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EXECUTIVE SUMMARY

In a Staff Requirements Memorandum (SRM) dated February 13, 2001, the Nuclear Regulatory
Commission (NRC) directed the staff to assess its technical, licensing, and inspection
capabilities and identify any enhancements that would be necessary to effectively carry out the
Agency’s responsibilities in licensing new reactors. The Commission also directed the staff to
critically assess the regulatory infrastructure supporting 10 Code of Federal Regulations

(CFR) Part 50 and Part 52, and other applicable regulations that may require updating. In
response, the staff prepared and issued a report, “Future Licensing and Inspection Readiness
Assessment [FLIRA],” dated September 2001. The FLIRA report committed the staff to the
development of an advanced reactor research plan and infrastructure assessment. This
assessment is the subject of this report. As described within, the assessment is essentially a
gap analysis of the NRC's advanced reactor research capabilities. At this point, the research
identified and described does not delineate the activities that will be conducted solely by the
NRC. Rather, it is intended to identify information gaps that exist at the NRC in terms of
needed expertise, analytic tools, and methods. Within this context, it should be recognized that
an applicant has the primary responsibility to demonstrate the safety case, and to a large extent
this will impact the extent to which NRC research is necessary.

The scope of NRC advanced reactor research includes both confirmatory and anticipatory
research activities as they apply principally to six reactors identified in the FLIRA report: the
Pebble Bed Modular Reactor (PBMR), Gas Turbine-Modular Helium Reactor (GT-MHR),
Westinghouse advanced pressurized water reactor AP-1000, and Westinghouse International
Reactor Innovative and Secure (IRIS), General Electric’'s ESBWR, Atomic Energy Limited
Advanced Canadian Deuterium-Natural Uranium Reactor (CANDU) Reactor ( ACR-700).
Generation IV (Gen IV) reactors have not been included at this time because of their
preliminary stage of development. The staff plans to perform periodic assessments and
maintain this as a living document to reflect any new issues and technologies not previously
considered. In addition, future updates will capture new advanced light-water reactor designs
now undergoing NRC pre-application review.

The infrastructure assessment originated from a technology-neutral perspective. Technical
topics and activities were identified and linked to nine key research areas: (1) framework
(including the development of regulatory decision-making tools based on the risk-informed,
performance-based principles); (2) accident analysis (including probabilistic risk assessment
(PRA) methods and assessments, human factors, and instrumentation and control);

(3) reactor/plant systems analysis (including thermal-fluid dynamics, nuclear analysis, and
severe accident and source term analysis); (4) fuels analysis and testing; (5) materials analysis
(including graphite behavior and high-temperature metal performance); (6) structural analysis
(including containment/confinement performance and external challenges); (7) consequence
analysis (including dose calculations, and environmental impact studies); (8) nuclear materials
safety (including enrichment, fabrication, and transport) and waste safety (including storage,
transport, and disposal), and (9) nuclear safeguards and security.

It should be emphasized that not all the research described within this document will be done by
the NRC. Information can and will be obtained through domestic and international cooperation,
as well as through research and development conducted by promoters of the designs.
Accordingly, prioritization and budgeted resources will take into consideration information
obtained from others, with due consideration of NRC responsibility as an independent
regulatory agency.
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l. INTRODUCTION

On February 13, 2001, the Nuclear Regulatory Commission (NRC) issued a Staff Requirements
Memorandum (SRM) for COMJSM-00-0003, "Staff Readiness for New Nuclear Plant
Construction and the Pebble Bed Modular Reactor." The SRM directed the staff to "assess its
technical, licensing, and inspection capabilities and identify enhancements, if any, that would be
necessary to ensure that the agency can effectively carry out its responsibilities associated with
an early site permit (ESP) application, a license application, and the construction of a new
nuclear power plant." In addition, the staff was directed to "critically assess the regulatory
infrastructure supporting both 10 CFR Part 50 and Part 52, and other applicable regulations,
and identify where enhancements, if any, are necessary." In response to this SRM, the staff
prepared an information paper, “Future Licensing and Inspection Readiness Assessment
[FLIRA],” SECY-01-0188, October 12, 2001, which assessed the technical, licensing, and
inspection capabilities and enhancements necessary to support future licensing of
high-temperature gas-cooled reactors (HTGRs) and advanced light-water reactors (ALWRs).

In the FLIRA report, the staff also committed to the development of an advanced reactor
research plan and associated infrastructure assessment that would provide a sound basis for
budgeting research activities. It was envisioned that an assessment of the research
infrastructure (i.e., methods, tools, experimental facilities, and expertise) would help set the
direction for future advanced reactor research programs that would be needed to support new
reactor licensing. To fulfill the FLIRA commitment to the Commission, the staff performed an
infrastructure assessment, or gap analysis. Implementation of the assessment findings within
the context of the advanced reactor planning process will include full participation of NRC staff
from the Offices of Nuclear Reactor Regulation (NRR), Nuclear Material Safety and Safeguards
(NMSS), Nuclear Security and Incident Response (NSIR), and Nuclear Regulatory

Research (RES).

In addition to the SRM on FLIRA, the Commission issued an SRM that approved the staff's
approach (SECY-01-0070) to pre-application review of the Pebble Bed Modular Reactor
(PBMR). Pre-application reviews provide a forum for early interaction between the NRC and
the applicant. The PBMR pre-application review, for example, provided valuable insights into
policy, technical, and safety issues, and associated infrastructure needs for HTGRs in general.
Implementation of research activities to address infrastructure needs are prioritized through the
Planning, Budgeting, and Performance Management process and resources are assigned
accordingly. In many cases, however, future budget estimates need to be determined in the
absence of detailed information on the role of the applicant or industry in addressing the needs.
As more information becomes available, resource requirements will be updated to reflect only
those activities that require NRC funding, consistent with Fiscal Year 2003—2005 budget
projections.

In addition to the PBMR, the nuclear industry has been exploring new, and revolutionary reactor
design concepts and features to simultaneously attain performance and economic
improvements and preserve the defense-in-depth philosophy. New reactor designs being
pursued by industry include the Gas Turbine—Modular Helium Reactor (GT-MHR), the AP-1000,
and the Westinghouse International Reactor Innovative and Secure (IRIS). More recently,
advanced LWR designs have entered into pre-application review; these include the ACR-700
and ESBWR. These two designs have also been captured by this assessment. An additional
advanced boiling-water reactor (Framatome SWR-1000) will also be added once more detail is



known. Generation IV (Gen IV) reactor concepts have not been included because of their
preliminary stage of development. As discussed below, the infrastructure assessment is
expected to be maintained as a living document and will be modified to accommodate new
reactor designs.

The infrastructure assessment process focused on critical research areas and information that
would be needed to technically support an advanced reactor license submittal review. It is
important to note that the approach does not delineate what research would be conducted by
the NRC versus the applicant or developer, but rather focuses on the ability to perform safety
assessments of advanced designs. This includes identification of information gaps and the
tools, data, and expertise needed to fill the gaps. To maintain maximum flexibility, the approach
also started from a technology-neutral perspective; however, at some point consideration had to
be given to design-specific technical and safety issues.

Most NRC regulations and associated regulatory infrastructure that are currently in place
support the licensing of light-water reactors (LWRs). In certain cases, some of these
regulations may not apply to future non-LWR licensing applications. The need to (1) develop
new safety limits, (2) upgrade databases to assess safety margins or issues not previously
considered for current reactors, or (3) address severe accidents is captured as a potential
research activity. Although there are several areas in which the research infrastructure will
need to be improved to address ALWRs, most research infrastructure gaps relate to HTGRs
and ACR-700. These reactors present new challenges to the NRC from both a technical and
safety perspective. To effectively and efficiently address these challenges, modifications to the
existing regulatory framework will likely be necessary. Therefore, development of a new
risk-informed, performance-based regulatory foundation to support an advanced framework is
considered to be a key research activity.

It is envisioned that this document would be maintained as a living document, and it will be
updated as appropriate to accommodate any new designs and issues. Future updates will

(1) identify new information from applicants and potential applicants, international research
activities, and the Department of Energy (DOE), and (2) reflect plans and activities to
independently confirm an applicant’s findings. Common to both is the resolution of safety and
design technical issues and the tools, methods, data, and expertise required to resolve them.



Il ROLE OF NRC RESEARCH

While it is the responsibility of the applicant and designer to demonstrate the safety level of
proposed reactor designs and technologies, the NRC will conduct, as necessary, research to
help support the technical basis for licensing. In this regard, the term “research” encompasses
activities that aim at either applying existing knowledge and tools or creating new knowledge
and tools. It is expected that applicants will provide arguments and documentation based on
existing knowledge and their own research results. However, this information will be
independently examined by the staff to judge whether or not safety issues exist. The NRC also
performs research to understand failure thresholds and to explore issues involving large
uncertainties and to develop independent capabilities to enable the staff to review applicants'
submittals. The duration of this research varies between short-term efforts to respond quickly
to emerging issues identified by the user offices and long-term efforts intended to develop,
support, and maintain the agency’s infrastructure. Long-term research is more forward-looking
and relates to evolving technologies or issues that may become important regulatory concerns.
These concerns usually arise from the examination of industry trends and insights that help the
NRC foresee what information will be needed to respond to future regulatory issues. These
examinations, for example, brought about a number of design modifications and safety
enhancements during the licensing process for the AP600 design.

While assessing challenges posed by new reactor designs and technologies, the staff will need
to consider what research would be conducted by the applicants as part of their license
application, as well as what additional research would be needed to support the licensing office.
The general principle to be used for funding a specific research activity is that if data is needed
to support regulatory decisions on safety cases for a particular reactor design, the applicant
would be responsible for the data. If the NRC believes it is important to explore issues involving
uncertainties, or if it is necessary to develop capabilities to independently check licensee
results, NRC resources would be used. When both the NRC and industry benefit from
research, or if it is difficult to determine whether industry or the NRC is the beneficiary, research
can be jointly funded by industry (or one segment of the industry) and the NRC. It is essential,
however, that the NRC's independence not be compromised in the process, that the quality and
integrity of the data be maintained, and that all legal and administrative requirements be met.
The process equally applies to relationships with other government agencies such as DOE.

While research on advancing commercial reactor designs is conducted by DOE, NRC's focus is
on the safety standards that these new designs must meet. This may necessitate additional
NRC research beyond that conducted by DOE or by the applicant. Research needed to
establish acceptance criteria associated with a new safety standard or requirement, or to
address specific issues for a particular reactor design, can be funded independently by the
NRC, in cooperation with the DOE, or through international cooperative agreements, provided
NRC's independence regarding regulatory decision making is maintained.

Research may be conducted by others with a vested interest (e.g., generic and technology-
neutral research sponsored by DOE or industry-supported organizations). Experience with the
AP-600 certification, for example, indicates that the scope, schedule, and resources for such
research programs are extensive and that the staff could benefit from worldwide developmental
research and experience. Mindful of our respective roles, and consistent with the NRC
Strategic Plan, the NRC will continue to seek opportunities to interact with and, where



appropriate, initiate cooperative programs with other agencies and organizations. These
include U.S. universities and domestic organizations such as DOE, the Nuclear Energy Institute
(NEI), the Electric Power Research Institute (EPRI), and international nuclear organizations
such as the Nuclear Installations Inspectorate (NII), the International Atomic Energy Agency
(IAEA), the Nuclear Energy Agency (NEA), and the European Commission (E.C.). In addition
to off-setting costs, significant efficiencies can be gained by sharing research facilities and
leveraging resources to minimize duplication. Steps to ensure that the regulatory process does
not impede the use of new technology to improve safety or reduce costs are an important part
of the NRC's Strategic Plan.

In general, NRC research infrastructure needs are focused on the development of expertise,
tools, and methods that support the Agency’s mission by identifying, understanding, and
resolving potential safety issues. The development of such expertise and methods contributes
to the overall effectiveness and efficiency of the agency by helping to ensure high quality and
timely reviews. Tools such as computer codes and experiments that generate data to validate
these codes play an important role in that mission by providing the agency with the capability to
independently assess plant safety and safety margins. Most of the existing NRC codes,
however, were developed for LWR applications and will need to be modified in order to evaluate
HTGR and ACR-700 designs and unique aspects of new LWR designs.

The NRC requires a licensing process that will lead to decisions on significant safety issues that
are high quality, technically sound, and supported by robust research. In planning research
activities, the focus is primarily on areas in which important gaps exist (e.g., in technological
knowledge, in understanding risk-significant uncertainties, or where the degree of conservatism
in safety margins may not be well characterized or understood). Computer models validated by
experiments are important tools to bridge technological gaps. Another important facet of
research relates to materials testing and associated codes and standards development, which
generally involve a consensus process. As in the past, pre-application reviews are being used
to identify the necessary new (or modifications of existing) codes and standards early in the
process.

Two types of research are essential in support of the regulatory process: (1) research to
support the technical basis for regulatory decision making and (2) research necessary to
address uncertainties and gain insight into safety margins and failure points. In many ways, the
first depends on the second (i.e., building a sound technical basis will require a deep
understanding of the technology, its application, and the inherent uncertainties). The products
support safety evaluation reports or guidance in the form of regulatory guides and standard
review plan (SRP) sections or NUREG reports.

It should be recognized that even a well-funded and focused program of nuclear safety
research cannot transform the regulation of advanced nuclear power plants into a process in
which decisions flow exclusively from scientific and technical knowledge. Defense-in-depth and
safety margins will need to be considered to offset limitations in state-of-the-art knowledge and
understanding. Similar to other complex technologies, advanced reactor regulation will be a
complex blend of applying technical knowledge within the context of Commission policy and
prudent regulatory decisions. Therefore, priorities set within the program will consider the
relative importance of the activity to understanding safety issues and the risk significance of
these issues. This will be especially important as new technology is introduced or new safety



issues are identified. The staff will continue to interact with applicants, vendors, and others as
the technologies evolve, so that the NRC will be prepared to respond effectively.

In the course of reviewing new reactor designs and research findings, a novel set of questions
may be raised. The importance of answering these questions by examining the question’s
pertinence to the safety issues being explored poses a challenge to the NRC. (For example,
the performance of fuel particle coatings as a barrier to fission product release may require a
new and different regulatory approach.) The benefit of this approach is that it provides a
rationale for identifying the key research areas, establishing the basis for priorities and
infrastructure needs, and identifying the users' needs and end products. Routine peer reviews
of the research products and anticipated schedules for specific research activities will be
conducted to instill confidence in the scope and quality of the research; these reviews will
include frequent interactions with the Advisory Committee on Reactor Safeguards (ACRS) and
the Advisory Committee on Nuclear Waste (ACNW) to obtain NRR and NMSS feedback,
guidance, and involvement.



lll. OBJECTIVES AND STRUCTURE

The purpose of this study is to generate insights for implementation of an advanced reactor
research infrastructure to support the regulatory process. Within this context, information will
be used to identify:

. key research areas and activities

. technical and safety issues and pathways to resolution

. methods and tools to address technical or safety issues

. technical staff responsibilities

. links the flow of information between the various technical disciplines
. key research output results and links to the regulatory process

. priorities to allocate resources

. key milestones and resources over a 5-year period (FY 02-FY 06)

In assessing NRC's research infrastructure, the staff benefitted from numerous technical
exchanges, including the ACRS Advanced Reactors Workshop (June 2001), a week-long
DOE-sponsored HTGR training course (September—October 2001), and various international
activities. These activities included interactions with worldwide experts on gas-cooled
technology at the NRC Workshop on High-Temperature Gas-Cooled Reactor Safety and
Research Issues held October 10-12, 2001. Workshop participants assigned relative priorities
to research areas and identified several opportunities for international cooperative research that
drew upon existing domestic and international experience. NRC staff participated in and
capitalized on feedback from the “Workshop on Advanced Nuclear Reactor Safety Issues and
Research Needs,” held February 18-20, 2002, by the Organization for Economic Cooperation
and Development/Committee on the Safety of Nuclear Installations (OECD/CSNI). Additional
insights were gleaned from the June 4, 2001, ACRS Subcommittee on Advanced Reactors
meeting that focused on regulatory challenges for future nuclear power plants. NUREG-1802,
“Role and Direction of Nuclear Regulatory Research,” provided guidance.

The staff also took advantage of the DOE-sponsored Modular High-Temperature Gas-Cooled
Reactor (MHTGR) pre-application review that was performed in the late 1980s and early 1990s,
as well as the more recent PBMR pre-application review. The MHTGR review was supported
by an integrated preliminary design document and associated probabilistic risk assessment
(PRA). Insights from these documents were taken into consideration. Technical staff visited
countries with HTGR experience, including Germany, Japan, China, South Africa, and the
United Kingdom (UK). These visits focused on technical and safety issues associated with
HTGR fuel performance and qualification, nuclear-grade graphite behavior, and high-
temperature materials performance. Technical exchanges and international agreements are
currently being discussed in several areas, including graphite research, high-temperature
materials research, fuel performance research, and codes and standards for advanced designs.

To facilitate the identification of research areas important to the development of an
infrastructure, a top-down approach was used as shown in Figure 1. The approach utilized the
NRC strategic plan and categorized research programs by three of the four strategic arenas:
Nuclear Reactor Safety, Nuclear Materials Safety, and Nuclear Waste Safety. The fourth
strategic arena, International Nuclear Safety Support, was considered to be intrinsic to the
planning process. As shown in Figure 1, research outputs were identified and linked to key



research areas. It should be noted, however, that, at the activity level, the figure does not
contain all the research activities considered in the infrastructure assessment, but rather only
those used to stimulate thought in the technical area.

Nuclear Reactor Safety Arena

The current regulations which use defense-in-depth principles and conservative practices,
provide a margin. That margin might not be applicable to PBMR or GT-MHR advanced reactor
designs in certain areas. In order to probe these margins from a generic perspective, research
areas and activities were aligned to four cornerstones of reactor safety:

(1) Accident Prevention
(2) Accident Mitigation
(3) Barrier Protection
(4) Offsite Protection

Figure 1 shows the alignment and identifies the associated key research areas. Some of the
activities that link to these areas include the following:

Key Research Area Activities

Development of Regulatory Framework Risk-informed and performance-based
decision-making criteria

Accident Analysis PRA, human factors, and instrumentation and
control (I&C)

Reactor/Plant Analysis Thermal-fluid dynamics, nuclear analysis,
severe accidents, and fission product transport

Fuels Analysis Fuel performance testing and fuel qualification
Materials Analysis Graphite and materials performance
Structural Analysis Containment/confinement performance,

external challenges

Consequence Analysis Dose calculations, environmental impact
studies

The fire protection research infrastructure that is currently in place should be applicable to
advanced designs, however, this issue will be revisited at a future date once conceptual design
features and associated issues are better defined.



In general, research products resulting from these activities either support a technical basis for
resolving specific safety issues or support another research area. Information flow among the
technical groups and framework is illustrated in Figure 2. The process can be described as
follows:

. Information in the form of data and analytic results generated by the fuels, materials,
and structural technical groups provides key input to the reactor systems analysis. In
turn, reactor/plant analysis provides key information on plant operating conditions and
accident conditions that is needed by the fuels, materials, and structural analyses
technical analysts.

. Insights and data generated by the reactor/plant analysis (e.g., success criteria),
together with performance information involving human factors considerations, 1&C, and
modeling assumptions enter into the PRA and are used in the accident analysis
activities. Accident analysis research identifies accident scenarios and frequencies for
further and more detailed reactor system analysis and consequence analysis.

. Insights from the accident analysis and consequence analysis are critical to the
regulatory framework and associated decision-making activities.

. Information from the framework is provided to all technical areas from which
safety-related systems, structures, and components would be determined, along with
. the codes and standards that the design would have to meet.

It is important to note that the process does not generate a system of discrete and isolated
technical disciplines working independently, but forms an integrated system that is both
risk-informed and performance-based.

Identification of key accident scenarios is an important aspect of a licensing process. These
events typically drive the regulatory decision-making process, because they impact the safety
system classifications. Thus, accident analysis, consequence analysis, and regulatory
framework are directly linked to each other.

Once significant accident scenarios are identified for a plant design, reactor systems analysis
can be performed and results used to place performance limits on the reactor fuel, reactor
internals, and other structural materials. Additionally, reactor systems analysis and associated
sensitivity studies can be used to assess margins, which are crucial to a robust accident
analysis. As the process is implemented, risk perspectives will be used to support the
regulatory framework decision-making activities.



Nuclear Materials Safety and Nuclear Waste Safety Arenas

Advanced reactor research activities for the Nuclear Materials Safety and Nuclear Waste Safety
arenas focus on supporting regulatory activities at the front and back ends of the advanced
reactor fuel cycles:

. Front end of fuel cycle — Uranium enrichment, fuel fabrication, transportation, and
storage.

. Back end of fuel cycle — Storage, transportation, and disposal of spent-fuel and low-level
waste.

Discussions of anticipated NRC research activities and infrastructure needs associated with
these arenas are provided in Section IV.3.

Safeguards and Security

Advanced reactor research efforts in safeguards and security will generally support other
regulatory offices, principally NSIR. Research areas include proliferation potential and the
evaluation of security measures, as well as the material control and accounting (MC&A)
systems needed for preventing and detecting nuclear material diversion throughout the
proposed advanced reactor fuel cycles. Brief discussions of anticipated research activities to
support these regulatory domains are included in Section 1V.4.

As requested by or through NSIR, RES will support NSIR and other offices and agencies with
information needed for their assessments. This coordinated research support will be
responsive to any new issues emerging from government-wide initiatives on Homeland
Security.



Advanced Reactor Research Infrastructure
Key Research Areas and Areas for Examination
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IV. KEY RESEARCH AREAS AND ACTIVITIES

IV.1 Generic Regulatory Framework Development
vV.1.1 Description of Issues

The NRC has over 40 years of nuclear power plant licensing and regulating experience, and
this experience (e.g., regulations, regulatory guidance, policies and practices) has been
focused primarily on LWRs with limited application to gas-cooled and advanced reactors.
Advanced reactors will have design and operational issues associated with them that are
technologically different from current LWR issues. However, NRC LWR experience can
contribute and provide insights or “lessons learned.”

The most important insight from this experience is the recognition of the value of a licensing
framework applicable to reactor designs that are different from currently operating plants. This
framework would help to ensure that a structured and systematic approach will instill uniformity
and consistency in the licensing and regulation of advanced reactors, particularly when
addressing the unique design and operational aspects of these reactors.

In addition, the framework for current LWRs has evolved over five decades, and the bulk of this
evolution occurred without the benefit of insights from PRAs and severe accident research. Itis
anticipated that PRA will play a greater role in the licensing and regulation of advanced reactors
and, as such, the framework needs to appropriately integrate PRA results and insights.

The proposed tasks would first develop an approach (and ultimately a framework) that would be
applicable to all of the advanced reactor designs currently under consideration. This approach,
referred to as “technology-neutral,” would take advantage of lessons learned from prior
regulatory experience and assure an effective use of both deterministic and probabilistic
methods in licensing and regulating advanced reactors.

IvV.1.2 Risk Perspectives

Future applicants will rely on PRA and PRA insights as an integral part of their license
applications. In addition, it is further expected that the regulations governing licensing these
advanced reactors will be both risk-informed and performance-based. Both deterministic and
probabilistic results and insights will be used to identify applicable regulations to govern these
reactors. Consequently, a structured approach for a regulatory framework for advanced
reactors that provides guidance about how to use PRA results and insights will help ensure the
safety of these reactors by focusing the regulations on the most risk-significant areas while
maintaining basic principles, such as defense-in-depth and safety margin.

IvV.1.3 Objectives and Associated Activities

An approach will be developed to prepare a licensing framework for advanced reactors. This
approach will identify the scope and level of detail of the framework, along with certain
boundary conditions, ground rules, and assumptions, etc., that will be used in the development
of the framework. Experience gained in NRC's Option 3 efforts to risk inform regulatory
requirements for current LWRs provides a starting point for the development of an appropriate
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regulatory framework for advanced reactors. The approach will include both qualitative and
quantitative aspects as depicted in Figure 3. An important qualitative aspect of the approach is
a hierarchal structure that supports regulatory goals, by focusing on the goal of protecting
public health and safety and including the strategic performance goals of the NRC's Strategic
Plan. These will also be used to assure that the framework is appropriately performance-
based. It is anticipated that defense-in-depth will remain a guiding reactor safety strategy. An
important quantitative aspect of the approach is the development of useful risk guidelines for
advanced reactors from the Safety Goal Policy Statement. Safety goal issues that arise in
developing the quantitative guidelines will have to be resolved. In addition, guidance in the
Commission’s advanced reactor policy statement will be used in the development of the
advanced reactor licensing framework. The advanced reactor policy statement included the
expectation that, as a minimum, advanced reactors will be required to provide the same level of
protection to the public that is required for current generation LWRs. This statement also
expresses the expectation that enhanced margins of safety and simplified, inherent, passive, or
other innovative means to accomplish their safety functions will be utilized.

Utilizing the above approach, a reactor- and technology-neutral licensing framework will be
developed for advanced reactors that includes the PBMR, GT-MHR, and IRIS. The purpose of
the framework is to develop a process (i.e., guidelines) that will be used to formulate a
technology-neutral or global set of regulations for advanced reactors. Figure 4 is a general
illustration of the development of the technology-neutral framework. The process starts by
using safety criteria and regulatory guidelines determined to be applicable to advanced
reactors, as well as those safety-related areas identified as being important to regulating these
advanced reactors. These two items are then considered together to develop a set of specific
performance goals. The process is iterative, and the performance goals are revised as new
information becomes available. A set of technology-neutral regulations are then defined based
on the performance goals. A key product of the framework will also be guidance regarding
appropriate uses of strategies and tactics to compensate for uncertainties inherent in both
deterministic and probabilistic safety analyses, including the consideration of defense-in-depth
and safety margin.

The above licensing framework will be used to identify and formulate what regulations are
essential. Potential regulations will be technology-neutral or globally applicable to all reactor
types currently under consideration.

IvV.1.3.1 Reactor-Specific Regulations/Regulatory Guides

As currently envisioned, as much reliance as possible will be placed on the use of regulatory
guides, rather than on reactor-specific regulations, to supplement the technology-neutral
regulatory requirements. The reactor-specific regulatory guides will not provide the detailed
guidance for implementation of specific technical requirements, but will provide the proposed
guidelines for expanding the technology-neutral regulations to account for reactor-specific
considerations. Regulatory guides can provide the designer with useful flexibility in design and
operation while still satisfying licensing requirements. However, it is envisioned that certain
reactor-specific regulatory areas may need to be addressed by regulations. The
technology-neutral licensing framework will be used to identify and formulate both potential
reactor-specific regulations and regulatory guides as needed. These products will be
developed for each of the advanced reactor designs under consideration.
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IV.1.3.2 Oversight/Peer Review

Considering the scope of the proposed effort and its potential impact on advanced reactor
licensing and regulation, appropriate oversight and peer review is deemed essential.
Arrangements for such reviews will be initiated during the planning task.
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IV.2 Reactor Safety

V.21 Accident Analysis
IvV.2.1.1 Probabilistic Risk Assessment (PRA)
Iv.2.1.1.1 Background

Future licensees have indicated that PRAs will be an integral part of their applications.
Therefore, the NRC should be prepared with the tools and expertise to perform an independent
review of the PRAs submitted as part of the licensing applications.

During the past 27 years, the NRC/Atomic Energy Commission has performed PRAs, and has
promoted the use of PRAs as a means of developing nuclear power plant risk perspectives and
identifying improvements. As a result, the NRC has developed the capability to use PRAs in
regulatory decision making for current generation reactors. This capability is founded on the
staff's in-depth understanding of the techniques and data employed in a PRA, the design and
physical characteristics of the reactors modeled, and how the design and characteristics are
modeled in a PRA in terms of underlying hypotheses and data.

However, advanced reactors (especially the PBMR, GT-MHR, and IRIS) are new designs and,
therefore, the current PRA experience is limited. The limitations of current PRA experience
applies to (1) system modeling approaches and associated underlying hypotheses

(e.g., treatment of passive systems); (2) the risk metrics used (e.g., core damage frequency or
large early release may not be the best figure of merit for some proposed advanced reactor
designs); (3) failure data, and most importantly, (4) the design, materials, systems, and safety
approach. These limitations need to be addressed as part of this work. Extensive use will be
made of existing PRAs. The tools, expertise, and data (including information related to
uncertainties) need to be developed to enable the staff to evaluate advanced reactor PRAs.

This work interfaces with virtually every other area of this infrastructure assessment. Given that
PRA is an iterative process, knowledge of reactor systems, fuels, materials, human
performance, and 1&C will be used for postulating accident initiators, modeling of systems, and
quantifying accident sequences. The results will indicate what issues are important from a
probabilistic perspective and what areas need investigation as part of this infrastructure
assessment.

IvV.2.1.1.2 Purpose

The purpose of this work is to develop the methods, expertise, and technical basis needed for
an independent staff review of a PRA submitted as part of an advanced reactor licensing
application and to provide support to the staff in the decision-making process of licensing
advanced reactors. This work does not include review of any applicant’'s PRA.

In the past, the selection of licensing basis events was done based on sound engineering
judgment; the approach to licensing was to provide safety margins and defense-in-depth. This
approach to licensing can lead to unnecessary conservatism and may not have identified some
sequences that could be important from a risk perspective. Experience has shown that PRA
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supplements the conservative approach and provides a tool to identify weaknesses in both
design and operations, especially when used in an iterative manner.

During the development of the PRA tools, methods, and expertise, areas for which there is
insufficient information (e.g., due to insufficient operating experience) will be identified. These
areas need to be the subject of expert judgment or sensitivity studies to gain an understanding
of the uncertainties.

The use of PRA is expected to increase in the licensing of advanced reactors. Applicants will
provide arguments for the acceptability of their proposed advanced reactor design based on
PRA results. Safety margins and defense-in-depth will be retained to protect the health and
safety of the public. PRA results and insights will be used to enhance the traditional approach.
This dual process should bring all the technical information to bear in a structured fashion and
reduce the conservatism traditionally provided. Therefore, developing the PRA tools, methods,
and expertise is important for the review and licensing of these reactors. Having this capability
enables the staff to make comparisons with submitted analyses and results, thus gaining an
independent and more complete understanding of the safety issues associated with the
proposed designs. These tools, methods, and expertise are also needed to direct other areas
in this plan, (e.g., identification of the most probable accident scenarios for accident modeling
and source term identification with MELCOR and consequence assessment with MELCOR
Accident Consequence Code System [MACCS2]).

Iv.2.1.1.3 Objectives and Associated Activities

The objectives of the advanced reactor PRA work are to develop review guidance for NRC
reviewers, explaining how to independently review advanced reactor PRAs and to support the
development of a risk-informed regulatory framework. To develop this guidance, it is necessary
to obtain:

The data for the PRA,

An understanding of the uncertainties,

The methods necessary to model advanced reactor designs in PRAs, and
The expertise to evaluate advanced reactor PRAs.

In the process of developing the review guidance, we will gain:

. An understanding of regulations needed as part of the licensing process, and
. Identification of additional research needed.

This infrastructure assessment is comprised of three tasks which will be undertaken
concurrently. The first task is to develop the methods, data, and tools needed for evaluating
the design and operational characteristics of advanced reactors that differ from those of current
reactors. The second task is to use the results of the first task to: (1) gain expertise, (2) provide
risk perspectives on other important areas of research in this infrastructure assessment, and

(3) evaluate advanced reactor designs. Existing PRAs will be used to develop limited scope
PRAs that can then be revised as plant-specific information becomes available. This process
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will identify areas in which additional research is needed and will provide an ability to prioritize
needed research. The third task is to document the guidance necessary for the review of
advanced reactor PRAs.

Task 1. PRA Development for Advanced Reactors

There are fundamental tasks that need to be performed to support either performing a PRA or
reviewing a submitted PRA for advanced reactors. The information from the tasks described
below, some of which would be developed in other areas of RES, is needed for this work.

Initiating event identification and quantification: The events that challenge advanced
reactors will include some events common to the current generation of LWRs (e.g., loss of
offsite power and seismic events) and some that are specific to advanced reactors. It is
necessary to identify those events that have the potential to initiate an accident. Therefore,
understanding what events can occur (as a result of design characteristics, equipment failures,
and human errors) that challenge the plant operation comprises the first step in assessing the
challenges associated with a given reactor design. Extensive use of existing PRA information
will be used, as appropriate. This quantification will provide the necessary initial data on
initiating event frequencies for use in the PRA. As the PRA is developed to be plant-specific,
the significant initiating event challenges need to be re-evaluated.

Accident progression and containment performance (including source term): The likely
accident progression phenomena need to be determined based on ongoing research, previous
experiments, experience in other industries, and expert judgment. Success criteria, accident
progression, and source terms for advanced reactors are likely to be different from those for
LWRs. A combined deterministic/probabilistic approach, with elicitation methods similar to
those used for the liner melt through and direct containment heating issues in some LWRs,
may be possible. The accident progression for different advanced reactor designs needs to be
understood. For example, the loss of helium and the effects of air (and potentially water)
ingress on the accident progression need to be considered. Assessment of potential
combustible gas generation, for example, needs to be performed as part of thermal hydraulics
(T/Hs) and severe accident work and should be fed into the PRA as part of the data necessary
to evaluate advanced reactors.

A probabilistic containment analysis (Level 2 PRA) is needed to assess the ability of a reactor
containment or confinement with a filtered venting system to provide protection against release
of fission products (FPs). (The confinement concept has been successfully modeled in past
PRAs, although it has not yet been applied to commercial reactor designs.) While the technical
assessment of the performance of containment versus confinement is part of T/Hs and severe
accident work, those results are needed as input to the PRA model of advanced reactors. The
benefit of complete underground siting, instead of the partial underground siting now proposed
for some HTGR designs, needs to be evaluated.

The source term issue is part of the T/Hs and severe accident work of this infrastructure

assessment. The knowledge of fuel performance is a prerequisite to performing an
independent review of the PRA. Core behavior in accidents, such as overheating or immersion
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in media (for example, in gas-cooled designs air, or if possible, water), needs to be understood.
This behavior should be understood not only for fresh fuel but also for end-of-life fuel to
evaluate the impact, if any, of burnup.

System modeling: The probabilities and failure modes of passive systems (used extensively
in advanced reactors) and the digital I1&C systems in advanced reactor designs need to be
determined for incorporation into the PRA. Passive systems have been treated in PRAs, such
as in the AP-600 PRA, as either initiators (e.g., loss-of-coolant accidents [LOCASs]) or complete
failures. As a result, current PRAs model only the performance of active systems using a
binary logic that is suitable for such purposes. It is not clear that this approach would be
suitable for modeling passive systems exhibiting slow evolutionary behavior during accidents.
Other conditions could include a degraded or intermediate failure states. Therefore, the
modeling approach should be reconsidered to determine the need for potential modifications
based on advanced reactor designs. This determination could proceed using the information
from the AP-600 and AP-1000 designs until advanced reactor plant-specific information
becomes available.

Digital systems typically have not been considered in past PRAs. In advanced reactors,
however, I&C systems will normally be digital, which could include touch displays, fiber optic
cables, computers, and microprocessors. The reliability of digital systems is being addressed in
another part of this infrastructure assessment. PRA modeling should address the issues
concerning digital system performance. Digital 1&C may have failure modes that have not been
considered previously or the timing of the failure modes could be different. For example, digital
I&C could be more susceptible to what would previously have been considered low voltage
spikes (because the digital components typically operate on 5 volts direct current instead of 120
volts) or radiation damage for fiber optic cables. Digital I&C could also fail sooner under fire or
loss of cabinet cooling conditions. Methods should be developed for incorporating digital
system failure in the PRA logic.

The uncertainties associated with the development of modeling the failures of passive and
digital systems needs to be addressed and quantified to the extent practical.

Data collection and analyses: Advanced reactors may introduce different systems and
components, hence, LWR data may not be applicable to these new systems. The use of
appropriate data is crucial in the assessment of the risk associated with a given reactor type.
Therefore, collecting and analyzing data applicable to advanced reactors is an important
activity. Existing PRAs will be used, as applicable.

This task includes addressing the data uncertainties. Understanding the uncertainties is a very
important aspect for any PRA; the uncertainties are likely to be much larger for advanced
reactors given limited or lack of applicable data and operating experience.

Human reliability analysis: The operators’ role and staffing levels in the new reactors is likely
to be different than in current generation plants. The advanced reactor designs proposed have
a strong reliance on the premise that they will be free from human-error, and that if an event
occurs, human intervention will not be necessary for an extended period of time. Issues related
to the need for operator performance (e.qg., staffing and training) are part of a different activity
of this infrastructure assessment. Human reliability methods were developed to assess the
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impact of human performance on plant safety. When dealing with long-term and slowly
evolving accidents, such as those expected to be dominant in graphite-moderated reactor
accident sequences, revision to human error probabilities may be needed. It is important to
determine if (and what) modifications are warranted to appropriately incorporate the impact of
human performance in advanced reactors. Operator performance may be affected by having
multiple modules that share the same control room, both from a common mode failure and as
the result of operator workload from monitoring multiple modules. Further, the extensive use of
digital 1&C (e.g., touch screens and different control designs) could impact the probability of
human error and needs to be investigated. The likelihood of errors of commission or omission
need to be understood under these conditions.

Other events (internal flood, fire, and seismic): As with any design that uses digital I&C,
failure possibilities of electronics need to be addressed. Specifically, the response of digital
electronics in a fire or flood is expected to be quite different from that of electro-mechanical
components. The differences may not be just in probability but also in the kinds of failures that
could potentially occur. Furthermore, current plants have shown that the core damage
frequency from external events may be similar to that from internal events. Therefore, external
events need to be considered for advanced reactors from a scoping perspective to identify
unique vulnerabilities. There is also the potential of a reactivity insertion accident during, or as
the result of, a seismic event, particularly for the PBMR and ACR-700.

Quantification: The information gathered from the aforementioned areas needs to be
integrated into a code to develop insights and provide guidance into other areas, such as T/H
analyses. The Systems Analysis Program for Hands-on Integrated Reliability Evaluation
(SAPHIRE) code could be used in the performance of an independent PRA but needs
modifications for a full scope PRA (e.g., external and internal events, full and low power). A full
scope PRA generates many more "cut sets" than SAPHIRE can reasonably handle now. In
addition, the rationale developed for other designs for pruning the results may not be
appropriate for advanced reactor designs. Source terms and consequences (Level 3) that need
to be evaluated as part of the severe accident and consequence work of this infrastructure
assessment, should also be incorporated into a PRA tool. A full scope PRA tool that integrates
Level 1 core damage frequency (CDF) analyses with Level 2 and Level 3 analyses, as well as
dynamic modeling, is needed to provide the insights necessary for developing review guidance.

Uncertainties: l|dentification of uncertainties will help the decision-making process for deciding
either to reduce the uncertainties by more research or to strengthen the regulatory
requirements and oversight (e.g., defense-in-depth and safety margins). A PRA provides an
approach for identifying the uncertainties associated with modeling and estimating risk. Three
types of uncertainty exist: modeling, data, and completeness. Processes need to be developed
to identify and understand the significance of the modeling and completeness uncertainties.

Other operational states: The unique operating characteristics of advanced reactors
operating in other than full power mode need to be examined in order to be correctly accounted
for in the PRA.

Multiple modules: Current PRAs are usually performed for a single unit, or sometimes for two
sister units operating independently, but considering cross-ties. In some advanced reactor
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designs identified, up to 10 modular units will operate at a site with a centralized control room.
The PRA tool needs to address potential interactions among the multiple units. The possible
effects of smaller operator staffs in a common control room under potential common cause
initiators (such as seismic events) need to be considered.

Risk metrics: The concepts of CDF and large early release frequency may not be the best
figures of merit for some advanced reactor designs. However, Level 3 PRA results (offsite
consequences is part of the severe accident and consequence work of this infrastructure
assessment) need to be considered for advanced reactors and incorporated into a full scope
PRA. Therefore, for advanced reactors, either the current subsidiary figures of merit need to be
verified or more appropriate figures of merit need to be identified, consistent with NRC top-level
safety goals. Appropriate figures of merit will be developed for a policy paper for action by the
Commission. A parallel effort with industry with an exchange of ideas can be useful. After
Commission approval, these figures of merit will be incorporated into the review guidance
documents.

Safeguards and security: As mentioned above, there are some portions of this work in which
explicit information can be generated regarding the safeguards and security for the design. We
need to explore how this can be accomplished in the most efficient manner and what other
areas of the PRA studies can assist in this endeavor.

Task 2. Use of the PRA

The results developed in Task 1 will be used to (1) gain expertise, (2) provide guidance for
assessments in other areas of this infrastructure assessment, and (3) develop an improved
independent capability to evaluate advanced reactor PRAs. The level of detail is determined, in
part, by the PRA information needed for supporting the licensing process and the timeliness of
new information. The results could provide a basis for performing comparisons with advanced
reactor PRAs submitted by the applicant.

Task 3. Documentation

The documentation include the identification of research needs, and will provide information for
developing regulatory guides and SRP sections. A wealth of information will be generated by
performing Tasks 1 and 2. The PRA and review guidance should be sufficient for a reviewer to
determine the probabilistic implications of different design configurations and operation
conditions. The documentation will provide insights for developing probabilistic perspectives to
support NRC risk-informed decision making throughout an advanced reactor licensing process.
However, using this information appropriately is not an easy task. Users should be able to
understand both the results of the PRA work as well as the underlying hypotheses driving the
results. Therefore, guidance will:

. Assist the staff in independently reviewing advanced reactor PRAs.
. Help identify research needs.
. Develop regulatory guides and SRP sections.
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Iv.2.1.1.4 Application of Research Results

This work will aid the following areas.

. Provide staff guidance explaining how the results of this work can be used to
independently review an advanced reactor PRA.
. Interface and interact with the work performed in other areas of the infrastructure

assessment to help identify where there is inadequate information, and, thus, support
staff decision making for research.

. Provide input to potential modification to the regulations and the development of
regulatory guides and SRP sections.

IvV.2.1.2 Instrumentation and Control (I&C)
Iv.2.1.2.1 Background

The new generation of advanced reactors, both for HTGRs and ALWRs, will provide the first
opportunity for vendors to build new reactor control rooms in this country. The advances that
have been made in the development of many of the current generation of operating reactors in
other parts of the world will be used in the design and construction of new U.S. plants. These
new plants are expected to have fully integrated digital control rooms, at least as modern as the
N4 reactors in France or the advanced boiling-water reactors (ABWRs) in Japan. In addition,
the desire for much smaller control room staffs will push the designs of the plants in the
direction of a much higher degree of automation. The use of multiple modular plants may also
require more complex control of both the primary 1&C systems and all of the support systems
including the switchyard.

I&C systems play an important role both in reactor control and in providing information on the
balance of the plant. The NRC Research Plan for Digital Instrumentation and Control
(SECY-01-155) outlines current and future research into several areas of emerging 1&C
technology and applications that will be used in the HTGRs and ALWRs. These include smart
transmitters, wireless communications, advanced predictive maintenance, online monitoring
methods, and enhanced cyber security. The NRC has recently started new research programs
in the areas of wireless communications and online monitoring. This research will support the
development of NRR review guidance for these new and improved technologies that will be
applicable to both current reactor retro fits and advanced reactors. In addition to this research,
the activities described in this section focus on knowledge and tools to support the review of
new reactor technologies. In some cases, the research described in this section will be similar
to ongoing research in support of digital upgrades to existing plants. Where appropriate, these
activities will be coordinated to ensure that duplication of effort is minimized.

The national and international research community has been involved with research and
development of advanced control and monitoring systems for nuclear power plants for many
years. The international community, particularly in Europe, Japan, and Korea, has developed
and implemented integrated advanced control rooms. They have performed more research
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than the U.S. in the areas of automation of plant operations and advanced plant monitoring and
diagnosis. Therefore, there will be significant opportunities for international cooperation in this
area.

General Atomics (GA) is using plant simulators to help optimize control system designs. PBMR
Corporation is also developing advanced control systems. This research and development is
being performed both by the vendors and through joint efforts with other organizations, such as
universities and U.S. national laboratories, including Oak Ridge National Laboratory (ORNL)
and ldaho National Engineering and Environmental Laboratory (INEEL). An opportunity to
collaborate on some of these research programs may exist, particularly in the areas of
advanced control algorithms and control of multiple plant modules.

The DOE research program to support development and future use of nuclear energy in the
U.S. currently includes six Nuclear Energy Research Initiatives (NERI) grants in the I&C area.
These include research in the areas of automatic generation of software, control architectures,
self-diagnostic monitoring systems, smart sensors, and advanced instrumentation to support
HTGRs. In addition to the current NERI grants in the 1&C area, DOE’s Long-term Nuclear
Technology Research and Development Plan calls for additional research to support
implementation of new technologies such as robust communications and wireless sensors,
condition monitoring, distributed computing, advanced control algorithms, and on-line
monitoring. All of these technologies could be used to support implementation of the advanced
I&C systems for HTGRs.

IvV.2.1.2.2 Purpose

Advanced reactors will be designed for autonomous operation with a minimum of supervision by
plant operators for long periods of time. This may include automated startups, shutdowns, and
changes of operating modes. Fewer operators will be needed compared to the current
generation nuclear power plants (i.e., there may be as few as 3 operators for 10 modules).

This will require that not only normal operations but off-normal operations and recovery be more
highly automated. This will also require a level of automation and coordination that is more
complex than that found in current generation plants.

Because of the longer fuel cycles and much longer time between maintenance outages, the
plants will likely require more extensive use of online monitoring, diagnostics, and predictive
maintenance. Instrumentation will be needed to support this increased automated surveillance.
How these systems integrate with the control systems will need to be known. Because some of
the systems in this next generation of ALWRs and HTGRs will be operating in new temperature
ranges, it is expected that several innovative kinds of sensors will be developed. The limitations
of these new sensors will need to be understood. The temperature, pressure, flow, and neutron
detectors used may require changes in the methods for performing design and safety
calculations (e.g., drift, calibration, response time, etc). Current regulatory guidance and tools
may need to be enhanced to support the review of these systems.

Highly automated control rooms in other industries have used modern control theory controllers
to increase plant availability and decrease workload on operators. It is likely that the new
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HTGRs will use some of these advanced modern control methods. These could include simple
feed forward controllers, non-linear controllers, neural-fuzzy controllers, or even more exotic
methods. How these control algorithms affect the operational modes of the plants will need to
be known.

To understand the more complicated digital 1&C systems within a risk-informed licensing
framework, additional risk modeling is necessary. These activities could support the research
on operator and control interface. Because of limitations in the models and data to support risk
analysis, the uncertainties in this area are relatively high. Additionally, the reliability and
security of digital 1&C systems will become more important as advanced designs perform more
sophisticated safety and control functions.

Iv.2.1.2.3 Objectives and Associated Activities

To expand NRC's knowledge and understanding in the 1&C area, the following research areas
have the highest importance.

Review of operating experience and lessons learned from ABWR and N4 control system
development and regulatory review: Operating experience and design lessons learned will
be reviewed to identify issues associated with digital systems and technology in current use in
advanced reactors in other countries. Additionally, the review will identify the regulatory
analysis methods and tools that have been used by foreign regulators. This information can be
used to focus the remaining I&C research efforts based on the experience of others.

New risk models for I&C systems in advanced reactors: This effort would complement the
work that is currently being done at the University of Maryland and the University of Virginia.
Focus should be on the development of risk models for advanced reactor 1&C systems that
address the possible safety issues of the systems and that can be integrated into advanced
reactor risk models. This research would permit incorporation of detailed 1&C reliability models
into scoping PRAs used for development of design basis accident scenarios. Research could
also be used in the analysis of how these digital systems will affect plant responses to
accidents.

Analysis of the requirements and potential issues involved with HTGR instruments:
Existing requirements for design, construction, and operation of the HTGR will need to be
compiled and evaluated. Information related to neutron detectors, particularly for PBMR, and
temperature sensors would have a higher priority. This information would provide a better
understanding of how the requirements were developed and what review methods are the most
appropriate. Information gathering should focus on generic issues and not on viability or
preferability of various technologies. This information would support the development of
guidance for the regulatory review and qualification of these new instruments.

Development of models of autonomous control: Information and models are needed on
autonomous control methods that could be used in advanced reactors. Information should be
gathered on methods used in other industrial applications, such as natural gas power plants.
This information would assist in the development of models for advanced reactor applications.
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Analysis of control systems used to integrate the control of multiple module plants: The
means and extent of integration of control systems in advanced reactors using multiple modules
will need to be understood. The points at which control and safety systems are integrated, the
nature and extent of automated actions, and the associated effects on plant response to
transients and accidents will need to be evaluated to identify potential safety issues. This
information would inform the review of these systems.

Analysis of online monitoring systems and methods and advanced diagnostic methods:
Incorporation of online surveillance and maintenance capability may become an integral part of
the system design for advanced reactors. For example, online monitoring systems for
degradation, not just failures, could be used to continuously assess system performance to
support longer inspection and maintenance intervals. Technologies for online monitoring and
advanced diagnostic methods will need to be evaluated to identify critical attributes that should
be addressed by reviewers. This information would be used in the review of advanced reactor
technical specifications associated with surveillance requirements.

Review of advanced control algorithms for application to advanced reactors: Information
is needed on current control algorithms likely to be used in advanced reactors and the potential
issues associated with these algorithms when used in a reactor setting. This information would
be used to support development of review guidance for evaluating the performance of these
control systems in response to plant transients.

Analysis of the requirements and potential issues involved with advanced light-water
cooled reactor instruments: Performance information will need to be developed for new
neutron detectors expected to be used to support ultra-long life cores. Review guidance may
need to be modified to support safety evaluations of these instruments. Design verification and
validation for this equipment will present major challenges. This performance information would
support the development of guidance for review and qualification of these new instruments.

Iv.2.1.2.4 Application of Research Results

The lessons learned from the General Electric ABWR and the French N4 designs would provide
insights and guidance to help identify those 1&C systems and technologies that have been used
in advanced reactors in other countries, as well as any operational issues related to those
systems. The remaining work would provide independent tools and methods to assist in
assessing new technology that will be an integral part of U.S. advanced reactors. These
programs would provide information for revisions to Chapter 7 of the SRP and the supporting
Regulatory Guides.

Iv.21.3 Human Factors Considerations
Iv.2.1.3.1 Background
Nuclear power plant personnel play a vital role in the productive, efficient, and safe generation

of electric power, whether for conventional LWRs or for advanced reactors. Operators monitor
and control plant systems and components to ensure their proper functioning. Test and
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maintenance personnel help ensure that plant equipment is functioning properly and restore
components when malfunctions occur.

It is widely recognized that human actions that depart from, or fail to achieve what should be
done, can be important contributors to the risk associated with the operation of nuclear power
plants. Studies of operating experience demonstrate that human performance contributes to a
large percentage of events and has a significant impact on the risk from nuclear power
generation. Studies of PRA results found that (1) human error is a significant contributor to
CDF; (2) by improving human performance, licensees can substantially reduce their overall
CDF; (3) a significant human contribution to risk is in failure to respond appropriately to
accidents; and (4) human performance is important to the mitigation of and recovery from
failures.

IvV.2.1.3.2 Purpose

Advanced reactors are expected to present a concept of operations and maintenance to the
staff that is different from what is currently the case at conventional reactors. Operators will be
expected to concurrently control multiple modules, which may be in different operating states,
from a common control room. Operators will need to monitor online refueling in one module,
during normal operating states in other modules, while responding to a possible transient in yet
another module. The control rooms will be fully digitized using glass cockpit concepts.
Procedures will be computerized and control actions may be taken directly from the procedure
display or automated, with the operator only in the position to bypass the automation. Different
training and qualifications may be required of the plant staff to maintain digital systems and to
focus decision making on monitoring and bypassing automated systems rather than the active
control that LWR operators now take. Higher levels of knowledge and training may be needed
to respond to situations when automatic systems fail. Any of these changes can pose new and
challenging situations for operators and maintainers. The RES can provide the regulatory staff
with tools, developed from the best available technical bases, to support licensing and
monitoring tasks. This will ensure that regulatory staff will be able to review applicants' tools,
knowledge, information, capability, work processes, and working environment (physical and
organizational) to safely and efficiently perform their tasks.

In accordance with 10 CFR 52, NRC staff reviews the human factors engineering (HFE)
programs of applicants for construction permits, operating licenses, standard design
certifications, and combined licenses. Under 10 CFR 50, the staff also reviews license
amendments. These reviews help to ensure safety by verifying that acceptable HFE practices
and guidelines are incorporated into the applicant’s HFE program. The review methodology in
NUREG-0711, “Human Factors Engineering Program Review Model,” and SRP Chapters 13
and 18 is the basis for performing reviews. The reviews address 12 elements of an HFE
program: HFE Program Management; Operating Experience Review; Functional Requirements
Analysis and Allocation; Task Analysis; Staffing; Human Reliability Analysis; Human-System
Interface Design; Procedure Development; Training Program Development; Human Factors
Verification and Validation; Design Implementation, and Human Performance Monitoring.

Current regulations and guidance (e.g.,: 10 CFR 26, 10 CFR 50, 10 CFR 52, and 10 CFR 55,
Regulatory Guides 1.8, 1.134, and 1.149, NUREG-0700, NUREG-0899, and NUREG-1220)

26



that address human performance issues were developed for review of LWRs and ALWRs.
Though many of these may be applicable to new concept advanced reactors with little or no
adaptation, new regulations and guidance may need to be created as newer reactor and control
technology is developed and introduced, to address the new concept of operations. A sound
technical basis should be developed as part of the guidance development process. The HFE
aspects of advanced reactors should be developed, designed, and evaluated on the basis of a
structured systems analysis using accepted HFE principles at the same time as other systems
are being designed. The role of the human in the system needs to be considered from the
initial concept development stage so that the role is appropriate to the function eventually
assigned, as specified in the Institute of Electrical and Electronics Engineers' (IEEE) Standard
1023.

To ensure that human factors activities are risk-informed, a close synergism with the human
reliability analysis (HRA) aspects of this infrastructure assessment is necessary. To perform
in-depth PRA/HRA analyses for advanced reactors, new sources of data and information will be
needed. Human factors research can help to develop the database necessary to adapt the
HRA techniques to advanced reactors. HRA in turn can help prioritize the human factors
efforts.

Currently no facility exists in the U.S. for performing human factors research for advanced
reactors. Such a facility could be used to independently confirm applicant proposals in the
areas of human factors and digital I&C. It could also be used to develop data for HRA. There
is a plan to build a PBMR simulator in South Africa with a completion date in late 2003. The
French have reactor simulators that they operate or are developing for the N4 reactor and other
concepts they are considering. Japan and Korea also have research simulators. The OECD
Halden Reactor Project operates three reconfigurable research simulators (pressurized-water
reactor (PWR), boiling-water reactor (BWR), and water-cooled water-moderated power reactor)
at their facility in Norway. These simulators can all be controlled through a common advanced
design control room. The OECD cannot simulate any of the advanced plants (e.g., PBMR), but
they do have the capability to develop a simulator when sufficient system and thermodynamic
information is available. Virtual reality techniques that can simulate virtual control stations can
conceivably be used to perform this type of confirmatory research.

Iv.2.1.3.3 Objectives and Associated Activities

Since much is still unknown about the human factors aspects of advanced reactors, only the
initial task below and the task on staffing will be considered. Other tasks will help direct future
work.

Develop insights report on the impact of human performance on advanced reactors:
Currently, little is known about the planned role of humans in the operation and maintenance of
advanced reactors because the concept of operations has not yet been fully developed by
vendors or potential licensees. What little is known would lead one to believe that the role
humans play in advanced reactors may differ from their role in LWRs. Therefore, to develop a
detailed human factors infrastructure assessment, the following must first be determined from
the best available information: what human performance issues need to be addressed; what
research facilities might be needed; what regulatory guidance may be needed, and what
confirmatory research should be performed. As issues are identified, they can be integrated
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into the overall plan. The elements of the plan that follow are those that are common to human
factors programs found throughout the government and the human factors profession. This
initial effort will be accomplished by:

Examining concept of operations and the role of automation. Prototype advanced
reactors have been operated in the past. A review of operating experience at these
prototypes would be the starting point for this effort. There are many advanced
automated systems in transportation, aerospace, and petrochemical industries that may
have operational similarities to advanced reactors. Research and experience related to
such systems would be a source of information, since advanced reactor control rooms
are anticipated to be highly automated. The nature and level of automation are
important aspects for the operator because of its impact on situation awareness and
workload.

Operators will be facing a new concept of operations. Many questions need to be
answered to have a good understanding of the role of the human in advanced reactors.
Will the design be based on the concept of human-centered automation? Will designers
deal with the automation and potential failure of automation? How will operators be
expected to control multiple modules? What will the operators’ role be in maintenance
and online refueling? What other roles might the operator have? What role will the
operator have in configuration management? What limits will be placed on plant staff
activities during periods of work underload? What information will the operators need,
and how should it be presented? Should procedures be automated or should
intervention be required? What will be the consequences of bypassing or overriding
automated systems? Who will make operational decisions during emergencies, and
what must their qualifications be? What is the role of plant staff other than operators?

This review would result in the identification of human performance issues for the
various reactor types that require the development of new review tools as well as
guidance to assist the regulatory staff in reviewing applicant submittals and developing a
knowledge base for performing these reviews. The tools and guidance that are
developed must have a sound technical basis derived from original research or
information that can be adapted to NRC guidance without need for further research.

Reviewing existing requirements. Once the concept of operations is better understood,
a systematic review of the existing licensing criteria to determine their applicability to
advanced reactors would need to be performed. Rules, regulatory guides, NUREGs,
the SRP, and consensus standards from IEEE and the American Nuclear
Society/American National Standards Institute (ANS/ANSI) and proposed guidance from
industry organizations (e.g., NEl, EPRI) would all be reviewed. Topics such as staffing,
procedures, training, human-system interface, and fitness-for-duty would be included.
As part of this effort, it would be necessary to understand the proposed concept of
operations, control station concepts, control room environment, expected working
conditions, activities in the balance of the plant, etc.

Review existing human performance research facilities: It is important to understand the
operator’s role in the operation of advanced reactors, particularly because it is likely to be
significantly different from that for conventional reactors. Since each of the existing
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conventional reactors is unique, each plant has a plant-specific simulator. However, it is
anticipated that advanced reactors will be more standardized and thus generic simulators will
be more practical. Such simulators would be the means for conducting procedure and design
verification and validation called for by Chapter 18 of NUREG-0800 and, possibly, for
conducting operator licensing examinations required by 10 CFR 55. To meet these
requirements, it would be to the advantage of the industry to develop such simulators. These
generic simulators (especially if reconfigurable) could also be used as a test bed for human
factors, digital I&C, and HRA studies. Since there are currently no existing human performance
research simulation facilities in the U.S. nuclear power sector, and the facilities that do exist in
Europe are not for advanced reactors, the NRC may want to consider sharing in the
development of such a simulation facility. Such a facility could be used to perform confirmatory
studies of applicant submittals relative to issues such as staffing, control station design,
procedures, other human factors, HRA, and digital I&C issues.

A study to determine the availability of facilities that could be used to perform confirmatory
human performance studies will need to be performed. This would include review of the
facilities in Europe and Asia to determine their applicability or adaptability to advanced reactor
issues, as well as facilities that are currently used for other applications that are based on
advanced systems (e.qg., transportation, aerospace, chemical processes, maritime).
Alternatively, the feasibility of establishing such a research facility, perhaps in cooperation with
the industry, will be explored. The use of the facility to support 1&C research or to collect data
for HRA quantification will also be considered. Depending on the outcome of the study of
existing facilities, additional resources may be needed to acquire simulator time or to develop a
facility.

Analyzing functions and tasks: Since the HFE Program Review Model described earlier in
Section IV.2.1.3.2 is dependent on function and task analysis, tools and techniques to perform
and review such analyses during the design stage are important to the rest of the elements of
the model. Such analytical approaches for evaluating HFE requirements for complex systems
have been evolving over the past few decades. Human behavioral modeling techniques, such
as task network modeling and discrete event simulation, have been developed and tested by
the U.S. Army and Navy for a decade, and some of these techniques have been accredited by
the U.S. Department of Defense for use in HFE analyses during system design and
engineering. These human behavioral modeling techniques and tools can be developed or
adapted for use by the staff. The use of such analytical models could enhance the efficiency
and effectiveness of licensing reviews and provide assurance of safe operations. The models
would be used in a manner similar to thermal-fluid dynamics, fuel, and accident analysis codes
and models. Data from human performance studies would be used to validate, populate, and
maintain the code as well as to assess applicant submittals.

Staffing: Industry has already indicated that they plan to ask for a waiver from

10 CFR 50.54(m), the staffing rule for LWRSs, to allow for fewer licensed operators at the
PBMR. Central to the safety of any manned system is the balance between the demands of the
work and the available time for the staff. Not only does the humans’ workload capacity have to
be sufficient to fulfill their requirements during periods of normal operation, but also human
capacity must be sufficient to handle the periods of high task demands associated with
other-than-normal operations. In fact, it is during periods of off-normal activity that sufficient
human capacity to understand the situation, make the appropriate diagnosis, and select the
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correct action is most critical. It is expected that operators will have longer to respond to
unusual situations at advanced reactors than at LWRs; however, it will still be necessary to
determine the number and qualifications of individuals needed to safely operate and maintain
these new reactors. An analytical or modeling approach as described above could be used to
develop and review staffing needs using a performance-based approach, rather than
developing prescriptive requirements. Such an approach would be consistent with the finding in
NUREG/IA-0137, “A Study of Control Room Staffing Levels for Advanced Reactors,” which
states that “...decisions about control room staffing should be based on design features
including function allocation, automation, integration, and plant-specific characteristics.” This
could result in a change to 10 CFR 50.54.

Training and qualifications: Training for LWRs is controlled under 10 CFR 50.120 and
accredited by the National Academy of Nuclear Training, consistent with the Systems Approach
to Training. NUREG-1220 and inspection modules are used by the staff in the event a
for-cause training review is needed. The current training review methods should be evaluated
and updated as necessary to account for possible changes (e.g., use of cognitive task
analyses, in addition to traditional task analyses, for development of learning objectives).
Innovative training concepts, such as embedded training and the use of virtual reality, may also
be proposed. If so, the NRC would need tools to evaluate such possible enhancements to
training. Qualifications are generally based not only on training but also on education and
experience. Certain questions need to be considered: From where will the operators and other
staff familiar with advanced systems and digital interfaces come? Will past power plant or Navy
experience be effective? How will operator licensing need to be changed? What will be the
requirements for simulation? Can training and simulation be embedded into the operational
setting? The review of training and qualifications issues could result in the need to revise

10 CFR 55, 10 CFR 50.120, Regulatory Guide 1.8, Regulatory Guide 1.149, and NUREG-1220.

Procedures: Currently, the NRC has human factors review guidance available for paper-based
emergency operating procedures only, and the operating plants use only paper-based
procedures. Limited guidance for the review of computerized procedures has been developed.
The guidance needs to be assessed in the context of advanced reactor systems, because
advanced reactors will have computer-based or glass cockpit control rooms, and their
procedures are likely to be computerized. Guidance for the review of these systems should be
developed to modify NUREG-0899 and SRP Chapter 13.

Human-system interface: The recent revision to NUREG-0700 is expected to be applicable to
much of the human-system interface; however, guidance may need to be developed for certain
issues not covered in NUREG-0700. These issues were not included in NUREG-0700, Rev. 2
because no validated criteria were available, and the technical basis on which to develop the
criteria was not sufficient. Of special importance is guidance for high-level displays that is
based on processed information with different types of processing (e.g., functional
decomposition and new display types, such as flat panels and large screens). This work could
result in changes to or new review guidance.

IvV.2.1.3.4 Application of Research Results

The result of the first effort listed will be an Insights Report to identify human performance
issues that may be related to the operation and maintenance of advanced reactors. The report
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will be used to identify human performance issues that require further research or information
that can be adapted to NRC guidance without the need for further research. The need for any
changes to regulations, regulatory guidance, or review guidance will be identified.

The effort on function and task analysis will focus on the development of guidance or an
analytic tool or model to assess the quality of the function and task analysis performed by
applicants. Such guidance is needed since function and task analysis is basic to staffing,
training, human-system interface, procedures, and work practices. The use of an analytic tool
or computer-based model would enhance regulatory efficiency.

The efforts on staffing, training and qualifications, procedures, and human-systems interface
will result in possible changes to the regulations, regulatory guidance, or review guidance and
methods for each issue as identified above. A detailed technical basis would be developed
before developing the regulatory tool.

The results of any field or simulator research could also be used to support HRA quantification,
through the identification and quantification of performance shaping factors or error forcing
contexts.

IvV.2.2 Reactor Systems Analysis

As stated previously, the primary goal of the advanced reactor research program is to establish
an appropriate database and develop the analysis tools to help the staff make sound decisions
on key technical and regulatory issues concerning the safety of advanced reactors. To address
these infrastructure needs for staff capabilities in reactor and plant analysis, RES will develop
data, tools, and methods to allow the staff to independently assess advanced reactor safety
margins, and to evaluate reactor safety analyses submitted by applicants in support of future
advanced reactor license applications. This research effort is also designed to provide
analytical support for the development of a regulatory framework for advanced reactor licensing
and establish the technical basis for related policy decisions.

This section will address infrastructure needs in the area of reactor systems analysis, which
includes T/H analysis, nuclear analysis, and severe accident and source term analysis. For the
T/H analysis of HTGRs, the discussion will describe a planned approach for providing the data
and modeling tools needed for predicting HTGR-specific heat transfer and fluid flow
phenomena, including "multi-phase (helium with air and/or water ingress)" fluid flow with
convective, conductive, and radiative heat transfer in irregular and complex geometries. For
analyzing reactor designs cooled and moderated by water, the need to investigate two-phase
flows under new ranges of conditions will be reviewed. Research in the area of nuclear
analysis will start with the development of modern, general-purpose nuclear data libraries that
will support all nuclear analysis activities throughout reactor safety, materials safety, waste
safety, and safeguards and security. Nuclear analysis research for reactor systems analysis
will include the development and testing of: (1) reactor physics codes and methods for modeling
reactor control and feedback and for predicting the in-reactor heat sources from fission chain
reactions and fission-product decay and (2) neutron transport and shielding models as needed
to analyze reactor material activation and damage fluence. In the area of severe accident and
source term analysis, the discussion will address the data and analysis tools needed for:
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(1) evaluating the progression of credible severe accident scenarios involving core damage
phenomena, such as fuel melting or high-temperature chemical attack and (2) modeling any
resulting releases and transport of radioactive fission products (FPs) within and outside the
reactor system boundaries.

In advanced HTGR designs, the integrity of the coated particle fuel in its function as primary FP
barrier depends strongly on the maximum fuel temperatures reached during irradiation and in
accidents. These fuel temperatures are predicted by reactor system calculations using a
combination of codes and models for core neutronics, decay heat power, and system T/Hs.
So-called melt-wire experiments performed in Germany’s Arbeitsgemeinschaft Versuchsreaktor
reactor (AVR) showed the unexpected presence of in-core hot spots, where maximum local
operating temperatures were much higher than predicted with codes like those now being used
by the PBMR developers. Moreover, the AVR’s true maximum local operating temperatures
remain unknown due to measurement inadequacies in those experiments. For all advanced
HTGR designs, significant uncertainties also exist in predicting the maximum fuel temperatures
and vessel temperatures during heatup accidents. Such uncertainties relate to basic data like
irradiation- and temperature-dependent thermal conductivities, as well as the integral effects of
variable local power densities with conductive, radiative, and convective heat transfer through
the core and surrounding structures. Appropriate data measurements and system analysis
tools will therefore be needed to support the staff's understanding and assessment of factors
that govern fuel temperatures and uncertainties in relation to fuel integrity and HTGR safety
margins.

Related research activities with analysis codes and data will also be needed for assessing the
safety-related technical and policy issues associated with severe accidents and FP release
phenomena that differ dramatically from those in current and advanced LWRs. To meet
research needs on all aspects of advanced reactor system analysis (i.e., nuclear analysis, T/Hs,
severe accidents, and mechanistic release of FPs), the staff will seek to minimize costs and
maximize benefits to the agency through active engagement in the planning and performance
of domestic and international cooperative research efforts.

The research outlined in this section will produce specific information that will be incorporated
into a suite of reactor system analysis tools (i.e., computer codes and methods), thereby giving
NRC staff the necessary independent capabilities to reliably predict system responses. The
development of a suite of reactor system analysis tools and the data to support and validate
them will permit the NRC staff to (1) conduct confirmatory analyses in the review of applicants’
reactor safety analyses, (2) support development of the regulatory framework by assisting, for
example, in the identification of safety-significant design-basis and licensing-basis events, and
(3) conduct exploratory analyses to better understand the technical issues, uncertainties, and
safety margins associated with these new designs. The reactor systems analysis research
discussed in this section will also provide needed information to many other parts of the
research program. This will include providing fluences and temperatures, pressures, and
mechanical loads for use in work described in the sections on Materials Analysis and Fuel
Analysis as well as information on damage sequences for PRAs.
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Iv.2.2.1 Thermal-Hydraulic Analysis
Iv.2.2.1.1 Background

Power reactors are licensed by showing compliance with specified safety limits. Some limits
are easily identified and predicted while others require complicated modeling for proper
evaluation. When modeling is needed, applicants typically apply complicated mathematical
representations of the system. Many of these “models” are typically combined into a computer
code that represents the significant phenomena in the system under consideration. Due to their
complexity, these “codes” need detailed assessment to demonstrate that they are appropriate
for the proposed application. T/H analysis is also used in the context of PRA to determine the
best estimate of system states, thereby supporting analyses of the mechanisms and
probabilities for system failures.

IvV.2.2.1.2 Purpose

T/H analyses are typically used to (1) assess what safety limits are needed and whether limits
and margins such as fuel design limits are met, (2) predict transient effects on system
components and materials, and (3) develop information for PRA. Understanding the effects of
these features on local and system-wide T/Hs is necessary in order to confirm and quantify the
expected safety margins of the proposed plants and to audit the applicant's calculations.

High-Temperature Gas-Cooled Reactors: NRC staff has completed a preliminary survey of
the analysis capabilities needed to model HTGR fluid flow and heat transfer in support of the
staff's independent review of an HTGR safety analysis. Given the nature of HTGR transients,
the preliminary findings indicate that a code will need to reliably and efficiently predict transients
that evolve over time scales of days, not hours as is typical in LWR analyses. Some
design-basis transients are driven by radiative and conductive heat transfer through porous and
solid structures, not convection. Although this parameter currently exists in all codes, it will
have to be extended to three dimensions, and a spherical fuel element model will have to be
added for analyzing transients in pebble bed reactors. The NRC analysis tools should be able
to model all the turbo-machinery and passive decay heat removal systems, and accurately
model gases (helium and air) in natural circulation. These systems are important for long-term
heat removal and recovery as well as for determining initial steady-state operating parameters
and conditions. Turbo-machinery will likely be simulated using existing pump models, but this
capability will have to be assessed and modified as needed. For pebble bed designs, the staff
needs the capability to model flow and heat transfer in a packed bed configuration. The code
will need to model two different working fluids at once to model component cooling water
systems. Finally, the capability to model graphite as a solid structure will have to be added.

Two types of codes will be used to fulfill this need for HTGRs. These are the traditional reactor
systems analysis codes, such as MELCOR, and the general purpose computational fluid
dynamics codes, such as FLUENT. The reactor system analysis code for HTGR applications
will be built upon the existing MELCOR code. Also, as discussed in this infrastructure
assessment (see Section 1V.2.2.3 on Severe Accident and Source Term Analysis), the
MELCOR code will be used in conjunction with FLUENT for analyzing events that cause core
damage (e.g., air ingress with significant graphite oxidation).
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Where appropriate, the development of new capabilities in MELCOR will use or build upon
corresponding features in the two earlier HTGR accident analysis codes, Graphite Reactor
Severe Accident Code (GRSAC) and THATCH. The forerunners of GRSAC, called ORECA
and MORECA, were developed in the 1975 to 1993 time frame at ORNL, largely under NRC
sponsorship, to support the staff’s licensing safety evaluation for Fort Saint Vrain and the
pre-application review for the DOE MHTGR. After 1994, MORECA became GRSAC and,
through non-NRC funding sources (mainly the Defense Nuclear Agency), was further
developed to model past accidents and postulated events in various non-HTGRs, such as
Windscale, Magnox, and advanced gas-cooled reactors (AGRs). The ORNL is now adding
pebble-bed and Brayton cycle code models to GRSAC for their near-term use in support of an
NRC interagency agreement with DOE on assessment of generic HTGR safety analysis code
requirements. The THATCH code was developed at Brookhaven National Laboratory, also
through NRC sponsorship in the 1975 to 1993 time frame, and was likewise used to support the
staff’s review activities for Fort Saint Vrain and the MHTGR. Unlike GRSAC, the THATCH code
was not maintained after the NRC’s MHTGR review activities were terminated in 1994, although
THATCH code documentation is still available.

Over the longer term, adapting the necessary HTGR code features from GRSAC for use in
MELCOR will be the best use of agency resources. The MELCOR code already possesses
many of the features discussed above, the staff owns and controls the MELCOR source code,
and, given the code’s modular structure, new capabilities can be added with relative ease. For
example, MELCOR already can model helium as a working fluid and the necessary material
properties for helium are already in the code. These models will simply have to be assessed for
accuracy. Where specific capabilities are not currently in MELCOR (for example, modeling
helium turbines), adding this capability can be readily achieved by changing one or more of the
MELCOR functional modules. SNAP (the graphical uses interface for TRAC-M) will also need
to be updated to allow analysts to model HTGR designs.

FLUENT will be used because it provides the ability to more reliably predict parts of the fluid
system when it is necessary to assess the capability of the reactor system code against some
assumed known reference standard or when it is necessary to assess a particular phenomenon
in more detail.

Data will be needed to evaluate the accuracy of codes and assess margins of safety. Test data
can be obtained from facilities ranging in size and complexity from small-scaled component
tests to scaled representations of the entire system. Past and ongoing HTGR research has
been conducted at such reactor facilities as the AVR, Thorium Hochtemperaturreaktor (THTR)
in Germany, the High-Temperature Engineering Test Reactor (HTTR) in Japan, and the
10-MWe High-Temperature Reactor (HTR-10) in China. These and other experimental
programs, such as the air-ingress tests done in the NACOK facility at FZ-Julich and in a similar
facility at Japan Atomic Energy Research Institute (JAERI), as well as the pebble-bed fluid-flow
and heat-transfer tests performed in the SANA facility at FZ-Jilich, provide significant sources
of measured T/Hs data. However, additional data is needed to investigate issues including the
pebble-bed hot spots inferred from the melt-wire test results at AVR, the incomplete mixing of
reactor outlet helium and thermal stratification, natural circulation under loss of forced
circulation accidents, air and moisture ingress accidents with oxidation, and reactor cavity
cooling. The NRC staff will initiate cooperative efforts with the international community to
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identify data needs and to develop experimental facilities to provide data where little or no data
exist. The staff will also evaluate data available from previous US efforts related to HTGRs and
assess their applicability to current designs.

Several issues will need to be considered for research:

. Confirm and modify as needed the capability to model flow and heat transfer in packed
beds. The solver in MELCOR is based on a porous medium assumption which should
be directly applicable to packed bed analyses if given appropriate inputs. Appropriate
constitutive relationships will have to be added. Three-dimensional conduction and a
spherical conduction model will have to be added. An improved radiation model is also
needed. These capabilities will have to be assessed.

. Confirm and modify as needed the capability to model HTGR turbo-machinery. Ata
minimum, the turbine model will need to be changed to remove some restrictions related
to LWR applications. Appropriate data will also be needed for input preparation.

. Confirm and modify, as needed, the capability to model natural circulation of gases.

. Add the capability to simultaneously model two different working fluids to support
helium, water, and air in the reactor as a result of air and moisture ingression accidents.
Along with this, add the ability to track multiple noncondensable gas sources.

. Assess code speed and improve as necessary to allow for efficient simulation of
transients on the order of days. This may require extensive modification of the code to
support the much longer analysis times, however, before this is undertaken, other
means will be evaluated for partitioning the analysis into time periods in which similar
phenomena will be taking place in an effort to maximize the computational efficiency.

. Add graphite as a structural material including graphite oxidation.
. Update the graphical user interface (GUI) to work with HTGR designs.
. Use a phenomena identification and ranking table (PIRT) process, the information

developed as part of previous HTGR programs, and the IAEA review of data to develop
data needs for code development and assessment.

. Perform an assessment of the code using the PIRT and the available data. This effort
might identify a need to modify the code in areas not mentioned above.

. Based on the conclusions of the above, initiate efforts to develop necessary data. Every
effort will be made to develop data collaboratively with the international community.

Advanced light-water reactors: The T/Hs of ALWRs is relatively well understood because of
the experimental and analytical efforts made to investigate the performance of conventional
LWR systems. Advanced reactors, however, still pose significant challenges to engineering
analyses due to several unique design features. Understanding the effects of these features on
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local and system-wide T/Hs is necessary in order to confirm and quantify the margins to failure
for proposed ALWRs. This section discusses those features and the T/H issues for advanced
light-water reactors.

Three advanced LWR systems (the AP-1000, ESBWR, and IRIS) and a heavy water
moderated reactor system (ACR-700) are discussed. All designs rely on passive safety
systems to ensure adequate core cooling and prevent core uncovery. Preliminary assessments
show that for each of these designs, the passive systems adequately remove decay heat for a
wide spectrum of pipe ruptures. Confirmation of the safety margin to core damage depends on
assessing the performance of these passive systems and quantifying uncertainties associated
with the T/H processes used.

With respect to the IRIS design, the IRIS reactor "safety by design" approach attempts to first
eliminate the possibility of accident sequences from occurring, and second, to reduce the
severity of consequences and/or the probability of occurrence. The integral reactor vessel
configuration is a beneficial layout for implementing this approach. Because the integral reactor
vessel contains the steam generators, reactor coolant pumps, and the pressurizer, there is no
external large loop piping, thereby eliminating the possibility of a large LOCA. In addition, the
IRIS integral reactor vessel configuration results in a tall vessel with elevated steam generators
and a low pressure drop flow path, which provides increased natural circulation capability and
intrinsic mitigation of loss-of-flow accidents. The integral reactor vessel also provides a large
inventory of water above the reactor core, which slows the reactor response to transients and
postulated small LOCAs. However, a main steamline break or ATWS scenario may need to be
considered in more detail.

The AP-1000 relies on passive safety systems for decay heat removal. Pipe breaks throughout
the primary system will need to be considered as part of the design basis, as they are in
conventional PWRs. The most critical accident scenarios in AP-1000 have been defined
through past work on AP-600 Design Certification. The test programs conducted in support of
the AP-600 remain valid for many of the T/H processes that are important to the AP-1000.
There are some T/H phenomena that are not well represented by previous tests for conditions
expected during a hypothetical accident in an AP-1000. The major T/H issues for AP-1000 are
primarily those T/H processes that are strongly dependent on the higher core steam production
rate expected during an accident.

The major T/H issues for the AP-1000 include:

. Entrainment from horizontal stratified flow. Higher core steam production increases
steam velocities in the hot leg and automatic depressurization system (ADS) during later
phases of a small break LOCA. Sufficiently high steam velocities can entrain water from
the hot leg and carry droplets into the automatic depressurization system (ADS). This
increases the pressure drop between the core and containment, and delays injection
from the in-containment refueling water storage tank (IRWST). New experimental data
and models to predict this process are being generated. Currently, the staff is
sponsoring a separate effects test program at Oregon State University to investigate
phase separation at pipeline tees that will help satisfy this need. Integral tests in the
Oregon State University Advanced Plant Experiment (APEX) facility that have been
planned by DOE will also provide data useful in evaluating this process.
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Upper plenum pool entrainment and de-entrainment. High core steam production may
entrain a significant amount of water from the pool in the upper plenum during a small
break LOCA. This may result in core uncovery for accident scenarios in which the
two-phase level drops below the bottom of the hot legs. Experimental data for
prototypical upper plenum geometry is needed, as well as analytical models to account
for entrainment and de-entrainment in the upper plenum. The DOE-planned integral
tests in the Oregon State University APEX facility by DOE will provide useful data on
total vessel carry over. Separate effects tests may also be needed in developing a
database suitable for correlation and model development.

Low pressure critical flow. Transition from high pressure phases of a small break
accident to the IRWST injection period occurs while steam is vented through the ADS
fourth stage. Because of the rapid depressurization, the flow remains critical with an
upstream pressure that is much lower than pressures maintained in previous
experiments used to examine critical flow. A lack of applicable data and uncertainty in
existing predictive tools is partly responsible for requirements in the AP-600 Safety
Evaluation Report for fourth stage ADS testing prior to operation. Currently, NRC is
sponsoring experimental work at Purdue University using the Purdue University
Multi-Dimensional Integral Test Assembly (PUMA) facility to obtain this confirmatory
data.

Direct vessel injection. Flows from the core makeup tank and IRWST are injected
directly into the downcomer in the AP-1000. This design feature is intended to reduce
emergency core coolant (ECC) bypass during a large break LOCA. Validation of
models to predict bypass flows is made difficult because of the lack of experimental data
for this injection geometry. Satisfactory resolution of ECC bypass for direct vessel
injection may require new experimental data and additional code validation. This need
is being addressed internationally in support of the Korean advanced (conventional)
reactor, which makes use of direct vessel injection.

The IRIS is a modular LWR with a power of up to 335 MWe. It makes use of passive
safety systems to ensure adequate core cooling, but because of the system design, the
possibility for many of the conventional design-basis accidents is eliminated. The steam
generator, pressurizer, and coolant pumps are all internal to the reactor pressure vessel
(RPV), which is contained within a relatively small containment shell. A LOCA from the
RPV is expected to cause a rapid increase in containment pressure, which will
subsequently reduce the rate of vessel inventory loss.

Because of the unique vessel design and intimate coupling between the vessel and a
small containment, risk-significant accident scenarios are not well-defined. Few
evaluations have been performed to identify the worst break location and failure
conditions or to explore system response to a wide range of accident conditions.

The major T/H issues for ESBWR include:

Multi-Dimensional Natural Circulation With or Without Boiling. During steady-state,
normal full-power operation, subcooled water in the reactor vessel downcomer drives
the coolant upward in the core, where boiling takes place. The two-phase mixture
continues the upward flow into the chimney region and then enters the stand pipes and
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steam separators, where steam and water are separated. Steam continues the upward

flow into the dryer and exits the vessel via the main steam lines. The water separated in
the steam separators drains downward into the downcomer annulus and mixes with the

feedwater flow. The mixed flow then enters the lower plenum and the core to repeat the
process.

During the blowdown phase of a loss-of-coolant accident (LOCA) or a transient that
leads to the activation of the automatic depressurization system, the natural circulation
flow is interrupted. After the vessel blowdown, the Gravity-Driven Cooling System
(GDCS) water is intended to drain into the vessel downcomer and mix with the
remaining water there before entering the lower plenum and the core. The vessel
pressure will be reduced because of void collapse and less boiling in the core. In
addition, water (if any) from the passive containment cooling system (PCCS) drain tanks
is allowed to drain into the vessel downcomer. Meanwhile, the isolation condenser
system (ICS) condensers also play a role to reduce the vessel pressure by condensing
the steam (depending on the venting of the noncondensable gas) and returning the
condensate to the downcomer. During the draining of the GDCS pools and the PCCS
drain tanks, natural circulation with or without boiling in the core exists in the reactor
vessel. Since the core is at decay power, the core flow rate is expected to be much
smaller than in normal full-power operation. If the two-phase mixture level is below the
inlet of the steam separators, the loop-like circulation described above for normal
operation does not exist. Instead, the flow in the core may be either all upward flow or a
combination of upward flow in certain regions and downward flow in the rest of the core.
The natural circulation flow in the ESBWR during a LOCA (or during normal operation)
is multi-dimensional. One-dimensional modeling would therefore be inadequate. The
natural circulation flow determines the core inlet mass flow rate and subcooling, which
are needed (along with other parameters) to predict the steam generation rate in the
core or the steam flow rate from the vessel to the containment. As a result, the
containment pressure and the vessel pressure are affected by the natural circulation in
the vessel. The draining rate of the GDCS pools or the PCCS drain tanks can also be
affected (through vessel pressure).

Adequate models, assessed against experimental data, are therefore needed to
address the natural circulation flow during normal operation, LOCAs, and startup.
Furthermore, startup stability involving flow and power oscillations may become an issue
of the natural circulation reactors. This issue is discussed further in Section 3.2, Nuclear
Analysis.

Two-Phase Mixture Level. Two-phase mixture level in the reactor vessel is important
because it determines whether the core remains covered during a LOCA or a transient
leading to actuation of the automatic depressurization system (ADS). If the core
remains covered, the peak clad temperature of fuel rods will be close to the liquid
saturation temperature. Adequate models are therefore needed for the two-phase
mixture level in the reactor vessel.

Similar models are also needed to calculate the two-phase mixture level in a PCCS pool.
During a LOCA, the water level in the PCCS pool will decrease because of the boiling in
the pool (on the outer surface of the condenser tubes). This can eventually lead to the
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uncovery of the condenser tubes. As a result, the PCCS heat removal rate can be
reduced, and the drywell pressure will be adversely affected.

Similar models are also needed to calculate the two-phase mixture level in an ICS pool
during either a LOCA or a non-LOCA transient for which the decay heat removal is
carried out by the isolation condensers. If the condenser tubes become uncovered
because of the boiling in the pool, the heat removal rate of the isolation condensers will
decrease and the vessel pressure will be adversely affected.

Steam Condensation with the Presence of Noncondensable Gas. Condensation of
steam with the presence of noncondensable gas (nitrogen or hydrogen) occurs on the
inside walls of the vertical PCCS condenser tubes during a LOCA or a transient with
ADS actuation. It can also occur on the drywell walls. The presence of the
noncondensable gas may significantly reduce the heat removal rate of the PCCS
condensers or the steam condensation rate on the drywell walls. An adequate model
for this phenomena is therefore required in order to determine the drywell pressure.

Condensation of steam with the presence of noncondensable gas can occur in the
suppression pool, when the PCCS condensers vent a mixture of steam and
noncondensable gas into the pool. This process is different from the condensation on a
wall, and it involves the condensation of a submerged plume or jet of the gas mixture in
a pool. If the steam is completely condensed before reaching the pool surface, its
contribution to the wetwell pressure rise is reduced.

Gas Stratification and Mixing in the Drywell. Since the presence of noncondensable gas
may significantly reduce the heat removal rate of the PCCS condensers for which the
inlet is located near the top of the drywell, the code needs to adequately predict the
spatial distribution of the noncondensable gas in the drywell. This phenomenon
depends on gas stratification (from density or temperature difference) and mixing in the
drywell. Adequate models are therefore needed to handle drywell gas stratification and
mixing, which could affect the PCCS heat removal rate and the containment pressure.

Thermal Stratification and Mixing in the Suppression Pool. Thermal stratification in the
suppression pool affects the wetwell pressure because the temperature of the top layer
of the pool determines the steam saturation temperature in the gas space above the
pool surface. The wetwell pressure is the sum of the steam pressure and the
noncondensable gas pressure in the gas space above the pool. Adequate models for
this phenomena are therefore needed to determine the wetwell pressure.

Thermal stratification in the pool water depends on the mixing process that is produced
either during the clearing of the main vents (between the drywell and the wetwell), or
during the venting of the PCCS or ICS condensers. The phenomena is therefore
related to Item 3 above (steam condensation with the presence of noncondensable

gas).

Boron Mixing in the Core. When the control rods fail to be inserted into the core during
an anticipated transient without scram (ATWS), boron solution will be injected into the
core bypass region. The effective shutdown of the reactor depends on how well the
boron solution is mixed with the coolant in the core. An adequate model for this
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phenomenon is needed to address the ATWS. A computational fluid dynamics code
can be used to analyze this process, if necessary.

Dynamic Response and System Interactions. Adequate models are needed to analyze
the dynamic response of the passive safety systems and system interactions. Examples
include the GDCS injection rate to the vessel (depending on water level in the GDCS
pools, the wetwell pressure, the reactor vessel pressure, and flow resistance of the
injection line); the PCCS drain tank injection rate to the vessel; adverse impact of a
leaking vacuum breaker (between the drywell and wetwell) upon PCCS performance;
and the impact of intermittent venting or containment heat loss upon PCCS
performance.

The major T/H issues for ACR-700 include:

Quenching of Horizontal Fuel Bundles. An assessment of the TRAC-M heat transfer
models will be conducted to determine their applicability to the ACR-700. Some
postulated accidents lead to fuel heatup where emergency core cooling water is relied
on to return the fuel temperatures to a subcooled state. Those horizontal fuel pins that
are well above the horizontal water level are surrounded by steam and radiate much of
their heat to the pressure tube wall and onto the calandria tube which is cooled by the
moderator water in the calandria tank. Just above the water level is a two-phase region
caused by the rod quenching process as the water level rises following emergency core
coolant (ECC) injection.

Flow Rates from Headers to Feeders. In the ACR-700 design, the pumps supply water
to horizontal inlet headers. Feeder pipes are welded at various elevations on the lower
half of each header to supply the fuel channels. An outlet feeder pipe from each
channel connects to one of the outlet headers. When the two-phases in a header are
stratified, cooling of a fuel channel is influenced by the elevation of its feeder connection
on the header. When flow is out of the header, feeders connected near the bottom of
the header receive water while those connected higher up on the header may receive
steam. Special models are needed to treat this phenomenon.

Energy Transfer from Pressure Tube to Calandria Tube. During normal reactor
operation, the gas gap between the pressure tube and the calandria tube insulates the
hot primary fluid from the cold, low-pressure water in the moderator (calandria) tank. A
heat exchanger is connected to the calandria vessel to provide moderator cooling.
During some accidents, the moderator can act as an important heat sink if the pressure
tube gets hot enough to sag and press against the calandria tube. The sagging and the
increase in thermal conductance must be modeled in the codes.

Thermal-hydraulic Phenomena in the Calandria Vessel. During steady-state operation,
a detailed model of the calandria tank is probably not necessary because the energy
transfer process is slow enough that the moderator heavy water can stay fairly well
mixed. However, if a pressure tube should rupture, an accurate model is needed to
determine the course of the accident. Complete condensation of the break effluent
steam will occur if the pressure tube is sufficiently submerged. If a tube near the top of
the moderator tank ruptures, thermal stratification could lead to incomplete
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condensation and over-pressurization of the tank. Rupture discs will then break,
allowing the tank to blow down.

Natural Circulation Flow and Heat Transfer. Natural circulation flow rates and heat
transfer around the primary loop and on the secondary side of the steam generator can
be difficult to model. Flow between an inlet header and an outlet header has dozens of
parallel flow paths to take. When the reactor is in a cool-down mode, with the primary
pumps off and ECC on, the flow may be forward in one fuel channel and reversed in an
adjacent fuel channel. This has been observed in the RD-14M experiment and is
determined by gravity head and steam generation or condensation rate differences
between channels.

The major T/H issues for IRIS include:

Two-phase flow and heat transfer in helical tubes. The in-vessel steam generators for
IRIS are of a modular helical coil design. The coils are located in the annular space
between the core barrel and the vessel wall. Each coil has an outer diameter of
approximately 1.6 meters (m). During LOCAs, heat transfer by the steam generators is
an important mode of heat removal. Flow conditions may vary significantly on the
outside of the tubes as the conditions change from forced flow to natural circulation
during an accident. Prototypical experimental data will be needed to determine internal,
external, and overall heat transfer coefficients for accident conditions. This data will be
necessary to develop analytical models for computer codes to predict system response.

Two-phase natural circulation. The IRIS design operates with a high level of natural
circulation, with more than 40 percent of the total core flow caused by natural
convection. During a LOCA, natural circulation through the core and within the vessel
will be responsible for decay heat removal. Experimental data is needed to benchmark
and verify computer codes to predict IRIS behavior during accident conditions.

Containment — reactor coolant system interaction. A major difference between IRIS and
conventional PWRs is the strong coupling between IRIS' small, passively cooled
containment and the primary system. Rapid pressurization and flooding of the
containment are important processes in mitigation of a LOCA. The rapid change in
pressure differential across the break will pose unique problems to code capability. New
experimental data for critical break flow, and evaluation of system response due to
rapidly changing containment backpressure will be needed. Modeling the
vessel-containment interaction will use T/H codes for system response and containment
response. Experimental data is needed to validate the codes used for the T/H
simulation of the IRIS primary system and containment.

Parallel channel flow instabilities. Because the IRIS has an open lattice core, the core is
essentially composed of many parallel channels with boiling taking place in the upper
part of the core. As such, the system may be prone to two-phase flow instabilities. A
confirmatory experimental investigation of conditions that might lead to instabilities in
IRIS is warranted.
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Iv.2.2.1.3 Objectives and Associated Activities

Related NRC research: As mentioned above, work is underway at ORNL to modify the
GRSAC code for its near-term use to support RES scoping and sensitivity studies for postulated
accident sequences in pebble-bed and prismatic modular HTGRs. GRSAC will also be used to
support MELCOR development and assessment efforts. Such development and assessment
support will include: (1) adapting or building upon, where appropriate, selected GRSAC
methods and data for use by MELCOR (i.e., as an alternative to reinventing them for
MELCOR), and (2) comparing detailed GRSAC and MELCOR results on reference HTGR
transients and resolving the causes of any major discrepancies. An effort to modify MELCOR
to add currently identified capabilities is being initiated at Sandia National Laboratory.

Related international research: The |IAEA sponsored an international standard problem
modeling the conduction cooldown of an HTGR. Specifically, this effort was directed at
modeling passive heat removal systems and highlighted the importance of accurate modeling of
heat sources and the difficulties in modeling these passive systems. The results of this study
are documented in IAEA's technical document, TECHDOC-1163.

The information that has been identified in previous research and as a part of the IAEA work will
be used. Additional data will be identified as part of a PIRT process to focus the review of
previous HTGR programs and the IAEA review of data on developing data needs for code
development and assessment. This effort will also include collaborative efforts with the
international community.

The NRC has maintained an active, confirmatory T/Hs research program to better understand
phenomena that are important to advanced passive plants such as the AP-1000. The
experimental program conducted at Oregon State University using the APEX facility has been
central to this effort. APEX is a scaled integral effects facility which has been used to simulate
a wide range of accident scenarios applicable to the AP-1000. The facility is currently being
upgraded to operate at higher power levels.

The NRC has also maintained an active experimental program using the PUMA facility. This
facility is a scaled representation of a simplified boiling-water reactor and has most recently
been used to obtain experimental data for low pressure critical flow.

Separate effects test facilities have been established at Penn State University to investigate rod
bundle heat transfer, and at Oregon State University to investigate entrainment from the hot leg
to branch lines. Both of these facilities are expected to yield experimental data important to
predicting advanced plant behavior.

In addition to the experimental programs, the NRC is actively developing the TRAC-M
thermal-hydraulics code for application to advanced passive plants. This code is applicable to
the AP-1000, and has nearly all of the features necessary to model and simulate IRIS.

Identified NRC research activities: NRC needs an independent capability for HTGR T/Hs
analyses that has been thoroughly assessed and peer reviewed. The first priority for this effort
will be focused on adding the necessary capability for HTGR analysis to MELCOR. The staff
will use a PIRT process to identify further development and experimental data needs. The
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results of the analysis could lead the staff into further code development activities and
experimental data collection. At a minimum, the analysis will identify and rank relevant
phenomena and assessment needs. The staff will assess the code according to the rankings of
the analysis. An uncertainty analysis will be performed to assess the effect of code modeling
relative to an as-yet-undetermined figure of merit. Finally, the staff code will need to be peer
reviewed and validated.

. High-Temperature Gas-Cooled Reactors. The following issues should be considered as
part of the MELCOR development effort:

S Confirm and modify as needed the capability to model flow and heat transfer in
packed beds.

S Modify the porous medium solver and develop appropriate inputs for modeling of
PBMR.
S Develop three-dimensional conduction and spherical conduction models. An

improved radiation model is also needed.

S Confirm and modify, as needed, the capability to model HTGR turbo-machinery.

S Confirm and modify, as needed, the capability to model natural circulation of
gases.

S Add the capability to simultaneously model two different working fluids. Along

with this, the ability to track multiple noncondensable gas sources will need to be
added (helium and air).

S Assess speed of the code and improve as necessary to allow for efficient
simulation of transients on the order of days.

S Add graphite as a structural material.

S Update the GUI to work with HTGR designs. The deliverables will be the
modified code with associated software qualification assurance (SQA)
documentation for HTGR analysis.

PIRT analysis. An analysis using PIRT methodology on T/Hs data and modeling needs
for HTGRs needs to be conducted. The analysis will include issues and sequences
raised in early analysis for the workshop. The deliverables for this task will include an
identification and ranking by safety significance of the NRC data and modeling needs in
the area of T/Hs for HTGRs.

Database development. Needed data, based on the analysis of the HTGR’s designs
and analysis methods, should be developed including the development of test facilities
to collect information required to complete code validations. Appropriate data will also
be collected for input deck preparation. Task deliverables will include reports describing
the facilities and the relevant data.
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Advanced Light-Water Reactors. The NRC research objectives are to perform the
experimentation and code development necessary to validate the success criteria for
conditions or accident scenarios that are risk-significant. For the AP-1000, an integral
effects test facility exists, and separate effects tests are being conducted to develop
data for models of critical importance. To fulfill these objectives for the AP-1000, a
series of confirmatory tests run under design-basis and beyond-design-basis accident
conditions should be conducted in the APEX facility. These tests should be run at a
power scaled to the AP-1000, and should be used as part of code development and
validation for TRAC-M.

For ESBWR, data from the basic and separate-effects tests are needed to assess and
improve TRAC-M models for these important phenomena. Full-size component test
data from PANTHERS for the PCCS condensers and ICS condensers currently exists.
The existing database including that from GE' will be reviewed and selected for
TRAC-M model assessment and improvements. There are integral-systems test data
from PANDA and GIRAFFE, which include the late blowdown phase, GDCS water
injection into the vessel, and PCCS and ICS operation for long-term cooling. The code
needs to be assessed against these integral test data to demonstrate its adequacy in
predicting the operation of the passive safety systems (GDCS, PCCS, and ICS) under a
small driving force. Furthermore, natural circulation stability test data exists from
CRIEPI and PUMA. TRAC-M needs to be assessed against these data.

PUMA Integral Experiments. Integral tests at PUMA will complement the existing GE’s
integral test data from PANDA and GIRAFFE. These PUMA tests are listed below.

. PUMA counterpart tests (under test conditions similar to those in PANDA or
GIRAFFE) to provide data from a different scaling facility (quarter-height in
PUMA vs. full-height in PANDA and GIRAFFE).

. PUMA system interaction tests to investigate potential interactions between
passive safety systems or between a passive safety system and an active
non-safety system. The purpose is to determine whether the performance of a
passive safety system is adversely impacted from the operation of either an
active non-safety system or other passive safety systems and components.
These tests will be identified after the PIRTs have been reviewed by the staff.

. PUMA multiple failure tests (e.g., concurrent failure of a vacuum breaker and a
PCCS condenser) to explore the safety margin of the design and the conditions
that may lead to core damage.

To meet experimentation and code development objectives for validating ACR-7