMO06 1M-10M* AFC Fuel 5-10* 5-10* Senior personnel - - H/L No
Not for Metal Large sodium test
FMO07  10M-100M* AFC Fuel 5-10* 5-10 loop ANL** - H/IM No
Solar & Fossil Not for Metal Coupled Na/S-CO,
FMO08 1M-10M Energy*** Fuel 5-10* 5-10 test loop - - DBE H/IM Yes
Not for Metal
FMO09 100K-1M AFC Fuel <5 25 Senior personnel - - H/IM No
Not for Metal
FM10 100K-1M AFC Fuel =30 5-10* Senior personnel - - H/L No

* The experts did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-10 years and
Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** When the exact facility name is unknown, the laboratory designation is used.

*** |f Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop

38



4.4 Source Term Gap Analysis

The Source Term Characterization gap analysis focused on the current ability to accurately track
radionuclides through the fuel, coolant, primary system, containment, and into the environment.

4.4.1 Summary of Findings

The technical areas of most immediate interest are those that are thought to have a high
importance to the mechanistic modeling of the source term for a sodium-cooled fast reactor and a
high need for research. Only seven issues were identified by the experts. Without further
experimental information in these areas, the mechanistic modeling of the source term would be
judged by the experts as seriously deficient and potentially unreliable.

The next tier of interest is the class of phenomena that have a high importance for modeling the
accident source term but only a medium need for additional research. This classification implies
that there is some understanding of the phenomena and even some data, but this understanding
could be substantially enhanced by further research. This improved understanding could be
expected to improve substantially the accuracy and the reliability of the model predictions.

The only issue identified by the experts as having a medium importance but a high need for
additional research was the issue of bubble swarm rise velocities in sodium pools.

All other relevant phenomena were thought to have a medium importance and no more than a
medium need for additional research. The experts felt that these issues might better be addressed
once first steps had been taken to develop a mechanistic model. Phenomena of medium
importance should be included in a “first cut” model. Sensitivity and uncertainty analysis of the
model could then provide a more quantitative indication of the need for more experimental
investigation of topics of medium importance.

4.4.2 Identified Gaps

The Source Term Characterization gap report identified 20 gaps of varying degrees of
importance. To facilitate the prioritization process with gaps from the other four reports, these
gaps were consolidated into the following five topical areas listed in Table 11.

Table 11. List of Research Gaps Associated with High Level
Gap Topical Areas for Source Term Characterization.

Gaps State of Knowledge

Radionuclide Release From Fuel Debris Into a Quiescent Sodium Pool (STC01)

High-temperature release of radionuclides from fuel during a temperature excursion H
event.

Fuel morphology and the rates of radionuclide leaching by liquid sodium. H
Rates of fuel dissolution or ablation in a liquid sodium pool. M
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Table 11. List of Research Gaps Associated with High Level
Gap Topical Areas for Source Term Characterization (cont.).

Gaps State of
Knowledge
Radionuclide Behavior in Containment (STC02)
Thermal decomposition of sodium iodide in the containment to form molecular iodine.
Reaction of iodine species in the containment to form volatile organic iodides.
Revaporization of radionuclide deposits in the reactor coolant system.
Radionuclide Transport Within a Sodium Pool (STC03)
Enrichment of free surfaces of sodium by dissolved or suspended radionuclides. H
Sodium vapor bubble growth and scrubbing of radionuclides from the bubble during a thermal excursion
and fuel failure.
Mass transport within a rising sodium vapor and noble gas bubble that results in the deposition of M
radionuclide particles and vapor into liquid sodium.
Fission bubble transport in the sodium pool. M
Solubility of radionuclides in sodium containing various amounts of dissolved oxygen. M
Nucleation and growth of radionuclide particles in liquid sodium. M
Bubble swarm rise velocities in sodium pools. M
Plateout of dissolved radionuclides on structural surfaces within the bulk sodium pool or at its perimeter M
Plateout of dissolved radionuclides on solids suspended in the sodium pool, or M
Radionuclide Chemistry in Sodium Bond Between Fuel and Cladding (STCO04)
Entrainment during fuel rod depressurization of radionuclide-contaminated, liquid sodium, makingupthe H
“sodium bond” between metal fuel and the cladding.
Accumulation during normal operations of radionuclides in the sodium bond in metal fuel. M
Chemical form of radionuclides in the fuel and the fuel-cladding gap. M
Chemical activities of radionuclides in the fuel. M
Mechanical Release of Radionuclides From the Surface of a Sodium Pool (STC05)
Gas phase velocity over the sodium pool (thermal hydraulics issue). M
Multicomponent gas phase diffusion of radionuclides across the boundary layer at the gas-liquid sodium M
interface.
Entrainment of liquid sodium into the gas phase by the bursting of bubbles at the sodium surface. M

Because of the lack of recent U.S. research in this area, the chair of the Source Term gap analysis
included a brief description of the type of experiment that would be required to fill the identified

licensing gaps.
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Radionuclide Release From Fuel Debris Into a Quiescent Sodium Pool (STC01)

Energetic fuel-coolant interactions that could produce substantial radionuclide release can only
take place when the fuel is substantially molten. Experimental investigations can be undertaken
with simulant fuel rather than with irradiated fuel. Some planning of such experiments is being
considered at the Cadarache Research Centre in France.

Experimental studies of radionuclide leaching by sodium from reactor fuel will require the use of
irradiated fuel. Interfacial actions of a solvent like sodium and radionuclides are too complicated
to accurately predict. The experiments need not be done in-pile, but they need to be done in
realistic temperature and pressure regimes with sodium appropriately contaminated with
dissolved oxygen. Because the experiments will use irradiated fuel, they will have to be done in
hot cells. Suitable locations exist in the United States such as facilities at Idaho National
Laboratory (INL) and ORNL. Experience with similar investigations and suitable facilities are
also to be found at the TransUranium Institute in Germany with modifications to their existing
facilities. Several years of experimental investigations will be needed to compile a
comprehensive database with respect to the radionuclides of interest and the temperature regimes
of interest. It is unlikely that a meaningful experimental research program can be undertaken for
less than $1 million per year. The program should not be initiated without at least the promise of
realistically irradiated fuel being available once experimental capabilities have been developed
and tested with non-radioactive materials.

Release of radionuclides from fuel into flowing sodium during a temperature excursion event
will probably need to be experimentally investigated in-reactor in sodium loop. Release
conditions will depend upon the particular accident sequence that causes cladding breach. In
general, breaching is anticipated to create coolant channel pressures on the order of the gas-
plenum pressure of the pin prior to breach.

Radionuclide Behavior in Containment (STC02)

Radionuclides released from the sodium pool will be in the form of vapors or aerosol particles.
As the radionuclides are convected away from sodium surface, they will encounter cooler
conditions. Flow pathways will be disrupted by structures. As a result, both vapors and aerosols
will deposit on surfaces. Aerosol particles may deposit by inertial mechanisms, turbulent
mechanisms, or simple gravitational settling. VVapors may condense or chemically react with
structural surfaces. Radionuclides accumulated on a surface will be heated by the decay heat of
the radionuclides as well as by any convective heating that can occur. Temperatures in the
accumulation may be sufficient that radionuclides can revaporize from the deposits. Highly
volatile radionuclides such as isotopes of iodine, cesium, and antimony are particularly
susceptible to revaporization. Notably, metal iodides can decompose to produce iodine as
molecular iodine or other gaseous form. The counter ion reacts with the surface. Aerosol deposits
can be resuspended in the gas flow through the reactor system by either changes in the flow
velocity of the ambient gas phase or as a result of shock and vibration of the substrate for the
deposited particles.

Traditionally, testing of deposition, revaporization, and resuspension have been done in out-of-
pile experimental programs with unirradiated material. For aerosol studies, it is critical to have
proper geometries and flow velocities. For vapor interactions with surfaces, it is critical to have
good representations of actual surface materials and surface conditions. It has been found that
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vapors often react with low concentration impurities in surface materials rather than with the
bulk materials. It has also been found that surface stresses affect reactivity. Meaningful work can
be done with modest projects funded at levels of about $0.5 million per year. Work can really
only be undertaken when there are specifications of designs and materials as well as some
understanding of how surfaces be changed by events of an accident. A useful experimental and
modeling database could be established in less than five years. Many of the national laboratories
and universities have capabilities suitable for the required investigations. There is similar work
with respect to aerosol under way at the Paul Scherrer Institut in Switzerland though it is not now
directed toward sodium reactors. Pertinent theoretical work and experimental work on aerosol is
being undertaken in the United Kingdom under the direction of M. Reeks. Again, the work is not
now directed toward analysis of sodium-cooled reactors. Modeling work appropriate for analysis
of revaporization is being planned at the Cadarache Nuclear Centre in France. SNL’s
VICTORIA model could be modified to address the revaporization issue and to identify critical
issues needing experimental investigation.

Radionuclide Transport Within a Sodium Pool (STC03)

Sodium will “leach” radionuclides from exposed fuel. At the sodium-fuel interface, the
concentrations of radionuclides can reach saturation. Convective forces will pull the sodium
concentrated in radionuclides away from the exposed fuel surfaces and mix this concentrated
fluid with the bulk sodium. Bulk sodium will necessarily be cooler than sodium at the interface
with the quenched fuel. Consequently, bulk sodium may become supersaturated in dissolved
radionuclides. Supersaturation may be relieved by:

e Plateout of dissolved radionuclides on structural surfaces within the bulk sodium pool or
at its perimeter, or

e Plateout of dissolved radionuclides on solids suspended in the sodium pool, or
e Nucleation of particles within the bulk sodium pool.

Research needed to understand regimes where the various possible pathways for relieving
radionuclide supersaturation will dominate can be done in small-scale, but well-scaled, tests.
Because of the low levels of solubility for many of the radionuclides of interest, experimental
investigations may be facilitated by the use of radioactive tracers, which will necessitate the use
of specialized hot cells or hot boxes. Similar research facilities can be used to investigate the
entrainment of sodium by evolved gases. A meaningful research program can be undertaken at
funding levels of about $0.5 million per year. An adequate database should be in hand within
five years at this level of funding. A key point of investigation in the study will be confirmation
of German findings that entrainment of uranium particles can take place without either high gas
flows or gases bubbling through the liquid sodium.

Radionuclide Chemistry in Sodium Bond Between Fuel and Cladding (STC04)

Studies of radionuclide release associated with the rupture of cladding and the expulsion of bond
material are needed only if metallic fuel is selected for the sodium-cooled reactor. Such “gap
release” experiments will have to be done with irradiated fuel. The water-cooled pool type
reactor CABRI previously had a sodium loop suitable venue for in-pile testing, although this
capability has been lost. In the past, such tests have been done out of pile with single rods.
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Because of the use of irradiated rods, specialized facilities are needed. Such facilities exist at
INL and ORNL. They would require substantial modifications for the needed testing. It is likely
that only a few tests would be needed.

Mechanical Release of Radionuclides From the Surface of a Sodium Pool (STCO05)

Regardless of the pathway adopted for relief of any supersaturation produced by leaching of
radionuclides from fuel, the bulk sodium will contain dissolved radionuclides and suspended
radionuclide particles. Gas bubbles rising through the sodium pool can entrain radionuclide
contaminated sodium at the surface. The rising gases may be either sodium vapor if the bulk
sodium is boiling or fission gases such as xenon and krypton being released from the fuel. Gases
may also be produced by sodium reactions with materials to form hydrogen and the like. At low
gas flows, entrainment of contaminated liquids will occur when bubbles burst at the surface.
Bubble bursting produces very high accelerations that fragment liquid sodium into droplets of
aerosol dimensions. At high gas flows either through or over the sodium, entrainment of bulk
sodium can occur. For surface flows, the entrainment is thought to occur by shearing of capillary
waves on the surface.

Table 12 is a consolidated list of the highest-priority gap topical areas for the source term. While
detailed gaps were identified in the Source Term, Table 12 is intended to provide an overview of
the types of programs that need to be funded to close the remaining gaps. The colors in the table
are provided to highlight the differences in the ranking of the identified gaps.

Importance to safety H/M/L designations reflects the expert panel’s belief of the relative
importance of each gap in defending a SFR safety case. The gap report assigns values for
importance to safety to each of the gaps listed in Table 11. The importance to safety within
category column in Table 12 is an aggregated representation of the rankings associated with the
individual gaps. The Source Term gap reports did not list both modeling and experimental states
of knowledge for each gap, thus the reported knowledge state represents the overall lowest
knowledge state for the gap or gap topical area.

Table 12. Source Term Gap Topical Areas.

Importance to Safety  State of

ID Name of Gap Topical Areas Within Category Knowledge

Radionuclide release from fuel debris into a quiescent sodium pool H L
Radionuclide behavior in containment

Radionuclide transport within a sodium pool

Radionuclide chemistry in sodium bond between fuel and cladding
Mechanical release of radionuclides from the surface of a sodium pool

MELCOR/Contain-LMR Integration

I I I I T

L
M
M
M
L
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4.4.3 Gap Closure Criteria

Table 13 summarizes expert opinions on topics that may be used to help prioritize funding of the gaps identified in Table 12. The
colors in the table are provided to highlight the different ranges for the evaluation parameters.

Table 13. Source Term Gap Closure Estimates.

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
1D Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
Cadarache
Research
1M-10M AFC - 10 - 15* <5 - - Center** BDBE, SA H/L No
JAEA
1M-10M - - 10 - 15* <5 - SNL (VICTORIA code) (Contain-LMR) SA H/L No
Hot Cell Facilities at INL TransUranium
10M-100M AFC - 10 - 15* <5 Irradiated Fuel and ORNL Institute** BDBE, SA H/IM No
Irradiated Fuel,
Upgraded Upgraded Out-of-Pile Test CABRI
10M-100M AFC - 10 - 15* <5 Domestic Facilities  Facilities at INL and ORNL Reactor BDBE, SA H/L No
Paul Scherrer
Institut**,
Cadarache**
1M-10M AFC - 10 - 15* <5 Irradiated Fuel SNL (VICTORIA code) (Modeling) SA H/L No
SNL (Contain- JAEA
1M-10M - 10 - 15* <5 - LMR/MELCOR) (Contain-LMR) H/M No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-10 years and
Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** When the exact facility name is unknown, the laboratory designation is used.
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4.5 Codes and Models Gap Analysis

The Codes and Models gap analysis focused on the current state of SFR computer analysis tools
and their readiness to support a license application.

45.1 Summary of Findings

This report qualitatively assessed currently available computer codes and models for accident
analysis and reactor safety calculations of advanced sodium fast reactors.

Three assessment categories were defined for use during the review. These are titled “Code
Maturity Level,” “Fidelity Adequacy,” and “Code Support Status.” The maturity level
assessment was further subdivided into the issues of code and solution verification, software
quality engineering, and code validation. The geometric representation and the physics modeling
were also considered separately for the Fidelity Adequacy assessment.

The assessment results were presented in the form of nine tables, organized into groups of three
for each risk category. For each risk category the first table summarizes the assessment ratings
and scores from the panel members. The second table in each set provides a compilation of short
notes that panel members added for context or clarification. The third table in each set is a
compilation of reviewer responses to the question posed about the most significant gap or
weakness (limited to U.S. computer codes) in each risk category.

Only a limited and partial assessment of codes for sodium leakage scenarios is provided because
only one expert panel member felt qualified to provide input. Additional efforts may need to be
pursued in another setting to obtain a more satisfactory assessment of codes available for these
scenarios.

The following is a bulleted list of notable conclusions that can be drawn from the assessment:

e Although current U.S. codes are primarily legacy tools that do not leverage advanced
computational technologies, they are adequate for licensing as long as the required safety
margins are significant. However, in general the panel did not rate available U.S. codes
adequate if the required safety margins are small.

e Support of available SFR U.S. safety codes is considered weak, and concerns were
expressed about the loss of knowledgeable and experienced users for these codes.
Reactor safety codes model many interacting and complex phenomena and must be
applied by knowledgeable users who understand both the computer code (e.g., the
numerics, models, limitations, etc.) and the underlying physics being simulated.

e When assessing code maturity, panel members generally gave lower scores to the
“Validation with Uncertainty Quantification and Sensitivity Analysis” subcategory than
to the other subcategories. This subcategory relates to the quality of the quantification,
not the accuracy of the model itself. Based on panel discussions, an important reason for
this is the lack of high-quality data, such as validation and verification data for complex
reactor geometries.

e In general, seismic event driven scenarios and severe accident scenarios have the lowest
assessment scores. This reflects a view that the most significant gaps are in settings
where the geometry is uncertain or changes with time because of fuel rod failure,
blockage or voiding with large reactivity insertions, and are directly affected by the
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accident initiation. These types of scenarios can result in large changes in reactivity
feedback in the reactor core.

e From a code modeling perspective, panel members identified the following weaknesses
or gaps.

0 Models for transient natural convection processes in the reactor system.

The need for improved subchannel and multi-pin analysis capabilities.

The modeling of gas bubble entrainment and the effects of sodium—water interaction.
Lack of advanced fuel behavior models to predict the margin to pin failure for fuels
with high actinide content.

0 Models to predict source term releases from fuel in LMR accidents.

It was clear from this activity that in the United States the SAS4A/SASSYS-1 code system
would be a central tool used in the analysis of a large majority of the scenarios considered here,
and that it was generally assessed as adequate to support these activities for licensing. However,
several panel members highly recommended that work was needed to support modernization of
the code architecture and to establish a more vigorous code verification and quality assurance
plan for code maintenance, configuration management/control, and testing of software through
improved Software Quality Engineering (SQE) practices. In their view modernization of the
code system was needed to:

O OO

e Support updating the memory management scheme to remove various nodalization
limits,

e Support parallel applications, and

e Create an input processor and user interface to improve user friendliness and reduce
potential input errors.

Such an activity would improve the performance of the code system by taking advantage of
standard parallel computing platforms and making codes suitable for applications beyond the
standard use. Such applications could include running SAS4A/SASSY S-1 calculations as the
simulation engine for automated design optimization, uncertainty quantification, and sensitivity
analysis schemes. It was suggested that if a SFR design is to withstand the regulatory scrutiny,
the software system that supports the license application will likely be required to have these
capabilities in place.

While the codes and methods report focused on the licensing acceptability of SAS4A, two
additional codes were discussed that need increased funding:

e MELCOR (LMR) -The U.S. NRC helped developed MELCOR for LWR severe accident
analysis. Integration of Contain-LMR, which is not currently supported in the U.S., with
MELCOR would create a well-maintained radionuclide tracking, structure performance
and containment response code. Additionally, by integrating Contain-LMR with
MELCOR, the U.S. NRC will be more familiar with the licensing toolset.

e This code needs to be written and, eventually, a user base will need to be established.

e LIFE-METAL - SFR fuel performance code. This code’s underlying validation database
documentation needs to be updated and a user-base needs to be established. Currently,
there is one code user.
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4.5.2 Identified Gaps

The Codes and Models gap analysis report identified 13 gaps of varying degrees of importance.
To facilitate the prioritization process with gaps from the other four reports, these gaps were
consolidated into the following five topical areas listed in Table 14. The codes and models report
evaluated the degree of code maturity, fidelity, and Verification and validation for a variety of
accident scenarios. This evaluation process required a “post-processing” step to determine the
importance to safety and state of knowledge from the report.

Table 14. List of Research Gaps Associated with High Level
Gap Topical Areas for Codes and Methods.

Gap State of Knowledge  Details
Modeling of Seismic Events (CMO01)
Experimental SFR seismic L Lack of seismic data associated with LMR performance (e.g.,
data coolant movement into or out of an assembly, assembly
distortions)
Common cause effects ofa M Specifically oscillatory motion of the structure of the core and
seismic event on the reactivity feedback given physics uncertainties.

reactor systems

Models for Transient Natural Convection Processes in the Reactor System (CM02)

Modeling of transient M Validation data for complex reactor geometry and model
natural convection development
LIFE-Metal/L ife 4 Update (CMO03)

Re-calibration and L Calibration and validation effort of the code should be
validation of LIFE- conducted once further data from EBR-1I experiments are
METAL collected through current knowledge management programs

Sub-channel and Multi-pin Analysis Capabilities (CMO04)
Sub-channel + multi-pin L An improved sub-channel + multi-pin analysis capability (to
analysis capability simulate entire sub assembly and flow blockages) would be

beneficial as an additional modeling option under SASSYS-1.
Modeling of Gas Bubble Entrainment and the Effects of Sodium-Water Interaction (CMO05)

Modeling of Gas Bubble L Physics models sodium-steam/water interaction are complex
Entrainment and the and need to be improved.
Effects of Sodium—\Water
Interaction

Advanced fuel behavior models to predict the margin to pin failure for fuels with high actinide content

(CM06)

High-Actinide Fuel L Lack of advanced fuel behavior models to predict the margin to
Performance Models pin failure for fuels with high actinide content.

Models to predict source term releases from fuel in LMR accidents (CM07)

Predict source term L See Section 4.4 on Source Term Characterization
releases from fuel in LMR
accidents
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Table 14. List of Research Gaps Associated with High Level
Gap Topical Areas for Codes and Methods (cont.).

Gap State of Knowledge  Details

SAS4A Code Modernization, Support and Knowledgeable User-base (CM08)
Support updating the L The internal structure of SAS4A has not been updated since the
memory management early 1990s. New computational techniques can be employed
scheme to remove various which will take advantage of current generation hardware.
nodalization limits
Support parallel L New computational techniques can be employed which will
applications take advantage of current generation hardware.
Create an input processor L Most current state-of-the-art codes have graphical user
and user interface to interfaces which can ease new users into the code and can help
improve user friendliness debug input files.
and reduce potential input
errors

MELCOR/Contain LMR Update (CM09)

MELCOR/Contain LMR L Integration of Contain-LMR, which is not currently supported
Update in the U.S., with MELCOR would create a well-maintained

radionuclide tracking, structure performance and containment
response code.

Fuel Performance Code Documentation and Training Issues (CM010)

Documentation of LIFE- L A detailed documentation and a revalidation effort is needed to
METAL release LIFE-METAL to the national code center. This will
also help increase the user base of the code

Table 15 is a consolidated list of the highest-priority gap topical areas in the area of computer
codes and models. The colors in the table are provided to highlight differences in the ranking of
the identified gaps.

Table 15. Codes and Models Gaps.

Importance to Safety  State of

1D Name of Gap Topical Areas Within Category* Knowledge*

Modeling of Seismic Events H M
Models for transient natural convection processes in the reactor system M M
LIFE-Metal/Life 4 Update H L
Subchannel and multi-pin analysis capabilities M M
Modeling of gas bubble entrainment and the effects of sodium—water interaction M L
Advanced fuel behavior models to predict the margin to pin failure for fuels with high H L
actinide content

Models to predict source term releases from fuel in LMR accidents H

SAS4A Code Modernization, Support and Knowledgeable User-base H L
MELCOR/Contain LMR Update H L
Fuel Performance Code Documentation and Training H L

* Due to the ranking criteria used in the Codes and Models Report, values for Importance to Safety and State of Knowledge were impossible to directly extract from the report.
Instead, the authors of this report consulted with the Codes and Models Chair to assign H/M/L values to the identified gaps.
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4.5.3 Gap Closure Criteria

Table 16 summarizes expert opinions on topics that may be used to help prioritize funding of the gaps identified in Table 15. It can be
noted that because of the nature of this report, focusing on computer codes, no facilities were directly identified in the gap closure

table. The colors in the table are provided to highlight differences in the ranges of the evaluation parameters.

Table 16. Codes and Models Gap Closure Estimates.

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap AOO, DBE, Design
1D Cost Range ARC? Programs? (years) (years) Precursors US Facilities BDBE, SA) Importance Feature
1M-10M - JAEA 5-10 <5 - H/M No
JAEA/CEA/
1M-10M* - ROSATOM 5-10 <5 - H/L No
Senior personnel,
100K-1M AFC - 5-10 5-10 FMO09 No
JAEA/CEA/
1M-10M* - ROSATOM 5-10 <5 - H/L No
100K-1M - - 5-10 <5 - DBE H/L No
1M-10M - - 15 + <5 TREAT / ACRR BDBE, SA H/L No
1M-10M* - - 5-10 <5 - H/L No
100K-1M - - <5 <5 - H/L No
1M-10M* - - <5 25 Senior personnel H/L No
Not for Metal
100K-1M AFC Fuel <5 5-10* Senior personnel - H/L No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did
Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)
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4.6 Summary of All Gap Reports

Table 17 summarizes the expert opinions from all five gap analysis reports that may be used to
help prioritize funding of the identified gaps. Table 18 summarizes the gap closure estimates
covering the gap topical areas listed in Table 17.

The following guidelines were used in the formation of these tables:

Values were taken directly from the gap analysis reports, or extrapolated from the reports
if no direct value was given in the report.

If the gap is associated with a design option that is not typical of a generic SFR design,
the value indicated in the Importance to Safety Within Category column evaluates the
safety significance of that gap if that design option is to be used. Judgments concerning
the relative importance of the design option are left to the decision maker.

Because of the ranking criteria used in the Codes and Models Report, values for
Importance to Safety and State of Knowledge were impossible to directly extract from
the report. Instead, the authors of this report consulted with the Codes and Models Chair
to assign H/M/L values to the identified gaps.

The colors are only intended to highlight differences in cell values; no judgment is
intended by the choice of any color.

In Table 18, the authors did not reach a consensus regarding some ranges regarding the
timing or cost associated with closing a gap. These estimates are marked with the
following symbol: *. In each case, the highest range was placed in the table.

Table 17. All Gap Topical Areas.

Importance to Safety  State of

Name of Gap Within Category Knowledge
Steady State Intact Fuel and Fuel Changes H M
Transition to Natural Convective Cooling, Sodium Stratification H M
Thermal Response of Structures, Thermal Striping H M
Decay Heat Rejection, Radiation Heat Transfer from Vessels H M
Power Conversion Cycle, S-CO, Accident Analysis H L
Fuel Transient Behavior — Length Effects M L
Severe Core Damage, Metal Fuel Motion, Dispersal and Morphology H M
Seismic Isolator H M
Modeling of Seismic Events H M
Models for transient natural convection processes in the reactor system M M
LIFE-Metal/Life 4 Update H L
Subchannel and multi-pin analysis capabilities M M
Modeling of gas bubble entrainment and the effects of sodium-water interaction M L
Adya_nced fuel behavior models to predict the margin to pin failure for fuels with high H L
actinide content

Models to predict source term releases from fuel in LMR accidents H L
SAS4A Code Modernization, Support and Knowledgeable User-base H L
MELCOR/Contain-LMR Update H L
Fuel Performance Code Documentation and Training Issues H L
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Table 17. All Gap Topical Areas (cont.).

D ameorc e
FMO01 High Burnup Fuel Characterization H M
FMO02 Fission Product Carryover Fuel Characterization

FMO03 MA Carryover Fuel Characterization

FMO04 Advanced Cladding and Duct Fabrication, HT-9, 9Cr-1Mo, ODS

FMO05 Advanced Cladding and Duct Material Properties

FMO06 Duct/Bundle Performance Experience

FMO07 Structural Material Issues, Rotating Plug, IHX, EM Pump

FMO08 Brayton (S/CO.) Materials Issues

FMO09 SFR Fuels and Materials Knowledge Base Preservation

FM10 Fuel Performance Code Documentation and Training Issues

Sodium spray dynamics

Sodium-fluid interactions (S-CO,)

Sodium-pool fire on an inert substrate

Aerosol dynamics

Sodium-cavity-liner interactions

Sodium-concrete-melt interactions

Sodium Tech. Knowledge Management

Radionuclide release from fuel debris into a quiescent sodium pool
Radionuclide behavior in containment

Radionuclide transport within a sodium pool

Radionuclide Chemistry in Sodium Bond between Fuel and Cladding
Mechanical release of radionuclides from the surface of a sodium pool

MELCOR/Contain-LMR Integration

Ir r r r r r r r r £ T T T T I I L I T T T T
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Table 18. All Gap Closure Estimates.

Gap
1D

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance Feature
JAEA/CEA/ Fuel Testing
10M-100M* AFC ROSATOM 10 - 15* 5-10 Facility ATR and/or HFIR JOYO DBA, BDBA HIM No
Sodium
Most GIF Component Test PLANDTL,
1M-10M* - Members 10 - 15* 25 Facility - CCTL DBA, BDBA H/IM No
Sodium
Component Test PLANDTL,
1M-10M* - - 10 - 15* <5 Facility MELT Facility once Built CCTL DBA, BDBA M/M No
JAEA/CEA/
1M-10M - ROSATOM 10 - 15* <5 - NSTF ATHENA DBA, BDBA H/L Yes
S-CO; loop at SNL but Na
Solar and Fossil  JAEA/CEA/ Coupled Na/S- test loop is needed/Scaled-
1M-10M Energy** ROSATOM 10 - 15* =30 CO; loop up version of SNAKE - DBA, BDBA M/M Yes
Irradiated Fuel and
(TREAT or
10M-100M* AFC - 10-15 <5 ACRR) TREAT or ACRR - DBA, BDBA No
Irradiated Fuel and
(TREAT or TREAT or ACRR,
10M-100M* AFC - 10-15 <5 ACRR) Possibly CAMEL MELT-I11 SA H/L No
1M-10M - JAEA 10-15 5-10 - - - DBA BDBA H/L Yes
1M-10M - JAEA 5-10 <5 - - - H/IM No
JAEA/CEA/
1M-10M* - ROSATOM 5-10 <5 - - - H/L No
Senior personnel,
100K-1M AFC - 5-10 5-10 FMO09 - - No
JAEA/CEA/
1M-10M* - ROSATOM 5-10 <5 - - - H/L No
100K-1M - - 5-10 <5 - - - DBE H/L No
1M-10M - - 15 + <5 TREAT / ACRR - - BDBE, SA H/L No
1M-10M* - - 5-10 <5 - - - H/L No
100K-1M - - <5 <5 - - - H/L No
1M-10M* - - <5 <5 Senior personnel - - H/L No
Not for Metal
100K-1M AFC Fuel <5 5-10* Senior personnel - - H/L No
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Table 18. All Gap Closure Estimates (cont.).

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
1D Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature

Access to a fast
Not for Metal flux irradiation
FMO01 AFC Fuel 15+ 5-10* facility - CEFR / BN60 (6] M/M Yes

Access to a fast
flux irradiation
Not for Metal facility,
FMO02 1M-10M AFC Fuel 5-10* 5-10* Irradiated FP fuel - CEFR / BN60 (0] HIM Yes

Access to a fast
flux irradiation

Not for Metal facility,
FMO03 1M-10M AFC Fuel 5-10* 5-10* Irradiated MA fuel - CEFR / BN60 (0] H/IM Yes
Not for Metal
FMO04 1M-10M AFC Fuel 5-10* 5-10* - - - 0 H/L Yes
Access to a fast
Not for Metal flux irradiation
FMO05 1M-10M AFC Fuel 5-10* 5-10* facility - CEFR / BN60 (0] H/L Yes
Not for Metal
FMO06 1M-10M* AFC Fuel 5-10* 5-10* Senior personnel - - H/L No
Not for Metal Large sodium test
FMO07  10M-100M* AFC Fuel 5-10* 5-10 loop ANL - H/IM No
Solar & Fossil Not for Metal Coupled Na/S-
FMO08 1M-10M Energy** Fuel 5-10* 5-10 CO;test loop - - DBE H/IM Yes
Not for Metal
FMO09 100K-1M AFC Fuel <5 <5 Senior personnel - - H/IM No
Not for Metal
FM10 100K-1M AFC Fuel 25 5-10* Senior personnel - - H/L No
JAEA/CEA/
1M-10M SMR ROSATOM 5-10* 5-10 ST7 B308 AMPB/Surtsey - SA H/IM No
SMR / Solar S-CO; loop at SNL but Na
and Fossil JAEA/CEA/ Coupled Na/S- test loop is needed/Scaled-
1M-10M Energy** ROSATOM 5-10* 5-10 CO; loop up version of SNAKE DISCO2 DBE H/IM Yes
Solar and Fossil  JAEA/CEA/
1M-10M Energy** ROSATOM 5-10* 5-10 ST7 B308 AMPB/Surtsey SAPFIRE SA HIM No
JAEA/CEA/
1M-10M SMR ROSATOM 5-10* 5-10* ST7 B308 AMPB/Surtsey SAPFIRE AOO H/IM No
Solar and Fossil ~ JAEA/CEA/
1M-10M Energy** ROSATOM 5-10 5-10* ST7 SNL, ANL SAPFIRE DBE H/L No
ST7, Core-
JAEA/CEA/ Concrete-Sodium PLIINIUS
10M-100M SMR ROSATOM 10 - 15* 5-10 Test Facility MCCI SAPFIRE? SA No
100K-1M - - 5-10* 25 Senior Personnel ANL, SNL, INL, PNNL Japan H/IM No
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Table 18. All Gap Closure Estimates (cont.).

DOE Funding Time Event
Programs International Time Required Category (O, Optional
Gap Estimated Other than Funding Sensitivity  to Fill Gap International AOO, DBE, Design
1D Cost Range ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
Cadarache
Research
1M-10M AFC - 10 - 15* <5 - - Center BDBE, SA H/L No
JAEA
(Contain-
1M-10M - - 10 - 15* <5 - SNL (VICTORIA code) LMR) SA H/L No
Hot Cell Facilities at INL TransUranium
10M-100M AFC = 10 - 15* <5 Irradiated Fuel and ORNL Institute BDBE, SA HIM No
Irradiated Fuel,
Upgraded
Domestic Upgraded Out-of-Pile Test CABRI
10M-100M AFC - 10 - 15* <5 Facilities Facilities at INL and ORNL Reactor BDBE, SA H/L No
Paul Scerrer
Institut,
Cadarache
1M-10M AFC - 10 - 15* <5 Irradiated Fuel SNL (VICTORIA code) (Modeling) SA H/L No
JAEA
SNL (Contain- (Contain-
1M-10M - - 10 - 15* <5 - LMR/MELCOR) LMR) H/IM No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-10 years and Author B chose < 5 years. At no point did Author A chose 10-15

years and Author B chose < 5 years.)

** |f Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop
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5 POTENTIAL RESOLUTION OF GAPS

5.1 Overview of Programs, Equipment, Facilities

The DOE lab complex has many facilities that can be utilized to close identified SFR licensing
gaps. The following sections summarize facilities and programs that are either currently closing
gaps or could be re-tasked to close gaps.

5.1.1 Facilities

Table 19 lists the DOE facilities that could be adapted for SFR research. The facilities were
divided into four categories: currently available, available within 5 years, within 10 years, or
would take more than 10 years. This list was compiled through a combination of previous DOE
surveys and though expert elicitation (DOE/NE, 2006; INL, 2009, 2010; NEA, 2011).

Table 19. List of Current and Potential SFR Related Testing Facilities.

Location Currently Available <5years <10 years 10+ years

Idaho National Advanced Test Reactor Transient REActor Test N/A Fast Irradiation Facility

Laboratory (ATR) (TREAT) o New EBR-II/FFTF
o Target irradiation e Restart of thermal- like fast reactor fuel

spectrum transient irradiation facility.

Electron Microscopy fuel testing reactor

Laboratory (EML) which was last
* Equipment used in operated in 1994
sample preparation and
evaluation

Fuels and Applied Science
Building (FASB)
e Equipment used in fuel
development and
fabrication

Fuel Manufacturing Facility
(FMF)

e Equipment used in fuel
development/manufactur
ing

Hot Fuel Examination
Facility (HFEF)

e Equipment used in fuel

examination and testing

Argonne National Chemical Engineering N/A N/A N/A
Laboratory Building
e materials processing and

testing equipment

NTSF

e Decay Heat Removal
Test Loop

SNAKE
e Sodium/CO; reaction
experiment

B308 AMPB
e Sodium reaction
experiments
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Table 19. List of Current and Potential SFR Related Testing Facilities (cont.).

Location Currently Available <5years <10 years 10+ years

Oak Ridge National
Laboratory

Pacific Northwest Radiochemical Processing  105-DR Large Sodium N/A N/A
National Laboratory Laboratory (RPL/PSF) Fire Facility
o Radiochemical e Closed/Possible to
processing and revive

analytical equipment
n quip Sodium Storage Facility

and Sodium Reaction

Facility

o Closed/Possible to
revive

Sandia National
Laboratories

NASA Marshall Space Flight
Center
e 3 NaK test loops
which use EM pumps,
heat exchangers, and

flow-meters, etc.
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Table 19. List of Current and Potential SFR Related Testing Facilities (cont.).

Location Currently Available <5years <10 years 10+ years

Los Alamos National

Laboratory
Massachusetts Institute of MITR
Technology e [rradiations in a

sealed sodium loop

International Facilities
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5.1.2 Performing Transient Fuel Testing

To accommodate any future testing of SFR fuel, two domestic facilities could be made available
within 5 to 10 years funding allotment, TREAT at INL and ACRR at SNL. Establishing a cost
effective means to conclude post-irradiation transient testing will require addressing any
remaining needs against the strengths of the available facilities. The decision to utilize one or
both facilities will be dictated by the specific fuel testing demands and particular performance
capabilities of each facility.

As presented in the gap section, delineations can be readily established for burnup levels of <10
at%, <20 at%, and >20 at%. Presently, characterization of low burnup (<10 at%) fuel may be
sufficient for regulatory purposes given the pre-existing SFR fuels databases. Addressing any
later identified gaps for this regime could have a limited scope given the extensive database,
limiting the testing requirements. The ACRR facility at SNL can accommodate a range of testing
sizes including: small-sized samples, single full-length fuel pins, and/or potentially bundles
containing up to 7 FFTF-sized fuel pins. These fuel tests might allow for a lower-cost option
(relative to TREAT) to address fuel testing demands where limited or no fuel motion monitoring
is needed. To address the needs of higher burnup fuels or new fuels, a significantly larger and
robust test program could make restarting TREAT more attractive and/or necessary.
Additionally, unlike TREAT or any other transient facility, ACRR’s neutron spectrum can be
tailored similar to that of a SFR. A highly moderated spectrum will result in an incorrect spatial
shielding in the fuel, which would cause an incorrect heating profile in the pin. An ongoing
LDRD program at Sandia is focused on developing techniques for instrumentation including
optical monitoring.

Currently, the ACRR is resistant to any significant modifications to either the reactor or the test
cavity. Thus, an integrated test loop which can fit inside the ACRR cavity (9 inch diameter and
greater than 20ft in height) is the only viable testing configuration currently being considered. In
order to be brought online, TREAT would need to undergo upgrades, which is an uncertain
process regarding cost, to return to operating status. An estimated expense for restarting and
upgrading TREAT would be on the order of $100 million (DOE/NE, 2008). Another large
differentiator is the overhead for each facility. ACRR would be a shared program with weapons,
so overhead would be a shared cost. Because TREAT would be strictly used for transient testing,
it would likely have approximately twice the overhead costs to the fuels program.

In addition to existing DOE facilities, if a private initiative were undertaken to design and build a
SFR facility at a DOE site, the potential for a government/private partnership exists to make the
facility available for irradiation testing of advanced fuels. Such a partnership could take the form
of the government taking the lead in fuel design and fabrication while the private party would
take the lead for plant design and licensing. In parallel with a TREAT restart program would be
an activity to re-establish the software system for reduction, analysis, and display of data from
the existing test-fuel-motion monitoring system at TREAT (the fast neutron hodoscope).

5.1.3 Programs Already Closing Gaps

This section summarizes DOE programs currently working to close gaps identified by the gap
reports.
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5.1.3.1 Advanced Fuel Campaign (AFC)
Fission Product Carryover Fuel Characterization (FM02)

With reprocessed fuel, particularly from the pyro-processing of metal fuel, a significant
concentration of the fission product lanthanide elements are likely to remain in the reprocessed
fuel. Should these lanthanide elements diffuse to the fuel-cladding interface during irradiation,
then the possibility exists for a low-melting alloy to form with consequent premature cladding
breach.

Metal fuel that had not been reprocessed reached burnups of 20 at% without failure even though
a significant concentration of lanthanide fission products formed during irradiation. However,
recent ATR experiments on metal fuel that was pre-doped with lanthanide elements experienced
cladding breach at relatively low burnup. Although all the examinations have not been
completed, it appears that clumps of the lanthanide elements may have been present from the
beginning of the irradiations. Thus, the lanthanide elements may not have been uniformly
distributed upon fabrication of the fuel slugs. The question then arises as to whether the
reprocessed fuel feed material, which comes from the electro refiner, has the carryover
lanthanide uniformly distributed or if the lanthanides exist in clumps and will cause early
cladding breach.

This issue is being actively studied in the AFC led by the INL and includes all national
laboratories and several universities. This gap is being adequately addressed by the AFC and
should be resolved within two years provided the AFC continues to receive adequate funding.
Should this gap be resolved such that lanthanide carryover does not affect performance, then
metal fuel with fission product carryover can be licensed to 10 at% burnup.

Minor Actinide Carryover Fuel Characterization (FMO03)

The minor actinides americium, neptunium, and curium are responsible for the majority of the
heat load and toxicity of a spent fuel repository after about 200 years. Thus, it would be desirable
to remove these elements from spent LWR fuel and fission them as fuel in a fast reactor.

Studies are under way within the AFC to address the possibility of incorporating substantial
quantities of minor actinides in either oxide or metal fuels. Fabrication studies are under way at
INL and Los Alamos National Laboratory (LANL) and irradiations of fuel capsules are under
way in the ATR. Metal fuels appear to be unaffected with inclusion of minor actinides from a
fabrication standpoint. However, open questions remain on how inclusions of minor actinides
will affect the pellet sintering process for oxide fuel. Americium is troublesome for both oxide
and metal fuel fabrication because of its high vapor pressure and subsequent volatility losses
during fabrication.

The ongoing program within the AFC appears to be adequately addressing this issue and with
continued funding should solve this issue within four years. Should this gap be resolved such that
MA additions do not affect performance, then metal and oxide fuels can be licensed to 10 at%
burnup as discussed in FML1.

Advanced Cladding and Duct Fabrication (FM04)

Before the shutdown of EBR-I1 and FFTF in the 1990s, a vigorous program was in place to
fabricate and utilize the low swelling ferritic/martensitic (FM) alloys for cladding and hexagonal
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ducts. The Car-Tech company had developed reactor grade processes for the large-scale
manufacture of HT-9. Other FM alloys were under development on a laboratory scale. The
search was ongoing to find FM alloys with better high-temperature strength than HT-9.

With the shutdown of the nation’s fast reactor test facilities and the diminished interest on the
part of DOE to pursue SFR technology, industry lost interest in the large-scale capability to
fabricate FM components. Because two decades have passed, many of the personnel who
developed the specifications and processes to fabricate FM components have left the workforce
and in parallel the documentation has fallen into a state of uncertain retrieval.

Within the AFC, directed by the INL, an attempt to obtain a small sample of HT-9 is ongoing.
However, this only amounts to the initial steps that were taken in the 1980s and 1990s to
organize a viable industry to fabricate cladding and duct components.

There will be little industry interest in the renewed development of this fabrication capability
until DOE becomes committed to the licensing and construction of a prototype SFR. In the
meantime every effort should be made to preserve the fabrication knowledge of HT-9. As well,
the effort ongoing within the AFC program to develop advanced FM alloys should continue to
receive adequate funding.

Advanced Cladding and Duct Material Properties (FMO05)

The limiting factor for the achievement of high burnup of either oxide or metal fuel in a SFR is
the irradiation-enhanced swelling and creep of the hexagonal ducts that contain the fuel pins.
Excessive duct distortion will result in high pull forces during fuel handling and the possibility of
unintended reactivity effects from duct bow during reactor operation.

Austenitic steels such as 316 or a titanium-modified version of 316 were used as cladding and
duct material but these alloys exhibit high swelling and creep rates above 100 dpa or 2 x 10%
n/cm?. About 20 years ago it was discovered that FM steels swell much less. Thus an FM steel,
HT-9, was chosen as the likely successor to austenitic steels for cladding and duct applications.
However, HT-9 had two possible shortcomings. The first is that the high-temperature strength of
HT-9 is inferior to austenitic steels, where 600 °C is the limit for cladding applications. At low
temperatures, below 400 °C, HT-9 exhibits an increase in the ductile to brittle transition (DBT)
upon irradiation. Should the DBT increase to fuel handling temperatures an issue may exist in
the fracture of ducts during fuel handling.

Work is ongoing within the AFC to study the properties of HT-9 and in parallel develop higher-
strength FM alloys. However, there is a limitation of what can be accomplished. HT-9 cladding
and duct material achieved about 150 dpa before FFTF was shut down. Duct material and tubes
from the MOTA test in FFTF are being subjected to a variety of property tests within the AFC
campaign. Plans have been developed to achieve additional exposure of this material in foreign
reactors. The advanced FM alloys are being subjected to ion bombardment as an unproven
means to simulate reactor neutron irradiation.

As the situation now stands, the AFC program is accomplishing the best possible without the
availability of a SFR test reactor. Funding of the AFC program for property studies of advanced
cladding and duct materials should be continued.
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5.1.3.2 Advanced Reactor Concepts (ARC)
Structural Material Issues, Rotating Plug, IHX, EM Pump (FMO07)

The selection of structural materials for the initial commercial reactors will be largely based on
the past performance, reliability, availability, and cost of the materials. The design of these
reactors will be based on the broad technology base that has been developed in SFR programs in
the United States and worldwide and the operating experience of several fast reactors around the
world, in particular the EBR-I1 and FFTF in the United States. The large database and lessons
learned from operating SFRs can be applied in the design, materials selection, and construction
of components for the initial reactors. Furthermore, information relative to the thermal-hydraulic
performance of sodium-heated steam generators, the reliability and performance of large sodium
pumps, piping, flow meters, and valves, and requirements for sodium-purity control and
monitoring equipment is readily available and can be directly applied in the design of these
reactors.

The major systems in such a reactor include the reactor vessel containing the reactor core and the
primary heat transport system; the intermediate heat transport system; and a power conversion
unit that includes sodium-to-steam heat exchanger with a Rankine cycle steam turbine or,
alternately, a sodium-to-CO; heat exchanger with a Brayton cycle gas turbine. The materials
selected for the design of commercial reactors need to comply with the elevated temperature
structural integrity criteria (ASME Code Section I11 Subsection NH). It should be noted that,
currently, the U.S. NRC has not approved the Subsection NH and a version of Subsection NH
will need to be adopted by the U.S. NRC before a SFR can be commercially licensed in the
United States. At present, only five alloys are approved for nuclear application in Subsection
NH, i.e., 304SS, 316SS, 2.25Cr-1Mo, Alloy800H, and Mod. 9Cr-1Mo (grade 91), and most
probably these alloys will be selected for application in the initial sodium-cooled reactors. The
U.S. NRC pre-licensing reviews of CRBR and the PRISM identified several regulatory questions
concerning compliance with the elevated temperature structural integrity criteria (ASME Code
Section 111 Subsection NH).

The major gaps identified for the current materials are as follows:

e Need for materials property allowable data/curves for 60-year design life. Additional
modeling and experimental effort needed.

e A validated weldment design methodology.
e Reliable creep-fatigue design rules, including hold time creep-fatigue data.

e Improved mechanistically based creep-fatigue life predictive tools for reliable
extrapolation of short-term data to 60-year life.

e Methodology for analyzing Type IV cracking in 9-12Cr FM steel welds.
e A validated thermal striping materials and design methodology.

e Materials degradation under irradiation for reactor internal components.
e Materials degradation under thermal aging.

e Materials degradation in sodium environment.

e Degradation under sodium-water reaction.
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Development of advanced materials is needed with emphasis on higher temperature capability,
component reliability, and flexibility, and to lower the capital and operational cost of the
reactor’s materials/components. Such a development will be long-term and will be needed for
future cost-effective reactors.

SFR EBR-I11 Test Assembly Knowledge Management and Preservation (FM09)

As part of DOE-NE’s ongoing ARC SFR Safety and Licensing R&D program, a modest effort
has been initiated at ANL for development of online databases to cover the landmark EBR-I1
passive safety demonstration tests, TREAT tests, and SFR metal-fuel irradiation experiments.
The implementation of all three databases is based on all open-source software, using mySQL
relational database management system, Apache web-server, and Perl-based cgi-interface to
facilitate controlled access.

The EBR-11 test database covers all of the experiments conducted between 1984 and 1987 during
a comprehensive testing program including the data collected from the Shutdown Heat Removal
Tests (SHRT), Balance of Plant (BOP) Tests, and Plant Inherent Control Tests (PICT). The tests
are organized based on the five testing windows during which they were performed (each with
unique core, plant, and data acquisition system configuration). During the shutdown heat
removal and BOP testing program, 106 files of measured data were collected in four testing
windows from June 1984 through April 1986. This collection of data files also included the
Integral Fast Reactor (IFR) concept demonstration tests intended to study the inherent safety
features of EBR-II as a liquid-sodium cooled fast reactor design with metallic fuel. In November
1987, a final sequence of PICT was also performed in a fifth testing window to demonstrate
“load-following” features of the reactor, resulting in eight additional files of measured data. To
indicate their nature, the tests are also arranged in several groups/categories, such as the
protected (with scram) or unprotected (without scram) loss of flow, loss of heat sink, or various
reactivity perturbation tests. Up to 900 instruments recorded during each test are grouped into 60
broad categories. The database provides a test-specific list of recorded data acquisition system
instruments and allows the users to select a subset of instruments to plot (and, if desired, to
tabulate) the corresponding data. The database also includes a document archive related to the
conducted tests under the DOE’s IFR Program. The plans are under way to extend this database
to include the passive safety demonstration tests conducted at the FFTF reactor through
collaborations with PNNL.

A parallel database development effort under the ARC program focuses on information
regarding the numerous experiments that were conducted in the TREAT Facility during its
operation from 1960 to 1994. Basic experiment-information structure of the TREAT test
database is also relational, providing cross-coupling among information sets consisting of

e Metadata for documents regarding individual experiments,

e Metadata for documents regarding groups of experiments,

e PDF files of those documents,

e (Categorized parametric information regarding the type and content of those documents,
e Categorized parametric information describing individual experiments, and

e Numerical data from many experiments.
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The web-interface specific to the TREAT test database provides layers of search/query forms to
the user, retrieves ASCII data or PDF documents, and displays the search results on dynamically
written web pages that include links to relevant documents as well as available numerical data
(listings and/or plots). Users are presented with general categories of experiment-related
information along with options within those categories to help them develop queries that will
quickly narrow the searches to the relevant experiments, the types of information being sought,
the types of documents that contain the information, and so on. Four main experiment categories
are presented:

e Experiment principal objectives and/or outcomes (with twelve sub-categories),
e Test sample characteristics (with six subcategories),

e Test conditions (with four subcategories), and

e Diagnostics and analyses (with three subcategories).

Many of the subcategories are further subdivided, and two auxiliary categories (experimenter
organizations and post-test examination locations) are also included. The experiment documents
are also characterized in terms of the types of information they contain to help users locate
information according to information categories that span multiple tests.

Finally, the SFR Fuels Database is intended to cover the irradiation experiments at EBR-II and
possibly at FFTF reactors. The irradiation experiments conducted at EBR-I1 provided a wealth of
information in relation to the development of both metallic and oxide fuels and their performance
in fast reactors. The associated archive of information is available as a set of separate documents
and computer data files. However, it remains incomplete and does not stand at a development
stage that allows for its systematic use by both reactor and fuel designers in support of ARC
activities and other DOE programs such as Fuel Cycle Technology (FCT) Fuels Campaign and
Nuclear Energy Advanced Modeling and Simulation (NEAMS). The current database
development effort under ARC provides a framework for an advanced metallic-alloy fuels
database that includes the available information related to the fuels irradiation experiments
performed at EBR-II. This database also has a web-based interface that communicates with an
open source relational database structure that links (1) available documentation generated
through the EBR-11 experimental program and documentation used in the calibration and
validation of physics and fuel performance codes (e.g., REBUS, LIFE series of codes, etc.), and
(2) detailed core loading data, fuels fabrication information, Post Irradiation Experiments (PIE)
results, and operating parameters. It is intended to cover detailed pin-by-pin fuel irradiation
history information generated using an ANL suite of codes and provide improvement of the
quality of information provided to end users (e.g., generation of improved digital images of
original PIE results of fuel samples and fuel pins, which provide essential fuel behavior
information).

Despite the ambitious scope of these three databases, the amount of funding these efforts receive
from DOE-NE under that ARC program is not sufficient to complete the work in a timely
manner. Considering the time-sensitive nature of all knowledge preservation and maintenance
efforts with critical staff with knowledge of these systems and tests fast approaching retirement
age, at a minimum a continued support for these activities, and ideally increased funding, will be
important.
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5.2 Emphasis on Knowledge Management

A common gap identified from all panels was the need to preserve the sodium-cooled fast reactor
database that took over five decades to accumulate at great expense. It has been over 17 years
since the last SFR was operated in the United States. If the government or a private institution
desired to design and construct a SFR at this point, it would be difficult to ascertain what
information is required and could be retrieved from the existing database to aid in the design and
licensing. This issue has been of concern for at least the past ten years. There has been general
realization that the reduction of SFR research was so precipitous in the mid-1990s that little
effort was taken to preserve what had been accomplished. Now many of the facilities where the
work was accomplished have been shut down (EBR-II, FFTF, TREAT) and research groups
have been dispersed. Most of the researchers who participated in this work are aging and have
retired.

There have been islands of effort directed at the problem for the last ten years. Examples of
these are:

e At the INL a metal fuels database has been developed and another effort has resulted in
much of the EBR-II data being digitized and entered into a computer database. At PNNL
the information generated from FFTF is being retrieved.

e At ANL the transient testing database is being retrieved. Also, an effort has been initiated
to save irradiation experiment data and documents as well as establishing a detailed
metallic fuel information database.

e Atthe INL, documents related to EBR-I1 design, operation and testing were collected,
stored and those considered most important were digitized.

e The national repository for SFR documentation was located at the DOE site in Santa
Susana. Documents remaining there have been surveyed and the most important copied
and transferred to ANL for storage.

Conversely, in the area of SFR fuel and materials fabrication the situation likely has had little
attention, and as well the documentation for codes and the status of data for code validation are
uncertain.

The current situation is one with a variety of attempts at database consolidation, likely leading to
a variety of formats. Additionally, there are probably some important areas that have received no
attention. The location and storage condition of original data in the form of reports is uncertain
and in some cases parlous, with some information already destroyed. Furthermore, the
availability of individuals who remember what was done and the value of it is diminishing. A
problem of this magnitude must be approached on many fronts.

5.2.1 Knowledge Preservation Gap Teams

It is proposed that a dedicated team of senior researchers undertake a “gap analysis” of the state
of knowledge preservation for SFRs. It is recommended that they accomplish the following
tasks.

1. Identify the locations and individuals where knowledge preservation activities have been
completed or are in progress.

2. Visit those locations and interview the individuals involved.
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3. Determine the quality of the effort and learn what further needs to be accomplished from
these individuals. Also, learn the storage condition of original data.

4. Produce a report that
a. Reviews the work that has been accomplished,
b. Recommends how the existing work can be improved and integrated,
c. Recommends what additional areas need to be covered, and
d. Recommends the level of effort and urgency for the work to be accomplished.

5.2.2 Document Preservation Through OSTI

Many organizations, such as the National Aeronautics and Space Administration, have used
OSTI to scan, store, and manage access for important documentation that may be needed in the
future. While some individual SFR-affiliated DOE programs may decide to procure OSTI’s
services for document preservation and management, a lightly funded piecemeal approach may
cause OSTI to de-prioritize SFR-related work in favor of larger customers. A larger DOE-NE
directed effort to utilize OSTI for document preservation and management may streamline the
process and ensure that the important documents can be cataloged before key personnel are no
longer available to the DOE.

In addition, the INL has developed a data-base for collection of digitized documents related to
reactor development programs conducted in Idaho, including the SFR. These documents, those
residing at OSTI and other international databases, may be accessed through use of the search
engine needle which is available from the DOE-NE website. Access to this information is
significantly constrained, however, since much of it is designated as Applied Technology.

5.2.3 Process for Appropriately Applying Applied Technology Stamps on Old
Documents

During the reviews associated with the safety and licensing gap analysis, several discussions
revolved around the fact that most of detailed SFR technical information retains an “Applied
Technology” marking.

A very large volume of information exists within the United States on SFR technology. Much of
that information resides in the bibliographic databases maintained by OSTI of the DOE. A quick
search by OSTI indicates their database contains more than 5,000 conference reports and more
than 15,000 technical reports on SFRs. In general, the conference reports are open-literature
publications having no access restrictions except copyright-related information. However, most
conference reports are overview or summary type documents and do not provide detailed
information needed to support technical knowledge management activities. Most of the technical
reports as well as those reports dealing with safety or design of CRBR, PRISM, SAFR, or
ALMRs and supporting technical information fall into a category of DOE unclassified sensitive
information known as Applied Technology (AT). AT is a category of information established by
the DOE-NE and its predecessors to preserve the foreign trade value of certain NE-funded
reports containing engineering, development, design, construction, or operation information
pertaining to particular programs, including SFR technology. AT has access restrictions and must
be protected according to requirements defined by DOE-NE and implemented by OSTI, as the
distributor of AT for DOE-NE.

Guidance for handling of AT information was issued by DOE-NE on April 13, 2006. It contains
the following points:
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e Access to AT documents and software is controlled and is granted by approval of DOE-
NE on a need-to-know basis to keep the information contained there in domestic hands.

e AT information cannot be referenced in journals or presentations or referenced in non-AT
documents without prior approval of the DOE-NE office. This restriction includes not
referencing information in the document and not referencing the title or report number.

e OSTl is the sole distributor of AT documents except when the originating organization is
instructed by DOE-NE to make outside distribution directly to a DOE-NE-approved list.
Requests for AT-marked information are to be sent to OSTI, which follows an approved
process to respond to such requests.

e |f DOE-NE directs OSTI in writing to remove the AT designation from individual or
classes of documents, or if the activity generating the AT information has been closed for
more than 10 years and no action has been taken to extend the AT protection in writing,
or if an AT document is more than 25 years old (i.e., published in 1986 or earlier), the AT
designation is removed when the document is requested. The document must then be
reviewed for Export Controlled Information (ECI) before release. If the document is
determined to contain ECI, the access restrictions for this type of unclassified sensitive
information must be followed.

The above guidance is based on the 2005 memo on Applied Technology sent by S. Johnson
(DOE-NE).

Based on the experience of some of members of gap teams, the process of obtaining AT marked
information is tedious and time-consuming, particularly for universities and consulting firms and
even within the DOE laboratory system. Each individual report request is sent from OST]I to
DOE-NE for approval, which can take weeks to months. OSTI does not remove the markings
for reports greater than 25 years old unless a report is requested. In order to address the Export
Control Review the report is then sent to the originating organization for ECI review. In the case
of SFR technical information, many of these originating organizations no longer exist and those
that are in existence may not have the qualified staff available to make the ECI decisions. This
then results in further delay.

Although it is important to preserve technical information for possible trade value outside the
United States, the immediate need for knowledge management and preservation of the
information within the United States suggests a review of the AT guidance process may be
warranted to determine if streaming of the current process might be possible. This would allow
the U.S. SFR researchers more rapid and timely access to information than is possible under the
current guidelines. Additionally, the AT markings are likely to impede the licensing process
since the U.S. NRC currently has no process for obtaining, storing, or sharing AT marked
information among the staff. It is the authors’ recommendation that storage and protection of AT
information by individuals within their offices and on their computers should be revisited to
determine if it can be made similar to proprietary information handling.

Finally, several years ago the information pertaining to Gas Cooled Reactor Technology had the
AT marking removed and can be obtained without restrictions from OSTI other than those
associated with ECI. This process may serve as a guideline for the removal of sodium-related AT
markings.
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6 POTENTIAL ROADMAPS

This section outlines six budget priority scenarios that can be used to determine which gaps get
funded and which gaps remain unfilled in the near term. In an attempt to ensure that the results
were design neutral, any optional design feature considered was evaluated on the basis that that
design feature would be included in the licensing case. It was left to the writers of this report to
flag these design optional gaps and for the eventual decision maker to determine the relative
importance of funding these research areas. It is the authors’ opinion that these gaps, while they
ultimately may be required to ensure economic feasibility of the design, should be a lower
priority than gaps that will affect any SFR design. Design optional gaps that improve the
economic efficiency of a design should be completely ignored, but instead should only be
procured through cost-sharing partnerships with interested commercial partners. The six
priorities examined are:

Less than 1 Million Dollar Gaps

Prioritize Time Sensitive Gaps

Potential for International Cooperation

Gaps Related by Precursors

Gaps Significant to Normal Operation of a SFR
New Fully Funded SFR Program

U~ wd P

6.1 Less than 1 Million Dollar Gaps

Table 20 lists the gaps categories that were estimated at under a million dollars a gap to fill, that
is, the smallest price window examined by this report. Of the seven gaps identified in this price
range, four gaps related to knowledge preservation and management, two gaps related to code
modernization, and one gap related to model development.

Table 20. Gap Topical Areas Under 1 Million Dollars.

Gap ID Importance to Safety State of
Name of Gap Topical Areas Within Category Knowledge
LIFE-Metal/Life 4 Update H L
Modeling of gas bubble entrainment and the effects of sodium-water M L
interaction
SAS4A Code Modernization, Support and Knowledgeable User-base H L
Fuel Performance Code Documentation and Training H L

FMO09 SFR Fuels and Materials Knowledge Base Preservation H L

FM10 Fuel Performance Code Documentation and Training Issues H L

H L

- Sodium Tech. Knowledge Preservation and Management

The four knowledge preservation and management gaps were highlighted by the two gap report
topics with a high degree of previous experimental effort: Sodium Technology and Fuels and
Materials. Domestic experiments related to sodium fires have been conducted at PNNL, INL,
ANL, and SNL and internationally in Japan, France, and Russia. These experiments have been
used to support the development of various fire progression and containment response codes
necessary for licensing, but no money has been available to catalog the current state of sodium
technology knowledge. These same statements are true for the two gaps related to fuels and
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materials, with the exception that no other country has an experimental database for metallic fuel
performance. If any information is lost or rendered unrecoverable, the DOE cannot request
access to international experimental databases. FM10, relating to LIFE-Metal’s need for
improved documentation and training, is extremely sensitive because detailed knowledge of this
licensing code is one employee deep. There is an extreme need to transfer ownership of this code
and the underlying supporting documentation to a mixture of early- and mid-career staff to
ensure that the only metallic fuel performance licensing code is not lost. It is vital to fill
knowledge preservation and management gaps early for two reasons:

e Some of the historical database may have been lost or destroyed since it was created. If
lost or destroyed data are used to support historical correlations and models, these
correlations and model codes would no longer be acceptable to support a licensing case.

e [f additional sodium technology testing will be conducted in the future, a completed
knowledge management and preservation program will be needed to determine if a subset
of the historical experiments needs to be reproduced.

In addition to improving LIFE-Metal’s documentation and expanding its user base, LIFE-Metal
needs support money to keep the code up to date and incorporate the results of recent irradiations
conducted at international facilities. The latest calibration of the LIFE-Metal code was performed
just before the termination of the IFR project in 1994 (Billone, 1994). Sets of verification test
problems that correspond to data from different EBR-11 experiments are available and have been
used systematically to verify the code calculations.

Minor changes have been made to the LIFE-METAL since its calibration. Those changes did
not affect the code’s calibration and were mainly aimed at correcting a code error associated with
FCCI for fuels with long irradiation periods. Since its last validation activity, the code has been
used in a few occasions to support the evaluation of metallic fuel designs associated with
advanced fast reactors designs such as the 4S and ARC reactors (Yacout, Tsuboi and Ueda,
2009). Currently, the code has limited number of users and is not released to the national code
center as it needs detailed documentation and a revalidation effort to release it. Further,
calibration and validation effort of the code can be done once further data from other EBR-11
experiments are collected.

SAS4A, the state-of-the-art sodium reactor transient code supported by ANL, also needs
additional code support funds. This code will be relied upon to build and validate a licensing
accident code, but funding has not been available to keep the code up to date since the IFR
program closed. As mentioned previously, this funding would also be used to

e Support updating the memory management scheme to remove various nodalization
limits,
e Support parallel applications, and

e Create an input processor and user interface to improve user friendliness and reduce
potential input errors.

In order to ensure a vibrant code user-base both internal and external to ANL, funding is needed
to support user workshops. These workshops are conducted by other state-of-the-art codes such
as MCNP, SCALE, and MELCOR and will help alleviate the learning curve external
organizations face when attempting to use SAS4A.
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The final gap that was estimated to be resolved for fewer than 1 million dollars was CMO05, modeling of gas bubble entrainment and
the effects of sodium—-water interactions. This gap was the only low-cost gap to rank a medium for importance to safety and thus
would likely be a lower priority than the previously mentioned gaps.

The gap closure evaluation for the gaps estimated at less than 1 million dollars can be found in Table 21. Of these gaps, the most time
sensitive would be improving the user base for LIFE-Metal and Life 4. In concurrence with resolving this gap, it is recommended that
organized knowledge management and preservation effort begin for the areas of Fuels and Materials and Sodium Technology. SAS4A
modernization can begin immediately, but updating the LIFE-Metal and Life 4 codes starts only after the fuels and materials
knowledge preservation and management program is near completion.

Table 21. Gaps Closure Evaluations Under 1 Million Dollars.

Estimated DOE Funding International Time Time Required Event Category (O, Optional
Gap Cost Programs Other Funding Sensitivity to Fill Gap us International  AOO, DBE, BDBE, Design
1D Range than ARC? Programs? (years) (years) Precursors Facilities Facilities SA) Importance  Feature
Senior
personnel,
100K-1M AFC - 5-10 5-10 FMO09 - - No
100K-1M - - 5-10 <5 - - - DBE H/L No
100K-1M - - <5 <5 - - - H/L No
Not for Metal Senior
100K-1M AFC Fuel <5 5-10* personnel - - H/L No
Not for Metal Senior
FM09  100K-1M AFC Fuel <5 =30 personnel - - H/M No
Not for Metal Senior
FM10 100K-1M AFC Fuel <5 5-10* personnel - H/L No
ANL, INL,
Senior SNL,
100K-1M - - 5-10* <5 personnel PNNL Japan H/M No
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6.2 Prioritize Time Sensitive Gaps

Both Table 22 and Table 23 list gap categories for which inaction may result in a loss of
capability for the DOE. Table 22 summarizes the five gaps for which inaction over the next 5
years will result in complete loss of capability that will eventually be expensive to replicate.

Table 22. Short Time Sensitivity Gap Topical Areas, Complete Loss of Capability.

Gap ID Importance to Safety Within State of
Name of Gap Topical Areas Category Knowledge
SAS4A Code Modernization, Support and Knowledgeable User-base H L

MELCOR/Contain-LMR Update L

Fuel Performance Code Documentation and Training L

FMO09 SFR Fuels and Materials Knowledge Base Preservation L

I T I T

FM10 Fuel Performance Code Documentation and Training L

Four of the five gaps identified in Table 22 were described in detail in Section 6.1 listing the
gaps that cost less than 1 million dollars to fill. The lone exception is the MELCOR/Contain-
LMR Update.

The four overlapping gaps relate to knowledge management and preservation efforts. Because an
extremely important component of knowledge management and preservation is interpretation of
the historical data, these programs must be started while experienced senior personnel are still
available. The most time-sensitive of all these gaps is FM10 and CM10, Fuel Performance Code
Documentation and Training. Addressing this gap would effectively require expansion of the
LIFE-Metal user base beyond its one current steward.

An organized, constant, and robustly funded preservation and management of these capabilities
are vital if the DOE is intent on supporting future fast-reactor development and should be one of
the highest priorities. Three areas were identified to be of particular concern:

e Supporting documentation for NUBOW, which predicts core radial expansion;

e Improved documentation and succession training for Life and other fuel performance
codes which have only one active user; and

e Categorization and preservation of raw numeric and other data from EBR-II, FFTF,
TREAT, and a host of other sodium facilities.

The creation of a SFR version of MELCOR was determined to be a gap of high time sensitivity
by the authors. Currently, the United States does not have a supported code for sodium fire and
containment response. Not only would such as code be required by the regulator during a
licensing process, it would be extremely helpful in guiding research in the areas of Sodium
Technology and Source Term Characterization. Alternatively, these gaps could be closed and
their results could be implemented into the MELCOR update. The absence of current capacity in
SFR containment performance and source term modeling dictates the need for near-term action
to expand the capabilities of MELCOR into SFR response.
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Table 23 summarizes the gaps for which either work is ongoing (Fuels and Materials Related
Gaps) or for which domestic capability may be lost (Sodium Technology). Further work is
required in these areas to prevent a partial loss of capability.

Table 23. Short Time Sensitivity Gap Topical Areas, Partial Loss of Capability.

Gap ID Importance to Safety Within State of
Name of Gap Category Knowledge
FMO02 Fission Product Carryover Fuel Characterization H L
FMO03 MA Carryover Fuel Characterization H L
FMO04 Advanced Cladding and Duct Fabrication, HT-9, 9Cr-1Mo, ODS H M
FMO05 Advanced Cladding and Duct Material Properties H M
FMO06 Duct/Bundle Performance Experience H L
FMO7 Structural Material Issues, Rotating Plug, IHX, EM Pump M L
FMO08 Brayton (S/CO.) Materials Issues H L
Sodium spray dynamics H 1
Sodium-fluid interactions (S-CO,) H 1
Sodium-pool fire on an inert substrate H )
Aerosol dynamics M ”
Sodium Tech. Knowledge Management H )

Information concerning the current efforts to resolve the Fuels and Materials gaps can be found
in Section 5.2.2. If funding is cut to these programs before a natural stopping point is reached,
additional money would be needed to re-conduct a subset of this work in the future. Of these
gaps, Duct/Bundle Performance Experience and Structural Material Issues, Rotating Plug, IHX,
and EM Pump should be the highest priority because they are common to almost all pool-type
SFR designs.

The short time sensitivities concerning the sodium technology gaps are because of a fear that the
sodium fire testing infrastructure will be lost if not used soon. For example, the Surtsey Vessel
was recently built using LDRD funds to examine sodium spray fire dynamics in a controlled
environment. If SNL cannot determine potential future funding sources for this vessel, it may be
demolished in an effort to save maintenance and safety costs associated with the facility. Thus,
experiments requiring a Surtsey type facility have a short time sensitivity to ensure that money is
not wasted recreating previously available infrastructure. The loss of this vessel will limit the
DOE’s domestic testing capacity, but international facilities exist that may be able to fill the
identified sodium technology gaps. To leverage this information, international agreements either
need to be maintained or created. It is the authors’ opinion that it would be more cost-effective to
maintain current domestic testing capabilities and leverage international agreement to fill gaps
for which there is no domestic testing capability, that is, gaps that require fast flux irradiation
facilities.

Table 24 lists short time sensitivity gap closure estimates that may result in complete loss of
capability; Table 25 lists such estimates that may result in partial loss of capability.
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Thus, to avoid a loss of domestic sodium fire testing capability it is recommended that:
e The first sodium fire testing should be started in the next few years to avoid losing infrastructure, and

e The subsequent sodium technology gaps can be organized into successive initiatives, thus ensuring capabilities will
and stretching the limited DOE budget.

not be lost

It should be noted that ST02, sodium-fluid interactions (S-CQO.,), is the only design option in the sodium technology and source term

gap analyses. Thus, as stated previously, it is recommended that resolving this gap should be considered a lesser regulatory priority
unless an industrial partnership is established to share the cost of resolving the identified safety-related gaps.
Table 24. Short Time Sensitivity Gap Closure Estimates, Complete Loss of Capability.
Estimated DOE Funding International Time Time Required Event Category Optional
Gap Cost Programs Other Funding Sensitivity to Fill Gap us International (O, AOO, DBE, Design
1D Range than ARC? Programs? (years) (years) Precursors  Facilities Facilities BDBE, SA) Importance  Feature
100K-1M - - <5 <5 - - - H/L No
Senior
1M-10M* - <5 <5 personnel - - H/L No
Not for Metal Senior
100K-1M AFC Fuel <5 5-10* personnel - - H/L No
Not for Metal Senior
FMO09  100K-1M AFC Fuel <5 <5 personnel - - H/M No
Not for Metal Senior
FM10 100K-1M AFC Fuel <5 5-10* personnel - - H/L No
* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose

5-10 years and Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)
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Table 25. Short Time Sensitivity Gaps, Partial Loss of Capability.

Time Event
Required Category
Estimate DOE Funding Time to Fill Interna- (O, AOO, Optional
Gap d Cost Programs Other than International Funding Sensitivity Gap tional DBE, BDBE, Design
1D Range ARC? Programs? (years) (years) Precursors US Facilities Facilities SA) Importance Feature
Access to a
fast flux
irradiation
facility,
Irradiated FP CEFR/
FM02  1M-10M AFC Not for Metal Fuel 5-10* 5-10* fuel - BN60 0 H/M Yes
Access to a
fast flux
irradiation
facility,
Irradiated MA CEFR /
FMO03 1M-10M AFC Not for Metal Fuel 5-10* 5-10* fuel - BN60 H/M Yes
FMO04 1M-10M AFC Not for Metal Fuel 5-10* 5-10* - - - H/L Yes
Access to a
fast flux
irradiation CEFR /
FMO05 1M-10M AFC Not for Metal Fuel 5-10* 5-10* facility - BN60 O H/L Yes
1M- Senior
FMO06 10M* AFC Not for Metal Fuel 5-10* 5-10* personnel - - H/L No
10M- Large sodium
FMO07 100M* AFC Not for Metal Fuel 5-10* 5-10 test loop ANL - H/M No
Coupled
Solar & Fossil Na/S-CO, test
FMO08 1M-10M Energy** Not for Metal Fuel 5-10* 5-10 loop - - DBE H/M Yes
B308 AMPB /
1M-10M SMR JAEA/CEA/ROSATOM 5-10* 5-10 ST7 Surtsey - SA H/M No
S-CO; loop at SNL
SMR/ Coupled but Na test loop is
Solar and Fossil Na/S-CO, needed/Scaled-up DISCO2
1M-10M Energy** JAEA/CEA/ROSATOM 5-10* 5-10 loop version of SNAKE (CEA) DBE H/M Yes
Possible Solar and B308
1M-10M Fossil Energy** JAEA/CEA/ROSATOM 5-10* 5-10 ST7 AMPB/Surtsey SAPHIRE SA H/M No
B308 SAPHIRE
1M-10M SMR JAEA/CEA/ROSATOM 5-10* 5-10* ST7 AMPB/Surtsey (JAEA) AOO H/M No
Senior
100K-1M - - 5-10* <5 personnel ANL SNL PNNL Japan H/M No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose

5-10 years and Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** |If Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop
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6.3 Potential for International Cooperation

Table 26 summarizes the gap topical areas that have the potential for international cooperation.
Potential international cooperation is important because it can spread the cost of closing the gap
over multiple interested parties, thus reducing the financial burden to the DOE. While the
desired use of metallic fuel reduces the potential pathways for international cooperation, there
still exists a wide range of SFR related safety gaps that have the potential for collaboration.

Removing the design optional gaps from consideration, that is, AIS04, AIS05, AIS08 and ST02,
leaves gaps related to:

e Sodium pool behavior experiments (transition to natural convection and thermal response
of structures),

e Modeling capabilities (seismic response, transition to natural convection and subchannel
analysis), and

e Sodium technology (sodium sprays dynamics, sodium-pool fire on an inert substrate,
aerosol dynamics, and sodium-cavity-liner interactions).

Japan and France both have particularly strong sodium-related experimental capabilities. Most of
the international experimental facilities listed in Table 19 are CEA or JAEA facilities. Because
the DOE currently lacks the experimental capability to resolve the sodium pool behavior gaps,
pursuing international cooperation in these areas is a potential path forward. International
cooperation to resolve sodium technology gaps should only be made a high priority if the United
States loses its current experimental capability.

International cooperation to close the modeling gaps should be pursued in the medium term but
should not prevent more time-sensitive gaps from being funded.

Table 26. Gap Topical Areas with Potential for International Cooperation.

GapiD e fGo o™ e
Transition to Natural Convective Cooling, Sodium Stratification H M
Thermal Response of Structures, Thermal Striping H M
Decay Heat Rejection, Radiation Heat Transfer from Vessels H M
Power Conversion Cycle, S-CO, Accident Analysis H L
Seismic Isolator H M
Modeling of Seismic Events H M
Models for transient natural convection processes in the reactor system M M
Subchannel and multi-pin analysis capabilities M M
Sodium spray dynamics H L
Sodium-fluid interactions (S-CO,) H 1
Sodium-pool fire on an inert substrate H L
Aerosol dynamics M .
Sodium-cavity-liner interactions H "
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Table 27 provides closure estimates associated with gaps which may leverage international cooperation.

Table 27. Gap Closure Estimates with Potential for International Cooperation.

Time
Estimated DOE Funding International Time Required Event Category Optional
Gap Cost Programs Other Funding Sensitivity  to Fill Gap International (O, AOO, DBE, Design
1D Range than ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
Most GIF Sodium Component PLANDTL,
1IM-10M* - Members 10 - 15* <5 Test Facility - CCTL DBA, BDBA H/IM No
Sodium Component PLANDTL,
1IM-10M* - JAEA 10 - 15* <5 Test Facility MELT Facility once Built CCTL DBA, BDBA M/M No
JAEA/ CEA
1M-10M - / ROSATOM 10 — 15* <5 - NSTF ATHENA DBA, BDBA H/L Yes
S-CO; loop at SNL but Na
Solar and Fossil JAEA / CEA Coupled Na/S-CO,  test loop is needed/Scaled-
1M-10M Energy** / ROSATOM 10 - 15* <5 loop up version of SNAKE DISCO2 DBA, BDBA M/M Yes
1M-10M - JAEA 10-15 5-10 - - - DBA BDBA H/L Yes
1M-10M - JAEA 5-10 <5 - - - H/IM No
JAEA/ CEA
1IM-10M* - / ROSATOM 5-10 <5 - - - H/L No
JAEA /| CEA
1IM-10M* - / ROSATOM 5-10 <5 - - - H/L No
JAEA /| CEA
1M-10M SMR / ROSATOM 5-10* 5-10 ST7 B308 AMPB / Surtsey SAPHIRE SA H/IM No
S-CO; loop at SNL but Na
SMR / Solar and JAEA / CEA Coupled Na/S-CO,  test loop is needed/Scaled-
1M-10M Fossil Energy** / ROSATOM 5-10* 5-10 loop up version of SNAKE DISCO2 DBE H/M Yes
Solar and Fossil JAEA/ CEA
1M-10M Energy** / ROSATOM 5-10* 5-10 ST7 B308 AMPB-/- Surtsey SAPHIRE SA H/IM No
JAEA/ CEA
1M-10M SMR / ROSATOM 5-10* 5-10* ST7 B308 AMPB-/Surtsey SAPHIRE AOO H/IM No
Solar and Fossil JAEA/ CEA
1M-10M Energy** / ROSATOM 5-10 5-10* ST7 SNL, ANL SAPHIRE DBE H/L No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-
10 years and Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** |f Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop
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6.4 Gaps Related by Precursors

Table 28 lists the 31 gap topical areas which had identified precursors that are needed before the
gap can be filled. A precursor can either increase or decrease the urgency associated with
resolving a gap; that is, needing senior personnel would increase the priority of a gap while
needing the construction of an expensive experimental facility may decrease the priority of a
gap. Of 31 identified gap topical areas, 9 were considered to be design-specific.

Table 28. Gap Topical Areas With Precursors.

Gap Importance to Safety State of
Name of Gap Within Category Knowledge
Steady State Intact Fuel and Fuel Changes H M

Transition to Natural Convective Cooling, Sodium Stratification
Thermal Response of Structures, Thermal Striping

Power Conversion Cycle, S-CO, Accident Analysis

Fuel Transient Behavior — Length Effects

Severe Core Damage, Metal Fuel Motion, Dispersal and Morphology

LIFE-Metal/Life 4 Update

I T T £ I I T
rr I rr Z Z

Advanced fuel behavior models to predict the margin to pin failure for
fuels with high actinide content
MELCOR/Contain-LMR Update

Fuel Performance Code Documentation and Training

< -

High Burnup Fuel Characterization

FMO02 Fission Product Carryover Fuel Characterization

FMO03 MA Carryover Fuel Characterization

FMO04 Advanced Cladding and Duct Fabrication, HT-9, 9Cr-1Mo, ODS
FMO05 @ Advanced Cladding and Duct Material Properties

FMO06 Duct/Bundle Performance Experience

FMO7 Structural Material Issues, Rotating Plug, IHX, EM Pump
FMO08 Brayton (S/CO.) Materials Issues

FMO09  SFR Fuels and Materials Knowledge Base Preservation

FM10 Fuel Performance Code Documentation and Training Issues
Sodium spray dynamics

Sodium-fluid interactions (S-CO,)

Sodium-pool fire on an inert substrate

Aerosol dynamics

Sodium-cavity-liner interactions

Sodium-concrete-melt interactions

Sodium Tech. Knowledge Management

Radionuclide transport within a sodium pool

Radionuclide Chemistry in Sodium Bond between Fuel and Cladding

I r r r r r £ r r r r r r £ I I I I T I T T

<L £ Zr £ Z 2 -

Mechanical release of radionuclides from the surface of a sodium pool
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Six of the remaining 21 gap topical areas require senior personnel. These six categories can
loosely be organized into four groups:

e LIFE-Metal — Two of these gaps are related to the previously discussed need to improve
the current situation surrounding LIFE-Metal. Code documentation and training of new
stewards need to be completed before the current user retires. Improvements and updates
to LIFE-Metal should at least be started when the current steward is on staff and should
be completed before the current steward is unavailable for consulting.

e MELCOR - Improvements to MELCOR to incorporate sodium performance subroutines
from Contain-LMR should be completed while members of the original MELCOR
development team are still available to help update the code. While new staff can
potentially expand the MELCOR code after the original developers stop contracting with
SNL, the cost of the upgrade will most likely increase.

e Duct/Bundle Interactions — The achievable burnup of an individual fuel pin may not be
realized if the performance of the fuel assembly is limiting. Bundle interactions between
fuel pins may restrict coolant flow, bow and swelling of the hexagonal duct may result in
excessive fuel handling forces, and the motion of the assemblies from bow may result in
unintended reactivity effects. The performance characteristics of the assembly directly
depend on the material properties of the cladding and ducts, the temperature and neutron
flux gradients that are a result of the reactor design, and the core restraint system. The
effort should continue to accumulate all the available observations, measurements, and
analyses while personnel are still available who know what was done and where and how
record of it is stored.

e General Knowledge Management and Preservation — This group applies to the Fuels and
Materials and Sodium Technology gap topical areas. Senior personnel will be needed to
direct the knowledge management and preservation effort and to interpret any data that
may not be properly annotated.

The remaining gaps identified in the Accident Initiators and Sequences, Codes and Methods, and
Source Term Characterization reports either require new domestic facilities or the use of
international facilities. For generic sodium reactor related gaps, joint international initiatives may
allow for the closure of these gaps without additional U.S. facilities. The remaining gaps require
new irradiated metallic fuel. While ATR and HFIR may be able to partially fill in these gaps, fast
neutron irradiated fuel at power reactor, temperatures and neutron fluxes will be needed to
satisfy the regulator. Short of building a new U.S. irradiation facility, agreements will be need to
be made with Chinese or Russian reactors to irradiate U.S. metallic fuel for testing. It is likely
that by the time CMO6 (for example, advanced fuel behavior models to predict the margin to pin
failure for fuels with high actinide content) is maturing, the United States will be at a point where
a domestic fast neutron irradiation facility is available.
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The structural materials issues regarding the Rotating Plug, IHX, and EM Pumps will need a
large sodium test facility to determine their long-term reliability in a high-temperature sodium
environment. This facility is currently being constructed at ANL and a similar facility is being
proposed by SNL that will couple to their S-CO, loop. It is likely that both of these facilities will
be needed if the open structural materials issues are to be closed in a reasonable time frame.
Finally, most of the sodium technology related gaps require the knowledge preservation and
management program to be concluded before these gaps can be put to rest. This is caused by the
high degree of uncertainty regarding the availability of the underlying data supporting the
Contain-LMR code.

Table 29 lists the gap closure estimates with precursors.
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Table 29. Gap Closure Estimates with Precursors.

Time
Estimated DOE Funding International Time Required Event Category Optional
Gap Cost Programs Other Funding Sensitivity  to Fill Gap International (O, AOO, DBE, Design
1D Range than ARC? Programs? (years) (years) Precursors US Facilities Facilities BDBE, SA) Importance  Feature
10M- Fuel Testing
100M* AFC - 10 - 15* 5-10 Facility ATR and/or HFIR JOYO DBA, BDBA HIM No
Most GIF Sodium Component PLANDTL,
1IM-10M* - Members 10 - 15* <5 Test Facility - CCTL DBA, BDBA H/IM No
Sodium Component PLANDTL,
1M-10M* - JAEA 10 - 15* <5 Test Facility MELT Facility once Built CCTL DBA, BDBA M/M No
S-CO; loop at SNL but Na test
Solar and Fossil JAEA / CEA Coupled Na/S-CO,  loop is needed/Scaled-up version
1M-10M Energy** / ROSATOM 10 - 15* <5 loop of SNAKE - DBA, BDBA M/M Yes
10M- Irradiated Fuel and
100M* AFC - 10-15 <5 TREAT or ACRR TREAT or ACRR - DBA, BDBA No
10M- Irradiated Fuel and TREAT or ACRR, Possibly
100M* AFC - 10-15 <5 TREAT or ACRR CAMEL MELT-11 SA H/L No
100K-1M AFC - 5-10* 5-10 Senior personnel - - “I
Irradiated Fuel and
1M-10M - - 15+ <5 TREAT or ACRR - - BDBE, SA H/L No
1M-10M* - - 25 <5 Senior personnel - = H/L No
Not for Metal
100K-1M AFC Fuel =30 5-10* Senior personnel - - H/L No
Not for Metal Access to a fast flux
AFC Fuel 15+ 5-10* irradiation facility - CEFR / BN60 0] M/M Yes
Access to a fast flux
Not for Metal irradiation facility,
FM02  1M-10M AFC Fuel 5-10* 5-10* Irradiated FP fuel - CEFR / BN60 0 H/IM Yes
Access to a fast flux
Not for Metal irradiation facility,
FM03  1M-10M AFC Fuel 5-10* 5-10* Irradiated MA fuel - CEFR / BN60 ©) HIM Yes
Not for Metal Access to a fast flux
EMO05 | 1M-10M AFC Fuel 5-10* 5-10* irradiation facility - CEFR / BN60 O H/L Yes
Not for Metal
EMO06 @ 1M-10M* AFC Fuel 5-10* 5-10* Senior personnel - - H/L No
10M- Not for Metal Large sodium test
FMO07 100M* AFC Fuel 5-10* 5-10 loop ANL - H/IM No
Solar & Fossil Not for Metal Coupled Na/S-CO,
FMO08  1M-10M Energy** Fuel 5-10* 5-10 test loop - - DBE H/IM Yes
Not for Metal
FMO09  100K-1M AFC Fuel <5 <5 Senior personnel - - H/IM No
Not for Metal
FM10  100K-1M AFC Fuel 25 5-10* Senior personnel - - H/L No
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Table 29. Gap Closure Estimates with Precursors (cont.).

Event
Time Category
Estimated DOE Funding International Time Required to (O, AOO, Optional
Gap Cost Programs Other Funding Sensitivity Fill Gap International DBE, BDBE, Design
1D Range than ARC? Programs? (years) (years) Precursors US Facilities Facilities SA) Importance  Feature
JAEA/ CEA B308
1M-10M SMR / ROSATOM 5-10* 5-10 ST7 AMPB/Surtsey SAPHIRE SA H/IM No
S-CO; loop at SNL
but Na test loop is
SMR / Solar and JAEA | CEA needed/Scaled-up DISCO2
1M-10M Fossil Energy** / ROSATOM 5-10* 5-10 Coupled Na/S-CO, loop version of SNAKE (CEA) DBE H/M Yes
Solar and Fossil JAEA/ CEA B308
1M-10M Energy** / ROSATOM 5-10* 5-10 ST7 AMPB/Surtsey SAPHIRE SA H/IM No
JAEA/CEA B308 SAPHIRE
1M-10M SMR / ROSATOM 5-10* 5-10* ST7 AMPB/Surtsey (JAEA) AOO H/IM No
Solar and Fossil JAEA/CEA SAPHIRE
1M-10M Energy** / ROSATOM 5-10 5-10* ST7 SNL, ANL (JAEA) DBE H/L No
PLIINIUS
10M- JAEA | CEA ST7, Core-Concrete- (CEA)
100M SMR / ROSATOM 10 — 15* 5-10 Sodium Test Facility MCCI (SAPHIRE?) SA No
100K-1M - - 5-10* <5 Senior personnel ANL SNL PNNL Japan H/M No
10M- Hot Cell Facilities ~ TransUranium
100M AFC - 10 - 15* <5 Irradiated Fuel at INL and ORNL Institute BDBE, SA H/IM No
Upgraded Out-of-
10M- Irradiated Fuel, Upgraded Pile Test Facilities Cabris
100M AFC - 10 - 15* <5 Domestic Facilities at INL and ORNL Reactor BDBE, SA H/L No
Paul Scerrer
Institut
(Switzerland),
SNL (VICTORIA Cadarache
1M-10M AFC - 10 - 15* <5 Irradiated Fuel code) (Modeling) SA H/L No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose 5-
10 years and Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

** |f Solar and Fossil Energy can be convinced to uses sodium as their thermal storage medium for solar concentration and then decided to couple as S-CO, power conversion loop
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6.5 Gaps Significant to Normal Operation of a SFR

Table 30 lists the 16 gap topical areas that had a direct influence over normal operation of a SFR.
It has been suggested that normal operation is the most important mode during which to ensure a
large degree of safety, because otherwise the reactor would not be built regardless of the
regulator. Of 15 identified gap topical areas, six were considered design optional. DOE focus on
resolving regulatory concerns associated with these gaps is only recommended if an industrial
partner is identified.

Table 30. Gap Topical Areas Related to Normal Operation.

Gap Importance to Safety State of
1D Name of Gap Within Category Knowledge
LIFE-Metal/Life 4 Update H L
Subchannel and multi-pin analysis capabilities M M
Models to predict source term releases from fuel in SFR accidents H L
MELCOR/Contain-LMR Update H L
Fuel Performance Code Documentation and Training H L
FMO01 High Burnup Fuel Characterization H M
FMO02 Fission Product Carryover Fuel Characterization H L
FMO03 MA Carryover Fuel Characterization H L
FMO04 Advanced Cladding and Duct Fabrication, HT-9, 9Cr-1Mo, ODS H M
FMO05 @ Advanced Cladding and Duct Material Properties H M
FMO06 Duct/Bundle Performance Experience H L
FMO7 Structural Material Issues, Rotating Plug, IHX, EM Pump M L
FMO08 Brayton (S/CO.) Materials Issues H L
FMO09 SFR Fuels and Materials Knowledge Base Preservation H L
FM10 Fuel Performance Code Documentation and Training Issues H L
H

- Sodium Tech. Knowledge Management .

When the design optional gap topical areas are removed, the remaining gaps coincidentally affect
all potential reactor states from normal operation to severe accidents. Many of these gaps have
been highlighted in other prioritization schemes and many revolve around knowledge
management. This conclusion is logical because of the long history associated with sodium
reactors. SFRs have been operated for a sufficient period of time that day-to-day operational
issues have been addressed unless

e A new technology or material is employed or
e The old records documenting historical success have been lost.
Table 31 lists the gap closure estimates related to normal operation.
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Table 31. Gap Closure Estimates Related to Normal Operation.

Estimated DOE Funding International Time Time Required Event Category Optional
Gap Cost Programs Other than Funding Sensitivity to Fill Gap us International (O, AOO, DBE, Design

1D Range ARC? Programs? (years) (years) Precursors Facilities Facilities BDBE, SA) Importance  Feature
100K-1M AFC 5-10* 5-10 Senior personnel = = m

JAEA/CEA/

1IM-10M* - ROSATOM 5-10 <5 - - - H/L No
1M-10M* - - 5-10 <5 - - - H/L No
1M-10M* - - <5 <5 Senior personnel - - H/L No
Not for Metal
100K-1M AFC Fuel <5 5-10* Senior personnel - - H/L No
Not for Metal Access to a fast flux
AFC Fuel 15 + 5-10* irradiation facility - CEFR / BN60 @) M/M Yes
Access to a fast flux
Not for Metal irradiation facility,
FM02  1M-10M AFC Fuel 5-10* 5-10* Irradiated FP fuel - CEFR / BN60 0] H/IM Yes
Access to a fast flux
Not for Metal irradiation facility,
FM03 1M-10M AFC Fuel 5-10* 5-10* Irradiated MA fuel - CEFR / BN60 o) H/IM Yes
Not for Metal
FM04  1M-10M AFC Fuel 5-10* 5-10* - - - 0] H/L Yes
Not for Metal Access to a fast flux
FMO05  1M-10M AFC Fuel 5-10* 5-10* irradiation facility - CEFR / BN60 0] H/L Yes
Not for Metal
EMO06  1M-10M* AFC Fuel 5-10* 5-10* Senior personnel - - H/L No
10M- Not for Metal
FMO07 100M* AFC Fuel 5-10* 5-10 Large sodium test loop ANL - H/IM No
Not for Metal
FM09  100K-1M AFC Fuel <5 <5 Senior personnel - - H/IM No
Not for Metal
FM10 100K-1M AFC Fuel <5 5-10* Senior personnel - - H/L No
ANL
SNL
100K-1M - - 5-10* <5 Senior personnel PNNL Japan H/IM No

* The authors did not reach a consensus regarding these ranges. In each case, the highest range was placed in the table. In no case did the range vary more than one classification (i.e., Author A chose
5-10 years and Author B chose < 5 years. At no point did Author A chose 10-15 years and Author B chose < 5 years.)

82



6.6 New Fully Funded SFR Program

As an alternate scenario, it was proposed that the authors consider a scenario where DOE SFR
program funding increased dramatically. In this scenario, the new program would be provided
with an approximately $400M/year budget and tasked with constructing a fast neutron irradiation
facility and closing the remaining design independent safety-related gaps listed in Table 17.

First, expansive knowledge preservation and management programs would need to be funded
and implemented in all identified areas to ensure that no safety-related gaps were overlooked and
no additional data were lost or destroyed. LIFE-Metal staffing would be increased and
recalibration and validation of LIFE-Metal would most likely be a critical-path initiative in order
to validate the new irradiation facilities’ first core loading before construction would begin.
Additionally, the update of MELCOR would need to be finished in a fairly short period of time
to ensure that a current containment performance code was available for licensing.

Experimentally, the decay heat rejection tests scheduled for the NSTF facility would be given
high priority because these tests are needed to ensure adequate defense-in-depth of the decay
heat removal system in the reactor design. International sodium technology and source term
testing facilities (SAPHIRE, PLINIUS and MELT-I1) would need to be leveraged along with
domestic sodium technology testing facilities (Surtsey and B308 AMPB) to ensure that the
necessary licensing data are available to support the MELCOR-LMR update.

Even with a large budget, it may take at least 5 to 10 years to increase DOE SFR related staffing
to the required levels to design and build a new irradiation facility. During this time, the relative
advantages of TREAT and ACRR should be compared to determine which one, or both, facilities
would provide the most cost-beneficial capability to satisfy SFR transient fuel testing
requirements. That comparison is underway as part of the DOE-led Analysis of Alternatives for
Resumption of Transient Testing of Nuclear Fuels and includes HFIR and ATR in addition to
ACRR and TREAT. All relevant aspects of the four reactors, including facility modification and
modernization, are being evaluated in terms of the capability of the reactor itself as well as the
experiment-support facilities that would be available at each site, considering the entire range of
physical capabilities needed to conduct the in-reactor transient testing required in the future.
This work, which is being performed as a prerequisite to approval to initiate restarting TREAT,
may result in the conclusion that one, or a combination of two or more, of the candidate reactors
will provide the best means by which to develop the needed expansion of the transient fuels
database.

6.7 Observations
The following observations can be drawn from the six funding priorities analyzed in this report:

e Knowledge Preservation and Management is a cross-cutting short-term need in the SFR
community. The consequences of delays in filling this gap will be costly to fix and these
gaps are currently some of the cheapest to fill.

e Special attention is needed for LIFE-Metal. The status quo of relying on one steward,
who is nearing the end of his career, to keep the code available is extremely untenable
and needs to be corrected quickly.
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e There is currently no maintained SFR containment response modeling ability. The
development of an LMR-MELCOR will be important to support any licensing effort. The
passive safety of current SFR designs will not prevent the need for a containment code.

Any gap requiring future irradiation of metallic fuel to high burnup is not likely to be filled
within the next 10 to 15 years.
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7 OBSERVATIONS AND RECOMMENDATIONS

This report was intended to both make research recommendations based on five previously
conducted safety-related gap analysis reports. While the eventual adoption path for funding
recommendations will be subject to the changing needs and budget, the identification of cross-
cutting gaps, that is, a coordinated Knowledge Management and Preservation effort, may be the
most important information highlighted by this report.

7.1 Review of the Project

This report began with a history of SFR involvement by the DOE and around the world.
Historical licensing efforts with CRBR, SAFR, and PRISM were summarized. While these
regulatory efforts were guided by the deterministic licensing mindset of the day, the increasing
adoption of probabilistic elements to the licensing framework may change the level of regulatory
scrutiny applied to a future licensing effort. This shifting emphasis is reflected in the proposed
SFR regulatory standard, ANSI/ANS 54.1. These regulatory shifts must be understood when
starting new research and development initiatives to improve the licensability of a SFR.

Four of the five underlying topic areas considered in this gap analysis are the same as those
identified to improve the licensability of the NGNP. Because of the specific safety concern
related to handling sodium, a fifth topic area relates to sodium phenomenology. These five gap
analyses were led by recognized experts in their respective fields and participated by panels of
additional experts to identify regulatory hurdles facing the topical area. These panels also
attempted to rank the current state of knowledge and regulatory significance of each gap. Inan
attempt to ensure that the results were design-neutral, any optional design feature considered was
evaluated on the basis that that design feature would be included in the licensing case. It was left
to the writers of this report to flag these design optional gaps and for the eventual decision maker
to determine the relative importance of funding safety and licensing related issues in these
research areas. It is the authors’ opinion that these gaps, while they ultimately may be required to
ensure economic feasibility of the design, should be a lower priority than gaps that will affect all
SFR designs. Design optional gaps that improve the economic efficiency of a design should not
be completely ignored, but instead should only be procured through cost-sharing partnerships
with interested commercial partners.

7.2 Observations from Prioritization Scenarios

As a result of the gap evaluation process discussed above, six budget priority scenarios were
developed to help decision-makers determine which gaps get funded in the near term. The
following observations were seen to be cross-cutting or high priority issues for each of the five
gap reports.

Accident Sequences and Initiators

e Knowledge Preservation and Management — While independent efforts are currently
underway throughout the SFR community to secure and analyze historical databases,
these efforts are only sporadically coordinated and often underfunded. A DOE-NE led
effort to ensure that the historical database is not lost or destroyed will be instrumental in
supporting any future licensing effort.
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Due to economic considerations, any gap requiring high-burnup metallic fuel is not likely
to be filled in the foreseeable future. Without domestic fast neutron irradiation facilities,
any new irradiations would need to be conducted in one of the few remaining
international fast reactors. Due to host restrictions, these experiments would most likely
be limited to pin scale tests. In order to remove regulatory hurdles associated with the
identified high-burnup gaps, full assembly and/or full core experiments will be required.

Sodium Technology

Some U.S. facilities, such as SNL’s Surtsey, are currently under-utilized and are capable
of addressing many high-priority gaps. It may be cost effective for the DOE to fund
domestic or to host internationally funded experiments in these under-utilized facilities
before they are closed due to lack of funding.

There is currently no maintained capability within the DOE for modeling of sodium fire
phenomenology. This gap is related to the containment response gap discussed in Source
Term Characterization below.

Fuels and Materials

Consistent with the comment on Knowledge Preservation and Management in Accident
Sequence and Initiators, the user-base and expertise for the fuel performance and
licensing code LIFE-Metal computer code has almost disappeared. Currently, one
steward is relied upon to keep the code accessible to future users. This situation is
untenable; thus, sufficient funding should be provide in the near term to train the next
generation of users not only how to operate the code, but how to explain and defend the
code to a licensee or regulator.

Due to economic considerations, any gap requiring future irradiation of metallic fuel to
high burnup is not likely to be filled within the next 10 to 15 years.

Source Term Characterization

There is currently no maintained capability for modeling of the containment response and
estimation of the corresponding source term. The extension of capabilities under a severe
accident code such as MELCOR for SFRs will be important to support any licensing
effort. The passive safety of current SFR designs may not avoid the need for a
containment code.

While source term related research requiring irradiated fuel will likely need to be
postponed until SFR funding levels increase, research requiring only radionuclide tracers,
e.g., radionuclide release from fuel debris into a quiescent sodium pool and radionuclide
behavior in containment, can be conducted using existing facilities at INL and ORNL.
Because the accidents in Fukushima will likely require that the SFR source term will be
part of an advanced reactor license application, it is logical to begin research in this area
in the near to mid-term in order to avoid severe delays if a SFR license is submitted.

Codes and Methods

See MELCOR comment in Source Term Characterization.
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e Due to Fukushima, experimental data concerning the response of SFR core materials and
structures, systems, and components to earthquakes and other external events need to be
collected and used to improve current computational models.

e The state-of-the-art concerning transitions from full power to natural circulation will need
to be improved to defend passive safety as a layer within defense-in-depth.

e SAS4A needs to be modernized and improved (in terms of modeling accuracy,
functionality, and usability), and adapted to modern software engineering practices.

Common Issues

e The current process for handling AT documentation was determined to be at best
complicated and at times counterproductive. The current process makes removing AT
designations on documents which no longer need to be protected extremely difficult.
Additionally, the U.S. NRC is not set up to handle AT documents within their current
knowledge management system. This makes any AT document unusable to a licensee.
DOE-NE needs to develop a new process for streamlining the AT process if a SFR
license is submitted.

7.3 External Feedback

Volume | of this report was distributed to a selected group in April 2012 for feedback. Some
comments were accepted and incorporated directly into the report. Other comments were not
applicable to the scope of this report; therefore they are acknowledged in this section, grouped by
sources. Names of the commenters were replaced by generic identifiers to ensure anonymity.

It should be recognized that while the authors may not have adopted all of the commenters’
suggestions, understanding of the diverse views across all SFR stakeholders is considered
extremely important to both current and future decision-makers who may produce different
conclusions than the authors.

7.3.1 Laboratory Feedback

Three comments were received from DOE laboratory staff members. Their comments are
paraphrased below.

Feedback # 1

Laboratory commenter # 1 stated that designing and building a test and/or demonstration facility
was the most cost effective way to close the gaps identified in this report. It was suggested that
such a facility could be built by reaching out to an industrial partner to build their reactor concept
on a DOE facility with the DOE providing the fuel for the design. Because fuel costs are
relatively high for a SFR, such an agreement may provide enough incentive for commercial
investment.

Feedback # 2

Laboratory commenter # 2 disagreed with the level of confidence reflected in the report
concerning ACRR’s ability to perform the necessary post failure fuel testing, especially in
regards to multi pin and full-length pin tests.
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Feedback # 3

Laboratory commenter # 3 questioned the assertion that the U.S. NRC is not able to handle
Applied Technology documents since they deal with proprietary information on a daily

basis. Further, AT was handled the course of the CRBRP, SAFR and PRISM reviews, thus there
must have been a mechanism to remove the AT restriction for licensing purposes.

Authors’ Comments

Recently, the U.S. NRC and RES attempted to create an U.S. NRC knowledge management
program to familiarize U.S. NRC staff with SFR design and technical support information.
During this process, the U.S NRC stressed that the knowledge management program could not
handle AT documents. This rule limited the information content of the U.S. NRC’s library to
older documents, summary level information, or technical journal publications in which AT
information and references were stripped. AT information can only be referenced or distributed
to others after undergoing a lengthy and difficult DOE approval process for each document of
interest. The NRC-RES has created a SFR training program but cannot reference AT information
in either the course content or handouts. It is unclear how the AT issue was overcome internally
within NRC during the licensing of CRBR and PRISM/SAFR.

Proprietary information is handled by the U.S. NRC through the use of a non-disclosure
document to ensure that distribution of the information is limited. This document allows
signatories the ability to distribute or discuss the relevant proprietary information amongst other
signatories within the agency. With appropriate transmittal protection, such documents also
allow the U.S. NRC to distribute to third parties, such as their contractors outside NRC, who also
sign a non-disclosure agreement. Documents containing proprietary information in
announcements or presentations can be referenced, since there is both a public and a proprietary
version. In the public version, the proprietary information has been redacted but the rest of the
document is available. Thus, referencing of documents containing proprietary information in
publically available documents is allowed, unlike the restrictions placed upon AT documents.

In addition to distribution restriction being limited to DOE-NE approval, the other restrictive
issue concerning the AT designation is that, if a document references an AT document, the
referencing document becomes AT based on the 2005 Johnson letter.

It is proposed that DOE reshape AT into something similar to proprietary information. The
designation was created for the same business sensitivity reason.
7.3.2 Industry Feedback

Three comments were received from industrial stakeholders interested in SFRs. Due to the
extensive nature of some of these comments, the comments were separated into views that
aligned and diverged with the authors’ recommendations. Divergent views were then responded
to by the authors.

Feedback # 1

Industry commenter # 1 appreciated the opportunity to review the research plan before final
publication. No specific comments were provided but the report was deemed to be very
thorough.
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Feedback # 2
Alignment

Industry commenter # 2 stated that the plan outlined in this report covers the correct topics and
was well conceived.

Divergent

Industry commenter # 2 viewed the R&D plan presented in this report as being too optimistic in
both timescale and budget. Additionally, the commenter estimated that the impact of Fukushima
greatly increase the role of severe accident in the safety case for the SFR.

Authors’ Comments

It should be noted that project costs are notoriously uncertain and funding for this report did not
allow for detailed gap closure cost estimates. Even with these caveats, the estimates in this report
should help gauge relative costs for the identified gaps.

Feedback # 3
Alignment
Industry commenter # 3 agreed with the report in the following areas.

e The need to improve seismic hazard analysis techniques for SFRs. Computational models
were stated to be weak, especially as they relate to reactivity and thermal-hydraulic
effects of core geometry deformations; both during the initial transient and due to plastic
deformation of structures.

e Seismic isolation is a relatively common design tool to reduce seismic risk, but has little
regulatory guidance for long term maintenance requirements. They have been used in
many non-nuclear applications, and in nuclear power plants in South Africa.

e There is a need for improved spatial kinetics techniques for large cores.
¢ Understanding material behavior above 150 dpa.
Divergent

Industry commenter # 3 expressed concerns that the report did not mention NaK behavior and
did not significantly prioritize high-burnup fuel research. The commenter urged for an improved
understanding of NaK (sodium-potassium eutectic) behavior; especially for use in supporting
systems such as those used for decay heat removal. NaK behavior is a phenomenon not covered
in any of the gap analysis reports. Regarding advanced fuels research, the commenter suggested
a greater focus more on metallic fuels with low zirconium (~60 wt% Zr) fuels.

Authors’ Comments

The authors currently project that supporting system would utilize sodium, not NakK, to reduce
potential contamination issues in the event of a leak. Thus, limited DOE safety related funds
should not be directed at NaK behavior unless a cooperative agreement could be reached with an
interested industrial partner.

Regarding high burnup fuels research, the authors agreed that advanced fuels research is
important but the prioritization outlined in this research plan inherently considered the limited
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funding available for safety related research. The authors hope that new research facilities can be
constructed in the near future to facilitate this research, but the current safety related research
budget cannot be expected to finance such facilities without industrial support.

Feedback # 4

Industrial commenter # 4 provided extensive feedback. Some comments were directly addressed
in the text of the report, while others are listed below. For clarity, each divergent opinion will be
addressed by a corresponding numbered response in the authors comment section.

Alignment

Industry commenter # 4 agreed with a number of the proposed recommendations and insights
including the following areas.

The need for improved modeling of containment performance and seismic isolation.
The need for robust in-service inspection.

The limited high-burnup fuel database, especially for accident conditions.

The need for high-burnup fuel performance models.

The need for V&YV for computer simulations of the transition to natural convection.

The use of Level 1 and Level 2 PRA in assessing prevention and mitigation measures
(not explicitly stated in the report but the author completely agree with this comment).

The need for models to support Level 2 PRA development (i.e., MELCOR and/or
Contain-LMR).

Improvement and modernization of Contain-LMR (the authors believe that these
improvements would be more maintainable within MELCOR code structure, but the
authors agree that least one of these codes should be maintained).

The need for sodium aerosol behavior modes for both in containment and in the
environment.

Divergent

Industry commenter # 4 also disagreed with some of our conclusions. They are numbered below.

1.

SFR behavior dominating residual risk (e.g., large reactivity excursions, complete failure
of decay heat removal, severe accident phenomenology) should be highlighted more in
the analysis and recommendations.

Severe accident consequences should have been assigned its own gap analysis (e.g.,
energetic accident consequences, molten-fuel-coolant-interaction, and core catcher
performance).

Sodium toxicity and chemical risk-PRA development should also have been assigned its
own gap analysis.

The need for improved neutron and robust post-accident sensors, fuel sub-assembly
identification, spent fuel heat loading measurement, assembly level plutonium loading
estimation, and remote temperature estimation were neglected by the I1&C experts.
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10.

There is a need for rapid core-unloading in case of fault detection in the core support
structures.

Knowledge of sodium/water (and other industrial liquids such as those potentially used in
fire-fighting) interactions need to be better characterized.

Radiological and chemical consequences of contaminated sodium aerosol fires are
important areas for future R&D not characterized in this report.

Fuel knowledge extends beyond the reactor conditions listed and may include differences
between past and present manufacturing techniques.

No knowledge gaps existing for manufacturing a rotatable plug, as listed in this report.

Simulants may not be adequate for fuel-coolant chemical interactions, thus irradiated fuel
should be used. Additionally, the facility at Cadarache will be focused on molten fuel to
coolant energy transfer and would likely not be available to research radionuclide
leaching.

Authors’ Comments

The authors’ response corresponding to the enumerated comments listed above can be found

below.

It should be noted that the authors deeply valued the industrial commenter’s insights and

even though perfect agreement may not have been achieved, the exchange is valuable for both
sides and for future decision-makers. Additionally, some differences of opinion may result from
differing international approaches to regulation.

1.

The authors believe that while residual-risk is important, many of the accidents listed do
not apply to current metallic-fueled SFR designs. Where this is not the case (e.g., the
reliability of decay heat removal) existing gap panels evaluated the appropriate modeling
and experimental needs.

While the comment is understandable, it is believed that most of the relevant severe-
accident phenomena relevant to licensing a metallic fueled SFR were captured in the
existing gap reports.

The authors agree that these issues are important but are unsure if the current state of
knowledge is sufficient for licensing. This area did not appear in any of the five expert
panels. A study may be warranted once a robust sodium test is established.

These topical areas may be important and will likely need to be examined before a safety
case can be finalized. This report summarized first-order listing safety related 1&C
research areas but did not have the funding or scope to conduct a robust expert elicitation
in areas outside the five analyses summarized in Section 4 and provided in VVolume 11 of
this report.

The authors note that this is not a requirement for LWRs. Even though SFR fuel is not
loaded in an optimal neutronic configuration, it is not clear that a regulator would require
such a capability or what time frame would be considered “rapid.”

The panel did not address chemical interaction of Na with firefighting materials other
than water. Usually Na fires are extinguished using materials designed for metal fires or
by reducing the supply of oxygen by injecting gases such as nitrogen, there are no
compatibility issues with these fire-fighting processes.
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7. The authors believe that if the current state of knowledge for radiological sodium hazard
is insufficient, resolving the gaps associated with sodium technology and source term
characterization would allow for adequate understanding of this hazard. A discussion of
sodium aerosols is found in the sodium technology gap technology report.

8. Itis believed that the first series of fuel loadings would be manufactured consistent with
historical practices until methods are proven reliable.

9. Current metallic fueled SFR designs have not finalized the design of the rotatable plug. It
may turn out that no technology gaps exist for this component, but this will not be
determined until the design is finalized. This is a design issue not a safety issue except for
leakage of cover gas.

10. It is the authors’ belief that simulants may provide needed information for regulatory-
significant radionuclides. Some discussion of the use of simulants appears in the source
term report.

7.4 Final Remarks

Most gaps associated with SFRs are related to either the loss of historical data and capabilities or
to new technologies designed to make SFR economically competitive. Assuming that much of
the historical experimental database from the IFR program can be recovered and the licensing
codes can be revalidated to current standards, a SFR can most likely be licensed with metallic
fuel clad with stainless steel, in either a pool or a loop configuration, with a Rankine power
conversion cycle, with a burnup within the range demonstrated by metallic fuel. Variations of
this theme have been constructed multiple times in both the U.S. and internationally, if both
oxide metallic fuel forms are considered. A more aggressive design, with different cladding
options, higher burnups, possible use of TRU fuel elements or targets and advanced power
conversion cycles, will likely require a new irradiation testing facility be built.
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