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ABSTRACT
This report to the U.S. Nuclear Regulatory Commission (NRC) presents the observations and
recommendations of the Advisory Committee on Reactor Safeguards (ACRS) concerning the
NRC Safety Research Program being carried out by the Office of Nuclear Regulatory Research.
In its evaluation of the NRC research activities, ACRS considered the programmatic justification
for the research, as well as the technical approaches and progress of the work. The evaluation
identifies research crucial to the NRC mission.
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I. INTRODUCTION
In this report, the Advisory Committee on
Reactor Safeguards (ACRS) presents the
results of its review and evaluation of the
U.S. Nuclear
Regulatory
Commission
(NRC) Safety Research Program. The NRC
maintains a Safety Research Program to:

•

Fire safety

•

Reactor fuel

•

Human reliability and human factors

•

Materials and metallurgy

•

Neutronics and criticality safety

•

Operational experience

Prepare for anticipated changes in the
nuclear industry that could have safety
implications.

•

Probabilistic risk assessment

•

Radiation protection

•

Develop improved methods to carry out
its regulatory responsibilities.

•

Nuclear materials and waste

•

Maintain an infrastructure of expertise,
facilities, analytical capabilities, and data
to support regulatory decisions.

•

Seismic and structural engineering

•

Severe accidents and source term

•

Thermal hydraulics

•

•

Ensure its regulations and regulatory
processes have sound technical bases
and these bases are refined as new
knowledge develops.

The current research program, organized by
the Office of Nuclear Regulatory Research
(RES), is closely coupled to specific,
near-term issues to support regulatory
activities and initiatives in the Offices of
Nuclear Reactor Regulation (NRR), New
Reactors (NRO), Nuclear Material Safety
and Safeguards (NMSS), and Nuclear
Security and Incident Response (NSIR).

Chapter 2 of this report provides a synoptic
account of research activities in each of the
technical disciplines, highlights of key
accomplishments, and recommendations.
Additional details on each of the research
areas are found in Chapters 3 through 15.
In its review of the NRC Safety Research
Program, ACRS has focused on the
technical and regulatory justification for the
ongoing research activities. ACRS supports
research that:

In recent years, RES has been successful in
its effort to tie research activities it
undertakes to near-term issues confronted
by the NRC line organizations (NRO, NRR,
NMSS, and NSIR).
For the purposes of this report, the ongoing
research has been examined in terms of the
following technical disciplines:
•

Digital instrumentation
systems

and

control
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•

Identifies and resolves current safety
and regulatory issues.

•

Provides technical bases for the
resolution of foreseeable safety issues.

•

Develops the capabilities of the agency
to independently review risk-significant

proposals and submittals by licensees
and applicants.
•

Supports agency initiatives, including
the move toward a much greater use of
risk information in the regulatory
process and to evolve NRC safety
regulations to be risk informed and
“technology neutral.”

•

Improves
the
efficiency
and
effectiveness of the regulatory process.

•

Maintains technical expertise within the
agency and associated facilities in
disciplines crucial to the agency mission
and that are not readily available from
other sources.
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2. GENERAL OBSERVATIONS AND RECOMMENDATIONS
expertise and resources on key topics of
common interest. In addition, such
collaborations provide an opportunity to help
train new NRC staff as they participate in
these multi-party research efforts. ACRS
continues to encourage such active
collaborative
research
activities
to
effectively share knowledge and experience
that contribute to intermediate- and longterm research objectives.

Highlights of the ongoing research dealing
with the safety of nuclear power plants are
presented
here.
Recommendations
concerning these activities are also
discussed.
General Observations
The NRC has successfully linked research
activities to near-term issues being
confronted by its line organizations (NRO,
NRR, NMSS, and NSIR). Over 75% of
research activities support specific needs of
these Offices. The Commission directs
about 10% of RES activities through
agency-mandated programs (e.g., Accident
Sequence Precursor (ASP) program) and
the Commission tasking memoranda. A
small portion of the research budget
focuses on long-term research subjects
expected to be critical in the next decade.

Since the last Biennial Research review in
2014, the Commission established a small
team to develop the long-term workload
forecast for the agency, along with the
framework
and
recommendations
to
enhance the NRC's ability to plan and
execute its mission in a more effective and
efficient manner; i.e., Project Aim. In the
winter of 2015, the Executive Director for
Operations and the Chief Financial Officer
transmitted the Project Aim 2020 report
including a set of recommendations, to the
Commission for its consideration. The
Commission approved many of the staff's
recommendations. Such changes will affect
on-going research activities.

The strategy for the identification of
research subjects, through “User Need”
documents, together with the associated
process for the prioritization of research
needs, has worked well. Research activities
are yielding useful products to the line
organizations in a timely manner.

Major Observations on Individual Areas
of Research

NRC has core competencies that ensure it
can respond to future events and to provide
technical input to regulatory decisions. It is
essential that the agency maintains these
core competencies. An important aspect of
the NRC research program is that it helps
maintain core competencies in key technical
areas. Decisions to terminate research
activities should consider the impact on the
maintenance of core competencies.

Major observations, conclusions, and
recommendations
concerning
specific
research activities are summarized below.
Additional details on the research activities
in the various technical disciplines are
provided in Chapters 3 through 14.
Digital Instrumentation and Control Systems
The current fleet of nuclear power plants
has transitioned to digital technology in
upgrades to many non-safety systems but
the transition to digital technology for
reactor
protection
and
engineered
safeguards safety systems has slowed.
Safety systems involve simple actuations

Major research activities often include
collaborations with other federal agencies,
industry, universities, and international
partners. Such collaborations can provide
timely and thoughtful peer input while giving
the agency the ability to leverage its
3

on
the
optimal
approach.
ACRS
recommends that RES initiate a research
program that determines whether alternative
methods are available that provide the
same assurance of adequate protection for
use with software based voting units that is
provided by the use of strictly hardware
based designs. We also recommend that
RES ensure that these results be
incorporated in the Integrated digital I&C
Action Plan for future applications. This will
ensure that the fundamental principle of
independence is maintained for digitalbased systems critical to reactor safety.

and do not involve complex feedback and
control functions. Safety systems were kept
simple to preserve these properties and this
should be maintained for digital systems. In
response to industry feedback, NRR, NRO
and RES have formed a team to develop an
action plan on this topic. RES has initiated
an effort to update the Digital System
Research plan for the FY2015-2019 period.
This team includes staff from RES, NRR,
NRO and NSIR and has collected input from
the program offices.
The staff has made progress in identifying
methods that may yield a coherent set of
digital system failure modes for use in
probabilistic risk assessments (PRAs).
These methods must take advantage of the
significant
capabilities
that
digital
instrumentation and control (I&C) systems
have over conventional analog systems.
Self-diagnostics can be incorporated in
digital systems that test the complete
hardware and software processing chain
from plant parameter sensor output to
control actuation signal output over several
sample cycle times while processing the
data and generating the required output
signals in real time. The cycle times and
completion of diagnostics can be assured
by non-software based monitors that alert
operators of failure to complete testing.
Failure to complete can alert the operator
allowing real time action to be taken. This
approach can simplify the taxonomy to
consideration of "does the system actuate
or not." We recommend that RES initiate a
program to develop this concept.

NRC continues to implement new regulatory
oversight for cyber security. The effects of
losing control of access, either by intent or
by accident, would be severe. Neither NRC
nor any licensee wants to see this issue
driven by an operating event; i.e., an actual
failure to maintain control of access. ACRS
recommends that RES develop a research
plan to determine if approaches other than
the one-way hardware-only based data
transmission device provide the same or
better assurance of no compromise by
external sources or entities.
We also
recommend that RES ensure that these
results be incorporated in the Integrated
Action Plan to Modernize Digital I&C
Regulatory Infrastructure. This is necessary
to ensure that the fundamental principle of
control of access is maintained for digital
systems critical to reactor safety.
Fire Safety
The NRC's fire safety research program
continues to advance at the forefront of
developing understanding of fire events and
risk from fire damage in nuclear power
plants.
Structured collaboration with
industry provides cost-effective solutions
and technical insight that surpass
independent efforts.

The Commission recently issued a Staff
Requirement Memorandum (SRM) on
February 25, 2016. The SRM stated that the
staff should develop an integrated strategy
to modernize the NRC's digital l&C
regulatory infrastructure, and the staff
should present any policy issues that are
ripe for Commission consideration. This
enables the Commission to address these
issues
before
rulemaking
proceeds,
especially where there is not a consensus

ACRS recommends continued NRC support
for research on the High Energy Arc Faults
(HEAF) project, also known as Joint
4

capability to quantitatively assess the more
likely risk of pellet cladding interaction (PCI)
fuel failures during anticipated operational
occurrences (AOOs) for current or future
fuel designs. The newer versions of these
codes represent a significant improvement
over previous versions.
The updated
models will be important to allow modeling
of higher burnup fuels and potential
changes in operation, including load
following.

Analysis of Arc Faults. This work is being
performed as part of a larger international
Organization for Economic Co-operation
and Development (OECD) /Nuclear Energy
Agency (NEA) effort. The group consists of
8 international member organizations.
The primary objective of this project is to
perform experiments to obtain actual fire
data on the HEAF phenomenon known to
occur in nuclear power plants (NPPs)
through carefully designed experiments.
The goal of this work is to provide essential
knowledge and better characterize HEAF in
fire probabilistic risk assessments and
National Fire Protection Association 805
license amendment request applications.
Initial impact of the arc to primary
equipment and the subsequent damage
created by the initiation of an arc (e.g.,
secondary fires) will also be examined.

Current
research
addressing
fuel
fragmentation,
axial
relocation,
and
dispersal is well structured. It has generated
experimental and analytical results to
support regulatory decisions. The large
boiling
water
reactor
(BWR)
and
pressurized
water
reactor
(PWR)
experimental PCI database assembled
under the Studsvik Cladding Integrity
Program (SCIP) should be incorporated into
the NRC fuel performance codes. If it
cannot be shown that these phenomena
constitute an important safety issue, this
work should be terminated.

Electrical enclosure fires present significant
risk to a nuclear power plant. Research and
testing
have
examined
preliminary
estimates of fire growth and peak heat
release rates for these fires. That research
is in progress, and it depends on successful
completion of an expert elicitation process.
The outcome of this elicitation will determine
the need for further research in this area.

Human Factors and Human Reliability
Human performance is an important
element of nuclear power plant risk. The
Human Factors and Human Reliability
research program has evolved into a
carefully coordinated series of projects that
are extending knowledge and providing
improved methods to be used in regulatory
activities. ACRS has identified several areas
of research that could benefit from
increased emphasis in the future. We
emphasize the need to better understand
human
performance
under
extreme
conditions to support human reliability
analysis (HRA) for severe accidents that go
beyond
the
emergency
operating
procedures (EOPs), severe earthquakes
that damage the plant, and severe fire and
smoke conditions.

Reactor Fuel
RES efforts have supported the 10 CFR
50.46c rulemaking process. The overall
effort by RES represents a good example
where a user need was established,
confirmatory research was sponsored, and
the staff and the industry worked together to
provide a solution to an important safety
related issue.
The FRAPCON and FRAPTRAN fuel
performance codes continue to meet most
near-term agency needs. There is ample
capability to assess risks of fuel failure due
to fuel melting, excessive mechanical strain,
and departure from nucleate boiling events.
However, the NRC is still developing

Materials and Metallurgy
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NRC codes (e.g., PARCS) and methods to
accommodate new spent fuel pool, spent
fuel
canister,
and
additional
core
configurations, including those for current
and advanced light water reactors, small
modular reactors, and Mo-99 production
facilities.

Over the past several years, the materials
and metallurgy research has focused on
component integrity assessment and
associated non-destructive examination
(NDE) methods. Collaboration with industry
in the areas of environmental degradation of
structural materials, pressure vessel
embrittlement,
and
steam
generator
degradation
have
yielded
significant
advances in our abilities to determine the
state of a material and to estimate the
degradation progress.
The proactive
degradation management program has
been a hallmark of this effort.

Operational Experience
The operational experience research
programs continue to provide data and tools
necessary for regulatory decision-making.
The
primary
sources
of
operating
experience data are the Institute of Nuclear
Power Operations (INPO) Consolidated
Event System (ICES), Licensee Event
Reports (LERs), industry monthly operating
reports, and inspection reports.
These
sources
provide
information
about
operational failures. When these data are
used to support risk analysis, they must be
augmented with estimates of the successes
(i.e., the number of equipment demands or
operating times). The successes are highly
plant specific, involving operating practices
and details of surveillance and testing
procedures.

The xLPR (extremely low probability of
rupture) code will yield key insights on the
probability of fluid systems piping rupture in
the presence of environmental degradation.
The xLPR effort should be completed as
expeditiously as possible. ACRS looks
forward
to
reviewing
the
draft regulatory guide on the alternative
pressurized thermal shock rule, which
completes this RES effort.
Going forward, the long-term efforts should
be focused on issues that are related to
license extensions and, more importantly,
subsequent license renewal.
We do
however believe that the radiation effects on
concrete research has achieved its
objective.

Without accurate plant specific success
data, there is substantially greater
uncertainty in the count of successes
compared to the count of failures. ACRS
continues to recommend that RES examine
the impact of the uncertainty in success
data in their applications and analyses.

Neutronics and Criticality Safety
Neutronics and criticality safety are core
competencies of the agency. The current
research programs are appropriately
prioritized and are well supported by user
needs.
Baseline funding is needed to
ensure that challenges related to limited
resources and staff retirements do not
erode this critical agency capability. There is
also a need for expanded applications,
improved accuracy, and computational
efficiency in neutronics and criticality
analysis, in both near term and long term
research programs. ACRS supports staff
activities to modify and extend the existing

Probabilistic Risk Assessment
ACRS continues its strong support for the
Level 3 PRA project.
The project is
providing valuable knowledge development
and experience for staff engineers in a
manner that cannot be achieved through
their normal training and review activities.
Consistent assessment of the site-specific
risks from internal and external hazards,
accidents that affect stored spent fuel,
events that occur during plant shutdown,
6

continuing needs for these information
services, and these activities should be
maintained.

and their evaluation through the Level 1,
Level 2, and Level 3 PRA models will
provide an integrated risk-informed context
for issues that have been identified in the
wake of the Fukushima Daiichi accident.
The project will also be an important
reference point for further intermediate- and
long-term research.

Maintenance and updating of computer
codes used in regulatory processes within
the agency are also essential and should be
continued as needs are identified by the
user communities. This research serves the
additional function of assuring continued
interaction of the staff with the larger
radiation protection community.

Small modular reactor designs that include
several units at a single site with common
external infrastructure introduce regulatory
challenges that must be addressed to
understand and manage the risk from
potential single-unit, multiple-unit, and sitelevel accidents.
Analytical capabilities,
modeling techniques, and regulatory tools to
support a risk-informed licensing process for
those reactors must be developed and
tested well in advance of first applications.
ACRS continues to recommend that RES
should pursue a pilot study to develop a
risk-informed licensing framework for a
specific new small modular reactor design.
The study should address single-unit,
multiple-unit, and site-level issues that affect
accident progression, mitigation options,
emergency
planning,
and
offsite
consequences.

We forecast that rather significant
modifications of the RADTRAD computer
code for the prediction of radionuclide
release from nuclear power plants during
accidents may be needed as international
research on the chemistries of iodine and
cesium conducted in the international
Phébus-FP, Phébus-ISTP, Behavior of
Iodine Project (BIP), and Source Term
Evaluation and Mitigation (STEM) research
activities are brought to completion. The
paradigm adopted in RADTRAD for the
behavior of iodine especially may well be
changed radically from the simple chemistry
envisaged in the code as a result of findings
concerning iodine absorption on paint and
the conversion of gaseous iodine to iodine
particles. Findings from the accidents at the
Fukushima plants in Japan may prompt the
need for further modifications of the
RADTRAD computer code.

Digital
instrumentation,
control,
and
protection systems will be used in all new
reactor designs and are being retrofitted into
operating reactors as their analog
equipment becomes obsolete.
ACRS
recommends that RES explore opportunities
to better coordinate their research on PRA
methods for the evaluation of digital
hardware and software with efforts in
progress at the Electric Power Research
Institute (EPRI). A pilot application should
test proposed methods modeling an
integrated digital control and protection
system for operating plants or new reactors.

Nuclear Materials and Waste
Research activities in the general areas of
nuclear materials and waste reflect the
current hiatus in the resolution of policy
issues. The current activities address issues
encountered or anticipated in licensing,
regulatory, and monitoring efforts.
Seismic and Structural Engineering

Radiation Protection
The NRC seismic and structural research
program in support of regulatory activities is
being conducted under a well-developed
research plan that has been broadly

The radiation protection research program
provides needed services to fulfill regulatory
information obligations. There will be
7

to be proactive in severe accident
knowledge management and be prepared to
deal with anticipatory needs. This will allow
the agency to preserve its core
competencies in the severe accident
analysis.

reviewed for both technical quality and
programmatic elements.
This program
supports state-of the-art work via contracts
to several renowned organizations in the
field, including national laboratories and
universities, as well as international
cooperative programs and collaborative
research with other governmental agencies
such as U.S. Department of Energy (DOE)
and U.S. Geological Survey (USGS). This
program will adequately support the staff’s
capabilities to evaluate potential seismic
and flooding risks to U.S. nuclear plants.

Thermal Hydraulics
Excellent progress has been made in
developing and incorporating NRC’s
systems thermal-hydraulics code, TRACE,
into the regulatory process. Further
development
should
focus
on
implementation of the four-field thermalhydraulics model, as recommended by the
TRACE peer review group. The research
program on interfacial area transport should
be phased out as the results are of limited
value for TRACE applications.

Severe Accidents and Source Term
Severe reactor accident research has
emerged as an essential element in the
agency response to the Fukushima event
and the emphasis placed on the severe
accident management guidelines. The NRC
has developed the MELCOR systems-level
accident analysis code as the vehicle for
systematically preserving and applying
severe accident knowledge. International
collaborative
research
efforts
and
examinations from the Fukushima accident
provide important insights that help focus
severe accident analysis code development
and application.

ACRS is supportive of the agency’s active
participation in international collaborative
efforts, as they take advantage of facilities
that are of a scale and capability that do not
currently exist in the U.S; e.g., planned
experiments at the KATHY facility. These
activities draw on the expertise of partners,
who have continued to maintain a high level
of capability in thermal-hydraulics.

ACRS is concerned that longer-term severe
accident research needs related to
maintaining this core competency may not
be met in a timely manner with the user
need prioritization process and current
budgetary constraints. ACRS recommends
that severe accident research activities be
maintained to allow the agency to meet
current and future needs.

The performance of confirmatory analyses
for new fuel and reactor designs will require
experimental facilities that are capable of
providing adequate supporting data. ACRS
recommends that the NRC and Industry
explore collaborative timely development of
such capabilities.
The NRC should continue to develop the
capability to perform uncertainty analyses
with TRACE and for situations in which
TRACE is coupled with other codes,
including computational fluid dynamics
(CFD) analyses.
To perform such an
uncertainty estimate, the NRC should invest
in a high performance computing capability
sufficient to utilize modern uncertainty
methodologies.

ACRS commends RES for its involvement
in international severe accident research
programs,
specifically
those
with
experimental components so as to obtain
data needed for code model enhancements.
NRC should focus on modernizing severe
accident analysis codes and accelerate its
effort to implement improved models in
these codes. Finally, NRC should continue
8

NRC thermal-hydraulics research should
result in tools that remain at least consistent
with industry capabilities to assist staff in its
licensing actions. This will involve computer
codes that can provide a high-resolution
simulation of LWR transients with an overall
uncertainty estimate and appropriate
experiments that can validate improvements
in models and correlations in order to
appropriately
minimize
overall
code
uncertainty.
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3. DIGITAL INSTRUMENTATION AND CONTROL SYSTEMS
The current operating fleet of nuclear power
plants has transitioned to digital technology
in upgrades to many non-safety systems but
the transition to digital technology for
reactor
protection
and
engineered
safeguards safety systems has slowed.
Industry representatives have expressed
concerns with the efficiency of the NRC’s
licensing review of digital upgrades for
safety systems.
The Nuclear Energy
Institute (NEI) has formed an executive
working group to interact with the NRC on
the industry concerns.
In response to
Commission direction and the industry
feedback, NRR, NRO and RES have
formed a team to develop the problem
statements and an action plan to respond to
the industry.

safety function. The application of this
technology also brings with it new concerns

New reactor designs have proposed fully
digital control rooms and small modular
reactor (SMR) vendors are anticipated to
submit applications for design certifications
using digital technology. Application of this
technology must preserve assurability,
verifiability, analyzability, and the critical
fundamental attributes of independence,
deterministic behavior, defense-in-depth
and diversity. Safety systems (i.e., reliable
shutdown and actuation of protection and
safeguards systems) must protect against
failures caused by engineering deficiency,
common causes, unwanted intrusion,
unwanted interactions, and hardware
failures. Fundamentally, safety systems
involve simple actuations and do not involve
complex feedback and control functions.
Traditionally safety systems were kept
simple to preserve these properties. In
contrast,
digital
systems,
with
interconnections
across
redundant
divisions, across safety-grade and lowergrade systems, and across monitored and
monitoring components, have increased
considerably the potential to degrade a

regarding control of access to the systems
and cyber security.
In response to feedback and lessons
learned from operating reactor and new
reactor licensing reviews, RES organized its
2010- 2014 Research Plan to include topics
such as “Safety Aspects of Digital Systems”
to support emerging needs from the line
organizations. Examples include research
to develop the technical basis for the
licensing review of an applicant’s digital
system hazard analysis and collaborative
research with the Halden Reactor Program
involving safety demonstration for digital
systems. RES has initiated an effort to
update the Digital System Research Plan
for the FY2015-2019 period. A team was
formed including RES, NRR, NRO and
NSIR and has collected input from the
program office staff.
Additionally RES responds to emergent
program office support needs. The current
scope of research projects balances
previously identified research needs with
new specific program office user need
11

has contended that we are suggesting a
reactor shutdown or safeguards actuation
be required if a processor locks up (ceases
to respond). That is incorrect. We only
recommended that the hardware monitor
should produce a trip signal from any
redundant voting unit that locks up. The trip
should be an individual redundant channel
reactor trip signal for reactor trip systems
and an individual redundant channel
safeguards alarm signal for the safeguards
system. The staff recommendation to the
Commission to publish the proposed rule for
public comment was disapproved. The
Commission SRM was issued on February
25, 2016. The SRM stated that the staff
should develop an integrated strategy to
modernize the NRC's digital l&C regulatory
infrastructure. The Commission also stated
that the staff should present any policy
issues that are ripe for Commission
consideration, enabling the Commission to
address these issues before rulemaking
proceeds, especially where there is
significant disagreement on the optimal
approach. ACRS strongly recommends that
RES initiate a research program that
determines whether alternative methods are
available that provide the same assurance
of adequate protection for use with software
based voting units that is provided by the
use of strictly hardware based monitor
designs as discussed above. We also
recommend that RES ensure that results
are incorporated in the Integrated Action
Plan to Modernize Digital I&C Regulatory
Infrastructure. This is necessary to ensure
that
the
fundamental
principle
of
independence is maintained for digitalbased systems critical to reactor safety.

support requests. Examples include support
for NRO development of a design specific
review standard for SMRs and for
development of regulatory guidance for the
use of the programmable logic devices such
as field programmable gate arrays.
Safety assurance of digital systems
continues to be a challenge for the NRC.
NRC and EPRI have independently
identified the limitations of failure (fault)
modes and effects analysis (FMEA) for
regulatory assurance of complex logic in
digital systems, particularly in the presence
of interactions and feedback paths. Both,
NRC and EPRI have continued research
into a broader range of hazard analysis
techniques, as reported to ACRS most
recently in 2015. EPRI reported on a
successful pilot of new hazard analysis
methods for an operating reactor digital
upgrade. RES values and ACRS continues
to encourage the close NRC and EPRI
collaboration on digital system research
under the Research Memorandum of
Understanding (MOU).
RES has supported agency rulemaking
efforts to incorporate new requirements for
digital upgrades via regulatory incorporation
by reference IEEE-603-2009. ACRS has
reviewed and commented on this proposed
rulemaking and RES has developed the
associated draft regulatory guidance in
support of this rulemaking. ACRS notes
that the staff did not incorporate our
recommendation for inclusion of a hardware
monitor for voting units in the reactor trip
system and engineered safeguards system.
In our February 26, 2015 response to an
EDO letter on the proposed rulemaking,
ACRS noted “that the staff states that,
although our recommendation for the use of
a hardware monitor for voting units in safety
systems would provide adequate protection,
other design solutions are possible that
could do the same. However, the staff did
not identify any other design solutions that
would provide the independence that is
needed for adequate protection.” The staff

RES continues research in support of
developing models for incorporation of
digital systems in nuclear power plant
PRAs. Past research projects have resulted
in the issuing of NUREGs that benchmarked
methods for reliability modeling and
assessing traditional PRA methods for
digital I&C systems. Ongoing RES/DRA
research is exploring the use of statistical
12

can ensure that the software and hardware
performs its functions from beginning to
end, and over several cycles ensures that
the self-diagnostics are completed. Taking
advantage of this significant capability
minimizes the need to develop sets of
failure modes for digital I&C systems
software and allows digital I&C system
engineers to design to avoid failures that
prevent the required output regardless of
the failure mode. This approach can simplify
the taxonomy to consideration of "does it
trip or not". We recommend that RES
initiate a program to develop this concept.

testing and Bayesian Belief Networks
(BBNs) in developing models of digital
safety systems for use in PRAs. This work
was presented to ACRS in November 2014
and July 2015. Research Information Letter
1002 documented research on the utility of
digital system failure mode identification for
use in safety assurance. Research
Information
Letter
1003
is
under
development to address the question of
feasibility of quantification of digital system
failure modes.
ACRS has noted the
significant progress in analysis of digital
system failure modes, but suggested that
the use of these results should be
coordinated with digital system PRA
research. Coordination between RES
Division of Engineering and Division of Risk
Assessment was demonstrated at the
November 2014 and July 2015 ACRS
meetings.

The NRC continues to implement new
regulatory oversight for cyber security.
Current policy and regulatory guidance do
not have enforcement authority during
digital system safety reviews; there is
currently not an integration of design and
cyber security review during the digital I&C
licensing process. ACRS notes that the
staff
did
not
incorporate
our
recommendation to specify a hardware oneway only transmission device to isolate
internal plant networks that are used in
conjunction with reactor safety systems to
transmit data and control signals from data
paths transmitting information outside of the
plant. The staff agreed that our
recommended approach to specify a
hardware one-way transmission device
would provide high assurance against
malicious events and reasonable assurance
against non-malicious events originating
from outside a nuclear power plant’s
protected area. The staff has recognized
this control of access issue and is
responding to ACRS’ feedback by holding
public meetings to collect stakeholder
feedback and is planning to develop a
SECY to recommend options to resolve this
regulatory issue. The integration of the
design and cyber review relative to the
simple issue of control of access to the
internal plant networks from external
sources is easily and simply accomplished
through use of a one-way hardware only
based data transmission device. The effects

The staff has made progress in identifying
methods which may yield a coherent set of
digital system failure modes for use in
PRAs. However, these methods largely use
traditional approaches whose underlying
bases are concepts that have been applied
to hardware based systems and are now
applying them to assess the failure modes
of digital I&C system software as well as
hardware. As we have noted in our
discussions with the staff, these approaches
fail to consider and take into account the
significant advantage digital I&C systems
have over conventional analog systems.
Self-diagnostics can be incorporated into
the main operating loop that test the
complete hardware and software processing
chain from plant parameter sensor output to
control actuation signal output over several
sample cycle times while one is processing
the data and generating the required output
signals in real time. Failure to complete the
diagnostic test can alert the operator of the
failure allowing real time action to be taken.
ACRS recommended that the incorporation
of a hardware only watchdog timer, that
confirms that every sample time cycle is
completed satisfactorily (‘does not lock up’),
13
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of losing control of access, either by intent
or by accident, can be severe as
demonstrated by such events in other
industries. Neither NRC nor any licensee
wants to see this issue driven by operating
experience; i.e., an actual failure to maintain
control of access. ACRS recommends that
RES develop a research plan to determine if
approaches other than the one-way
hardware only based data transmission
device provide the same or better
assurance of no compromise by external
sources or entities. We also recommend
that RES ensure that these results are
incorporated in the Integrated digital I&C
Action Plan for future applications. This is
necessary to ensure that the fundamental
principle of control of access is maintained
for digital systems critical to reactor safety.
Recognizing the ongoing need for
knowledge management in digital safety
systems, RES has been consulting experts
from
other
regulatory
organizations,
academia, other federal agencies, and other
industries. RES is improving its research
capability via Interagency Agreements with
federally funded research and development
centers such as the Carnegie Mellon
Software Engineering Institute The research
plan for the FY2015-2019 period is being
aligned with NRC’s strategic plan and is
informed from discussions in briefings to the
ACRS Digital I&C Subcommittee. For
example, NRC’s strategic plan recognizes
key challenges in timely adaptation to
technological changes, and the Digital I&C
Subcommittee has identified the need for
faster, shorter learning cycles. We note that
the digital research planning approach is
proactive and anticipatory, and includes
interim deliverables to the line organizations
for learning feedback. Proactivity includes
learning from licensing experiences outside
the USA, learning from trends in other
application domains, and learning from
other federal agencies, in alignment with
NRC’s strategic plan. RES also informs
other sponsors of synergistic research
regarding NRC’s research needs.
14

4. FIRE SAFETY
component electrical enclosure.
HEAF
events have occurred in the U.S., in
Canada, France, Germany, and at Japan’s
Onagawa nuclear power plant during the
earthquake and tsunami of 2011. The
HEAF project, also known as Joint Analysis
of Arc Faults, is being performed as part of
a larger international OECD / NEA effort.
The group consists of eight international
member organizations.

Background
The current focus of the fire safety research
program is to support the NRC's regulatory
needs during licensee transitions to riskinformed, performance-based fire protection
programs that meet the requirements of 10
CFR 50.48(c) and the referenced 2001
edition of the National Fire Protection
Association (NFPA) Standard NFPA-805.
Continuing research activities also develop
improved
information
to
support
deterministic fire protection programs for
licensees that do not adopt a risk-informed
approach. In addition to direct support for
currently operating reactors, the fire safety
research programs also provide input to
new reactor licensing reviews, assessment
of the risk from fires in new reactor designs,
and performance of shipping cask closure
seals under fire conditions.
Current Research Activities
Research activities in fire safety primarily
support programs in NRR and, to a lesser
extent, NMSS. These activities are grouped
into several technical areas:
• Fire testing,
• Fire modeling
• Fire & electrical systems analysis, fire
risk assessment, and
• Knowledge management (KM) and
training.

600V Switchgear Enclosure provided by Finland
for the HEAF testing program (Top Left); Post
testing enclosure damage, large sections of the
enclosure were melted during the arc event (Top
Right); The 600V switchgear cabinet was tested
at 40 kA for 7.2 seconds; this screen grab was
taken from the rear of the test cell at 56
milliseconds after the arc initiation (Bottom).

Fire Testing
OECD
INTERNATIONAL
TESTING
PROGRAM FOR HIGH ENERGY ARC
FAULTS (HEAF)
The NRC initiated a project with OECD to
investigate
catastrophic
failures
of
energized electrical equipment referred to
as HEAF. HEAF typically occur in 480V and
higher electrical equipment and cause large
pressure and temperature increases in the
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grouped electrical cables. The tests are
conducted with realistic cable tray
configurations,
loadings,
and
cable
insulation. The data collected by this project
are used to develop more realistic cable fire
models for PRAs and to enhance the
predictive capabilities of fire modeling
codes.

The primary objective of this project is to
perform experiments to obtain actual fire
data on the HEAF phenomenon known to
occur in nuclear power plants through
carefully designed experiments. The goal is
to use the data from these experiments and
past actual nuclear power plant events to
develop a mechanistic model to account for
the failure modes and consequence
portions of HEAFs. These experiments will
be designed to improve the state of
knowledge
and
provide
better
characterization of HEAF in the fire
probabilistic risk assessment and NFPA 805
license amendment request applications.
Initial impact of the arc to primary
equipment and the subsequent damage
created by the initiation of an arc (e.g.,
secondary fires) will also be examined.

Phase 1 of CHRISTI-FIRE, completed in
2011, utilized a simple model of flame
spread in horizontal tray configuration.
FLASHCAT (Flame Spread over Horizontal
Cable Trays) was developed based on
semi-empirical estimates of lateral and
vertical flame spread and measured values
of heat of combustion, heat release rate,
and residue yield. Phase 2 of the CHRISTIFIRE project examined flame spread on
cables in vertical tray configurations and the
impact of an enclosure on cable flame
spread in multiple horizontal trays. Phase 3
is currently in process and is focused on
cable ignition phenomena and effects of
solid bottom trays and covers.

As a part of an MOU between the NRC and
the Japanese Nuclear Energy Safety
Organization (JNES/NRA), RES staff
observed HEAF testing conducted between
2013 and 2015. The data and observations
from these tests will be published in a
NUREG/IA in FY2016. These results will be
evaluated in addition to the experiments
conducted by RES with the OECD/NEA to
determine HEAF considerations in nuclear
power plants.

Response Bias of Electrical Cable Coatings
at Fire Conditions (REBECCA-FIRE) is ongoing work on electrical cable flammability
properties, focusing on effectiveness of
methods used for protection of cables
(coating).

The NRC is leading the physical testing and
instrumentation of equipment with support
from the National Institute of Standards and
Technology (NIST). International member
countries participating in the project are
providing electrical equipment to be tested
as well as technical expertise in the
experiment setup and post test data
analysis.

HELEN-FIRE and RACHELLE-FIRE
To better quantify the Heat Release Rates
(HRRs) and burning behavior of electrical
enclosures, the NRC initiated the Heat
Release Rates from Electrical Enclosure
Fires (HELEN-FIRE) project with NIST.
Eight electrical enclosures were acquired
from Bellefonte Nuclear Generating Station,
a plant owned by the Tennessee Valley
Authority located in Hollywood, Alabama.
The enclosures were originally low voltage
control cabinets, but in the experiments they
were reconfigured with various amounts and
types of electrical cable to represent other
kinds of enclosures that would be found in a
typical plant. NIST conducted 112 full-scale

CHRISTI-FIRE and REBECCA-FIRE
The Cable Heat Release, Ignition, and
Spread in Tray Installations During Fire
(CHRISTI-FIRE) experimental program is
an effort to develop a more realistic
understanding of the burning behavior of
16

seal configurations to investigate the effect
of multiple seals, their failure times and
temperature exposures. This information
will be used by NMSS to further develop risk
insights related to the transportation of
spent fuel. The results of the subsequent
testing have been published in a revision to
NUREG/CR-7115, which was available in
November 2015.

experiments at the Chesapeake Bay
Detachment of the Naval Research
Laboratory
using
these
electrical
enclosures. The key parameters varied for
the tests were combustible load, ventilation,
ignition strength, and enclosure geometry.
The results of this work were published in
2015 for public comment in NUREG/CR7197, “Heat Release Rates of Electrical
Enclosure Fires (HELEN-FIRE).”

CURRENT TRANSFORMER TESTING

Subsequent to the completion of the
HELEN-FIRE test program, NRC and EPRI
initiated the Refining And Characterizing
Heat Release Rates From Electrical
Enclosures During Fire (RACHELLE-FIRE)
program. The RACHELLE-FIRE program
involved a working group of experienced fire
protection and fire probabilistic risk
assessment researchers and practitioners
focused on reaching a consensus in
estimating the peak HRR distributions for
electrical enclosures used in nuclear power
plants. The working group will continue
efforts to refine other areas related to
characterization of peak HRRs for use in fire
modeling and fire PRAs.

The open circuit fire-induced failure mode is
considered plausible and evaluated as part
of a typical post fire safe shutdown analysis.
Current transformers (CTs) are used in
numerous power distribution equipment in
nuclear power plants s and open circuits on
the secondary circuit of the CT will result in
high voltage that could potentially result in
secondary
fires.
NUREG/CR-7150
collected and analyzed data to support a
consensus
opinion
that
CTs
with
transformer primary to secondary turns ratio
at or below 1200:5 do not pose a secondary
fire threat.
However, this consensus
opinion could not be extended to cover all
CT sizes due to a lack of supporting
evidence for higher turns ratio CTs.

The HELEN-FIRE report and RACHELLEFIRE Volume 1 report have been published
for public comment. The staff expects that
public comments will be resolved, and the
final reports will be published by mid-year
2016.
The working group will continue
efforts to refine other areas related to
characterization of peak HRRs for use in fire
modeling and fire PRAs

The NRC is sponsoring a testing program at
the Brookhaven National Laboratory to
better understand if open circuits caused by
fire damage will result in an excessively
high voltage in the secondary circuit
sufficient to start a fire in the form of
explosion or arcing in a location other than
the initial fire damage. The focus of this
testing will be on CTs with turns ratio of
either 2000:5 or 4000:5. This, in addition to
the <1200:5 turns ratio CTs previously
evaluated, covers the majority of the CT
sizes found inside a nuclear power plant.

SPENT FUEL SHIPPING CASK SEAL
PERFORMANCE UNDER BEYONDDESIGN-BASIS FIRES
Small-scale fire tests were performed to
evaluate the performance of spent nuclear
fuel shipping cask seals during beyonddesign-basis fires that exceed the
manufacturers' rated temperatures. The
subsequent phase consisted of small scale
testing to further characterize different
polymeric seal material and double O-ring

Fire Modeling
Fire models provide a phenomenological
basis for the evaluation of fire growth,
detection, suppression, and the analysis of
17

the fire-induced effects on instrumentation
circuits, electrical panel/cabinet wiring,
surrogate ground path failure mode, current
transformers, and high conductor count
trunk cables. The results of the PIRT were
used to support a PRA expert elicitation to
advance the state of the art in estimating
the likelihood and duration of hot short
induced spurious operations. That work has
been completed and published as JACQUEFIRE (Joint Assessment of Cable Damage
and Quantification of Effects from Fire)
Volume 2.

potentially risk-significant fire scenarios. In
2007 and 2008, RES completed activities
related to validation and verification of fire
models. In 2012 and 2013, RES continued
to work with EPRI, NIST, and others to
improve the modeling tools and to expand
the validation and verification effort for the
fire models.
In 2015, NRC published draft NUREG-1824
Supplement 1, “Verification and Validation
of Selected Fire Models for Nuclear Power
Plant Applications” for public comment.
This supplement expands on the previous
verification and validation effort by
evaluating the latest versions of the five fire
models and including additional test data for
validation of the models.

Following the completion of JACQUE-FIRE
Volume 2, the NRC, with collaboration from
EPRI, initiated a third phase of this project,
where the members from the PIRT panel
(Volume 1) were reconvened to re-assess
their recommendations and make additional
technically-based recommendations using
risk insights documented from Volume 2.
Volume 3 is expected to clarify and expand
the recommendations made in Volume 1
and is intended to be applicable to plants
licensed under both a deterministic and
performance-based fire protection program.

RES is considering participation in Phase III
of the “Fire Propagation in Elementary MultiRoom Scenarios” known as PRISME
Program. This project is being led by IRSN
(France) and is designed to assist in fire
model verification and validation.
Fire & Electrical Systems Analysis

Fire Risk Assessment

The experience from actual fire events
confirms that damage to electrical cables
may disable equipment and cause
equipment to malfunction. Malfunction in
this context connotes both failing to operate
as designed and intended, as well as
operating unpredictably, erratically, or failing
to operate at all. Realistic evaluation of fireinduced
circuit
damage,
particularly
involving spurious signals caused by "hot
shorts," is a very important and significant
effort in fire risk assessments.

Integration of fire risk into a full-scope PRA
framework is an important research activity.
The requirements of NFPA-805 and the
guidance in NUREG/CR-6850 provide
cornerstones for the development of riskinformed, performance-based fire protection
programs
and
a
comprehensive
assessment of fire risk.
Research has been completed related to
testing and evaluation of very early warning
fire detection (VEWFD) systems.
Draft
NUREG-2180,
“Determining
the
Effectiveness, Limitations, and Operator
Response for Very Early Warning Fire
Detection Systems in Nuclear Facilities
(DELORES-VEWFIRE),”
documents
a
comprehensive evaluation of VEWFD
systems used in nuclear power plant
applications.
The report documents a

An
electrical
circuit
phenomena
identification and ranking table (PIRT) panel
identified the parameters that have a high
impact on the likelihood and duration of hot
short-induced spurious operations caused
by fire damage to electrical control cables.
The PIRT panel also identified areas for
future research. Those include evaluating
18

DVD document collection will be
expanded to include fire safety
standards for International Atomic
Energy Agency (IAEA) in the next
revision. This digest supersedes the
previous fire protection digest and DVD,
“Fire Protection and Fire Research
Knowledge
Management
Digest,”
NUREG/BR-0465.

literature review, review of U.S. nuclear
power
plant
operating
experience,
installation configurations as observed from
site visits, experimental test results, and a
risk scoping study to evaluate the
performance of various smoke detection
technologies. The draft report provides data
and method to quantify the performance of
VEWFD systems in several configurations
to support fire PRA quantification.
Knowledge Management and Training
Fire research is a rapidly-evolving element
of the RES mission.
Compilation and
dissemination of information gained from
this research, including new results and
insights, is vital for understanding the
current state of knowledge and planned
near-term advancements.

•

"A Short History of Fire Safety Research
Sponsored by the U.S. Nuclear
Regulatory Commission, 1975 – 2008,"
NUREG/BR-0364, June 2009.
This
report provides a historical perspective
on NRC-sponsored fire safety research
and summaries past research activities
and research programs.

•

“Methods for Applying Risk Analysis to
Fire Scenarios (MARIAFIRES) 2008,”
NUREG/CP-0194, July 2010.
This
report captures the 2008 NRC/EPRI
joint training classes and provides a
self-study program that can be viewed
at the users’ convenience. In August
2013, NUREG/CP-0301 (MARIAFIRES
2010) was published.
These two
volumes expanded the training to
include a volume on fire HRA and a
separate
volume
on
course
prerequisites.
Additional work is
ongoing on updating and expanding the
self-study training. MARIAFIRES 2012
and MARIAFIRES 2014 are expected to
be published in 2016.

•

Work is underway on a NUREG/KM to
capture the agency’s knowledge on
hydrogen. The NRC has performed an
extensive amount of research on
hydrogen. There is a clear need to
capture this work in one comprehensive
document.

•

In anticipation of the upcoming 30th
anniversary of the 1986 accident at the
Chernobyl Nuclear Power Plant, RES is
preparing the next addition to the KM

Several excellent fire-related knowledgemanagement resources prepared or being
prepared by RES include:
•

"The Browns Ferry Nuclear Plant Fire of
1975 and the History of NRC Fire
Regulations," NUREG/KM-0002, May
2013. This DVD preserves the history
of the Browns Ferry fire and documents
its influence on the development of
enhanced fire protection regulations.

•

“Fire Protection and Fire Research
Knowledge Management Digest”, 2013,
NUREG/KM-0003, was issued January
2014, as a user-friendly database that
provides information needed during
such activities as inspections and
reviews. The database consolidates all
publicly
available
fire
protection
documents, such as: 10 CFR Part 50,
“Domestic Licensing of Production and
Utilization Facilities;” guidelines for fire
protection in nuclear power plants s; fire
inspection manuals; fire inspection
procedures; generic letters; bulletins;
information
notices;
circulars;
administrative letters; regulatory issue
summaries; and regulatory guides. The
19

needs. This provides responsiveness to
immediate and near-term technical issues.
This focus should remain as an important
part of integrated planning.
Where
identification of need is both clear and
beneficial, research priorities and programs
should anticipate requirements for emergent
additional research tasks that are not
currently described by user needs.

series. This Chernobyl KM is expected
to be published in 2016 and will include
an overview of the events leading up to
the accident, the response by both the
former USSR and the international
nuclear community, and specifically the
NRC’s role in monitoring this historic
event.
This KM will serve as a
compilation of various documents that
have been accumulated by the NRC in
the years since the event.

ACRS recommends continued NRC support
for research on the HEAF project, also
known as Joint Analysis of Arc Faults. This
work is being performed as part of a larger
OECD / NEA effort.

Some of these references are updated
periodically.
NRC Inspector Training - Post Fire Safe
Shutdown Capability

Electrical enclosure fires present significant
risk to a nuclear power plant. Research and
testing
have
examined
preliminary
estimates of fire growth and peak heat
release rates for these fires. That research
is in progress, and it depends on successful
completion of an expert elicitation process.
The outcome of this elicitation will determine
the need for further research in this area.

RES is currently working with Sandia
National Laboratories, Brookhaven National
Laboratory, NRC Regional and Technical
Training Center staff to develop a training
course that is designed to provide NRC
inspectors with the knowledge and skills
they need to verify conformance to
deterministic requirements governing the
fire protection of safe shutdown capability
(10 CFR 50.48, Appendix R or Section 9.5-1
of NUREG 0800, or the deterministic
approach of NFPA 805) as specified in the
plant-specific fire protection licensing basis.
Pilot training is currently scheduled for Fall
2016.

The NRC should continue to encourage and
support
additional
fire
testing
and
experimentation, fire prediction model
development, and collaborative efforts with
U.S.
industry
and
international
organizations.
We concur with recommendations in
NUREG/CR-6978, that further research be
conducted to evaluate performance of fire
detection
systems
under
complex
geometries (e.g., highly congested spaces),
performance of incipient detection systems,
performance of fire sprinkler systems under
highly
obstructed
conditions,
and
performance of fire sprinkler systems
against a large oil pool fire.

ASSESSMENT AND
RECOMMENDATIONS
The NRC is a leader in national and
international fire safety research.
The
NRC's fire safety research program
continues to advance at the forefront of
developing understanding of fire events and
risk from fire damage in nuclear power
plants.
Structured collaboration with
industry provides cost-effective solutions
and technical insight that surpass
independent efforts.

Additional research projects should be
considered that address issues related to
the effects from fire, heat, and smoke on
digital equipment. New reactor designs rely
heavily on integrated digital instrumentation,
protection, and control systems. Extensions

Focus and priorities for research projects
are determined primarily by user-identified
20

equipment.
These additional research
projects should address issues related to
fires in and from instrumentation and control
circuits and panel wiring based on the
JACQUE-FIRE
program
results

of operating licenses and obsolescence of
analog equipment will likely lead to
replacement of many currently installed I&C
systems with digital platforms.
Limited
information is available regarding the effects
from fire, heat, and smoke on digital
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5. REACTOR FUEL
Background
Fuel integrity is an important contributor to
nuclear plant safety. Fuel failures that may
occur during normal operation or AOOs are
not safety significant events because
containment systems prevent release of
radionuclides to the environment. Under
these circumstances, fuel failures only
impact plant operation and economics. The
various mechanisms capable of causing
failures during normal operation have been
identified, understood, and have been
effectively controlled by fuel design, cladding
materials, and operational improvements.
The great majority of U.S. reactors operate
without fuel failures.

A Schematic Outline of the Fuel
Fragmentation, Relocation, and Dispersal
(FFRD) Research Program

Nuclear plant power uprates and higher fuel
burnups, however, are steadily increasing
the fraction of fuel operating near peak
power levels and the average discharge
burnup is increasing. The concentrations of
fission products within the fuel rods continue
to increase. Concurrently, fuel cladding is
being subjected to increased radiation
damage, oxidation, and hydriding.

While fuel failures during normal operation or
AOOs do not represent a safety concern, fuel
behavior during design basis accidents
(DBAs) is of concern. The increased fuel duty
is resulting in increased oxide thickness,
hydrogen update, and CRUD layer thickness.
As a result of this, there has been a steady
decrease in the allowed equivalent clad
reacted (ECR) due to oxidation and hydrogen
uptake-especially for legacy zirconium alloys.
At the same time, the increased use of
modern fuel in PWRs (ZIRLO, Optimized
ZIRLO, M5) has reduced the oxidation rate
and hydrogen uptake for a given burnup for
these cladding types.

Manufacturers are addressing these more
demanding requirements with fuel rod and
assembly design changes, as well as with
the introduction of new fuel pellet, cladding,
and assembly structural materials. Lead
assemblies, in which chemical additives are
being used to improve fission gas retention
and mechanical properties of the uranium
dioxide (UO2) fuel pellets, have been
licensed and are in operation. Similarly, new
fuel cladding materials are in the
development and regulatory pipeline. New
cladding materials have been developed with
improved corrosion and hydriding resistance
during normal operation and resistance to
embrittlement during loss of coolant
accidents (LOCAs). To a significant extent,
these improvements have been made by
industry as a result of findings from NRC
research.

NRC-sponsored research continues to focus
on events in which fuel elements can fail and
impact public health and safety. However, in
view of fuel development trends, the NRC
should maintain an adequate research
program to assure its capability to evaluate
and license future fuel designs. Continued
participation in collaborative domestic and
international research programs addressing
the performance of new designs under normal
conditions, AOOs, DBAs, and severe
accidents is essential in view of the limited
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U.S. nuclear test and examination facilities
and declining research and development
(R&D) budgets.

temperatures, and swelling of the fuel due
to a buildup of helium decay products. This
research has established that gas generation
resulting from the decay of fission
products is not sufficient to increase the
rod
internal
pressure, even
if 100
percent of the decay gases are released to
the rod void volume. This research has
also established that fuel lattice swelling
saturates at about 1 displacement per
atom (dpa) at values in the range of ~0.3
and ~0.45 percent. Although spent fuel will
accumulate between 0.1 and 5 dpa over a
period of 100 years of storage, saturation
effects will limit increases on cladding
stress.
These
values
have
been
incorporated into a modified version of the
FRAPCON fuel performance code to
determine cladding stress and creep rates
during extended exposure.

Current Research
Current NRC fuel research is addressing the
properties of discharged fuel in response to
NMSS user needs, and the performance of
operating fuel in support of NRR user
needs. Figure 1 shows an overall “map” of
the ongoing research in support of the NRC
missions and how the individual projects
form an integrated program. As Figure 1
illustrates, the overall thrusts of the
integrated research efforts are to facilitate
the staff’s efforts to be able to adequately
understand fuel issues that may impact
public health and safety that may result from
fuel failures either during operation, storage
and transportation, or during postulated
DBAs. The primary tools for this evaluation
are the FRAPCON and FRAPTRAN code
systems.

Experimental work has been completed at
Argonne National Laboratory to develop an
approach to determine the effects of
zirconium
hydride
dissolution
and
reorientation during cask loading and drying
on the ductility of spent fuel cladding. This
work has yielded definitive results by
demonstrating that a new metric (the radialhydride continuity factor) of irradiated
cladding correlates well with the measured
ductile-to-brittle
transition
temperature
measured by the ring compression test.
This work continues. Additional work using
this approach is being pursued under DOE
sponsorship.

Consequence Assessment of Fuel Failure
on the Safety of Spent Nuclear Fuel Dry
Storage and Transportation Packages
The consequence assessment has been
completed and a NUREG documenting the
impact of a range of postulated (damaged
or failed) fuel configurations on criticality,
dose
rates, containment,
and
fuel
temperatures in transportation and storage
packages is under review. Although the
study has evaluated a wide range of
physically realizable scenarios. The results
thus far indicate that fuel failure during dry
storage and transportation should not have
an impact on public health and safety.

International Collaborations
The staff is involved in a number of
international collaborations which are
indicated on the left panel set in Figure 1.
The NRC has participated in programs in
France (CABRI), Japan, Norway (Halden),
and Sweden (Studsvik).

Extended Storage of High Burnup Fuel:
Cladding Stress Analysis
Mechanisms that may affect fuel cladding
stress and mechanical properties during
extended dry storage are being evaluated to
determine whether they are sufficient to
cause a cladding failure concern. Proposed
sources of stress are plenum gas pressure
buildup, phase changes and reorientation of
the hydrides upon cooling from drying

The Studsvik Cladding Integrity Program
The NRC has been participating in the
internationally-sponsored SCIP program. The
program has completed experimental and
analytical research on the PCI fuel failure
phenomenon. The SCIP 1 and 2 programs
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have amassed an impressive database
including 1,119 power ramp tests (800
BWR, 213 PWR, 81 pressurized heavy
water reactors, and 25 unspecified), as well
as separate effects testing and modeling.
Although limited work will continue on PCI,
the SCIP research program (SCIP-3) will
focus on the phenomenon of fuel
fragmentation, relocation, and dispersal
(FFRD) from high burnup fuel following
(LOCAs). The program is including:
• Fuel rod
Studsvik;

testing

at

Halden

Fuel Performance Codes FRAPCON and
FRAPTRAN
As is illustrated in Figure 1, the FRAPCON
& FRAPTRAN code systems are a
centerpiece of the NRC efforts in the fuel
performance area. A number of significant
improvements have been made to these
fuel performance codes. For example,
FRAPCON-4.0 includes updated cladding
creep hydrogen pickup models, variable
axial nodes and zoning for enrichment,
Gadolinia, annular pellets, expanded arrays
for increased number of nodes and time
steps, treatment of pellet chamfers,
correlations for fuel-specific heat, and high
stress
cladding
creep.
Similarly,
FRAPTRAN-2.0, expected to be released in
2016,
will include expanded arrays for
increased number of nodes and time steps,
treatment of pellet chamfers, advanced
LOCA modeling (external plenum, double
sided
oxidation,
thermal-hydraulic
improvements), and clad ballooning models.
In addition, research has provided statistical
tools (ARM FRAPTRAN and ARM
FRAPCON) which are widely used by NRR.

and

•

Out-of-pile integral LOCA testing and
separate effects testing to determine
the fine fuel fragmentation burnup
threshold, parameters influencing fine
fragmentation, and the cladding strain
threshold for fuel axial mobility;

•

Separate effects testing to investigate
role of fuel microstructure on
fragmentation, the effects of cladding
overheating on post AOO cladding
properties, and the effects of axial load
on cladding failure.

As
Figure
1
illustrates,
the
FRAPCON/FRAPTRAN development efforts
take results from the various fuel related
research programs to improve the models
and then allows the models to be used to
inform key NRC programs.

Fuel Fragmentation, Relocation, and
Dispersal Research
NRC research was directed to evaluate the
conditions that may result in FFRD, the
amount of fuel dispersed and its impact on
post-LOCA fuel coolability, and then to
recommend appropriate regulatory actions.

Technical Support to 10CFR50.46c
Rulemaking
During this year the extensive effort to
develop a performance-based modification
to the emergency core cooling system rule
(10 CFR 50.46) was completed with the
issuance of the proposed 10 CFR 50.46c
rule and three companion regulatory guides.
The proposed regulatory guides are as
follows:

Experimental and analytical work completed
to date shows good progress in addressing
the above questions. Available data have
been incorporated into a new approach for
core-wide LOCA modeling aimed at the
prediction of fuel dispersal. Using steady
state and transient fuel performance
(FRAPCON & FRAPTRAN) and system
thermal hydraulics (TRACE) codes, the
likelihood and amount of fuel dispersal for a
small set of BWRs and PWRs has been
determined. Based on the results of this
research, it has been concluded that FFRD
is unlikely to be an issue during a LOCA.
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1.

Regulatory Guide 1.222, “Measuring
Breakaway Oxidation Behavior”

2.

Regulatory Guide 1.223, “Determining
Post Quench Ductility”

3.

performance of operating fuel continues
to be well structured and making excellent
progress.

Regulatory Guide 1.224, “Establishing
Analytical Limits for Zirconium Alloy
Cladding Material”

A fourth regulatory guide, Regulatory Guide
1.229, “Alternative Risk-informed Approach
for Addressing the Effects of Post-Accident
Long-Term Core Cooling,” is still under
review.

Current research addressing FFRD is very
well structured, has made excellent
progress, and has generated experimental
and analytical results to support regulatory
decisions. The very large BWR and PWR
experimental PCI database assembled
under the SCIP program should be
incorporated into the NRC fuel performance
codes. If it cannot be shown that these
phenomena constitute an important safety
issue, this work can be terminated.

The proposed rule and companion
regulatory guides are the result of over a
decade of research which suggested that
clad ductility decreased with burnup due to
hydrogen absorption during operation.

The FRAPCON and FRAPTRAN fuel
performance codes continue to meet most
near-term agency needs. There is ample
capability to assess risks of fuel failure due
to
fuel
center
melting,
excessive
mechanical strain, and departure from
nucleate boiling events. However, the NRC
is still developing capability to quantitatively
assess the more likely risk of PCI fuel
failures during AOOs for current or future
fuel designs. The newer versions of the
codes
represent
a
significant
improvement over the previous versions.
The updated models will be important to
allow modeling of higher burnup fuels and
potential changes in operation, including load
following.

The primary objective of the proposed rule
is to ensure core coolability during and
following a design basis LOCA by assuring
adequate fuel cladding ductility and fracture
resistance. NRC research has shown that
the severity of cladding embrittlement
during a LOCA is dependent on the timetemperature transient that the zirconium
alloy cladding experiences during the event
and the concentration of hydrogen in the
cladding that is absorbed during normal
operation as well as during the LOCA
transient.
In addition to taking into account recent
research results, the staff also proposed
performance-based
requirements
for
zirconium alloy cladding under LOCA
conditions.
Specifically, the existing
requirement on the peak cladding
temperature (2200°F limit) would remain
unchanged.
However, the current
requirement to maintain the calculated total
cladding oxidation below 17 percent would
be replaced with a requirement to establish
analytical
limits
on
peak
cladding
temperature
and
integral
time
at
temperature that correspond to the
measured ductile-to-brittle transition for the
zirconium-alloy cladding material. These
changes are based on the results of the
NRC’s LOCA research program.

RES efforts have supported the completion
of the proposed 10 CFR 50.46c rule. This
represents one of the major successes of the
RES staff efforts in support of implementing
performance based fuel performance criteria.
The overall effort represents an outstanding
example where a clear need was
established, confirmatory research was
sponsored and where the staff and Industry
worked together to provide a solution to an
important safety related issue.

Assessment and Recommendations
Current research o n spent fuel storage
and
transportation
issues
and
the
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Figure 1. Current NRC Research Activities in Reactor Fuel
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6. HUMAN FACTORS AND HUMAN RELIABILITY
Research in human factors and human
reliability supports the safety of facilities
licensed by the NRC. The staff’s research
activities have improved our understanding
of the issues affecting human performance
and have developed tools for analyzing
performance, as well as systems to improve
the operating environment that enhance the
opportunities for improving performance.
Research activities continue to be primarily
associated with requests from NRR, NRO,
and NMSS. To be successful in meeting
long-term research needs, managers work
with counterparts in those organizations to
craft projects that meet both current and
future needs.

The NRC Human Performance Simulation
Facility at the University of Central Florida

Since our last report and in response to a
requests from NRO, the staff developed an
integrated five-year plan for maintenance of
human factors engineering (HFE) guidance
documents.
This
includes
issue
identification and establishment of research
priorities for current projects, for projects
proposed for initiation within five years, and
for issues slated for beyond five years. The
objective is to ensure that the NRC’s HFE
review guidelines are maintained up-to-date
and consistent with state-of-the-art HFE
principles. The plan was developed jointly
with NRO, and NRR is becoming involved
for future updates. Discussions are evolving
with NMSS for a similar planning effort. The
five-year plan is to be reviewed and updated
on a twice-yearly basis.
This effort
formalizes the planning efforts described in
our past reports.

• Fukushima-related activities
• Safety culture enforcement and policy
statement implementation
• Fitness-for-duty support
• International organization support
• Human reliability analysis
ADVANCED CONTROL ROOM HUMAN
FACTORS
New NPPs will differ from the current plants
in ways that will change how operators
interact with the plant: many employ passive
designs, all will employ extensive use of
digital I&C systems, and new humansystem interfaces will be used. SMRs are
likely to propose multi-module control by a
limited number of operators, taking
advantage of advanced control systems and
passive design features to simplify
operations during casualty conditions.

Current Research Activities
The Human Factors and Reliability Branch
has developed a broad research program
focused on six areas:
• Advanced control room human factors

Seven individual research projects are
currently supporting this effort ranging from
updating NRC guidance documents and
consensus standards, to research on
computerized procedure development and
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considerations and are beginning to provide
support to our understanding of nuclear
power plant operations and training. Some
provide direct support to other NRC
research initiatives that rely on the analysis
of human reliability to support their own
goals.

adaptive automation, to human performance
test facility development.
All these projects have the potential to
improve operator performance and provide
clear bases for regulation.
FUKUSHIMA-RELATED ACTIVITIES

A complicated history of evolving needs to
support PRA has occurred, since the days
of The Reactor Safety Study (WASH-1400)
in the early 1970s. The result has been a
proliferation of methods, none completely
satisfying to all interested parties.

The feasibility and reliability of human
actions in reevaluated flooding events is
being studied in the remaining program
related to the Fukushima Near –Term Task
Force recommendations.

The need for resolution was recognized by
the Commission in a November 8, 2006
SRM, directing the ACRS to “work with the
staff and external stakeholders to evaluate
the different Human Reliability models in an
effort to propose either a single model for
the agency to use or guidance on which
model(s) should to be used in specific
circumstances.” In response, the staff
initiated a series of research projects. The
International HRA Empirical Study used the
Halden
Man-Machine
Laboratory
to
simulate accident sequences. The objective
was to collect and analyze crew
performance data, to separately apply HRA
models to predict crew performance, and to
evaluate these models on the basis of a
comparison of the simulator data with the
model predictions.

SAFETY CULTURE ENFORCEMENT AND
POLICY STATEMENT IMPLEMENTATION
This on-going effort provides support for
safety culture inspections and support for
assessment of the Safety Culture Policy
Statement implementation.
FITNESS-FOR-DUTY SUPPORT
This on-going effort provides scientific and
technical support to four concurrent
rulemakings, support to update Regulatory
Guide 5.73, support to 10 CFR Part 26
implementation, and evaluation of the
feasibility of performance indicators for
fitness for duty programs.
INTERNATIONAL ORGANIZATION
SUPPORT

The results of three sets of experiments and
parallel analyses led to a number of
summary conclusions and a strong
recommendation that all HRA analysts
develop first a solid and thoroughly
documented qualitative analysis to guide
later quantification. The staff has used
these conclusions and recommendations as
the starting point for developing a hybrid
HRA method, borrowing the best aspects of
other methods applied during the three
empirical studies. However, this did not
fully meet the goal set by the Commission
SRM

The staff provides direct support to the
Halden Reactor Project and the Committee
on the Safety of Nuclear Installations
Working
Group
on
Human
and
Organizational Factors of NEA. Important
technical bases for staff efforts in human
reliability analysis and advanced control
room human factors have come from this
participation.
HUMAN RELIABILITY ANALYSIS
Fifteen
research
projects
support
improvement of HRA methods and their
bases, or have evolved out of HRA
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and Reliability Branch and among
ourselves, we found that several areas
could benefit from increased emphasis in
the future: the work on medical applications
should receive more emphasis; the
development of HRA and HF approaches to
support NSIR applications needs to be
explored, especially in light of recent
advances
in
developing
scenario
approaches to vulnerability assessment;
with the shift towards digital I&C systems in
plants, the work on the effects of degraded
I&C systems on human performance should
be expanded; and, with new plant designs
from other countries entering or completing
the design certification process that include
advanced control rooms, the staff should
understand
the
effects
of
cultural
differences and the impact of different
operating practices on human-system
interfaces.

Because of fixed schedule demands, the
staff has performed parallel specific HRA
methods development activities for nuclear
power plant fires, fuel cask handling, low
power/shutdown conditions, and medical
treatments. Participants in these programs
have been aware of the SRM-directed
activity to develop a single methodology, so
we hope that they can all be brought
together, once the SRM-driven approach is
refined and tested. A specialization of the
method had been completed for internal
events at power in nuclear power plants and
test program is underway. Pilot applications
are scheduled for next year. The general
methodology is progressing and could be
released during 2016.
Observations and Suggestions for the
Future
Staff participation in domestic and
international collaborations strengthens the
human factors/human reliability research
activities and should be encouraged,
especially in a time, when funds are
becoming severely restricted. Collaboration
allows the Commission to leverage limited
funds, involving its scientists and engineers
in relevant, state-of-the-art research and
retaining a say in what research will be
supported. It also enhances the agency’s
ability to attract and retain top-flight
researchers. Recent collaborations have
included OECD, EPRI, the National
Aeronautics and Space Administration
(NASA), and professional organizations
such as the American Nuclear Society, the
Institute of Electrical and Electronics
Engineers (IEEE), and the American
Institute of Chemical Engineers. The staff
has arranged for international experts to be
involved in many of their research efforts
and to provide independent peer review.
The
human
factors/human
reliability
analysis research program has evolved into
a carefully coordinated series of projects
that are extending knowledge and providing
useful products to regulators.
In
discussions with the RES Human Factors
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Two potential areas of research are
suggested by the accident at Fukushima
Daiichi.
First is to improve our
understanding of human performance under
extreme conditions. Here, we mean both
conditions that can be caused by severe
core damage accidents and potentially less
severe extreme environmental and fire
events.
In the first, operators have
experienced long hours, primitive living
conditions, shock at the surprise of the
extreme damage, lack of ability to
communicate with families, injury and death
of colleagues, and confusion when planned
actions are unsuccessful.
In severe
environmental and fire events, operators are
challenged by plant damage and limits on
access. Fire and smoke events can limit
visibility, require breathing apparatus
complicating communications, and create
physically dangerous situations. Severe
seismic events surprise people, even those
who have lived with earthquakes, subjecting
them to the earth behaving in ways they
have never experienced. There is some
anecdotal evidence about how people
behave in these situations, but little
thorough research to support assumptions
currently used in HRAs. NEA has published

which such
performance.

a report, “Human Performance under
Extreme Conditions with Respect to a
Resilient Organization,” [CSNI/R(2015)16]
that summarizes the key factors affecting
human response during earthquakes and
the NRC fire HRA guidance similarly
describes the issues that can affect human
performance during fires. Both reports can
be seen as plans for guiding research that is
needed to explain how and the extent to

events

degrade

human

Finally, as the forensic efforts at Fukushima
produce new understanding of severe
accidents at BWRs, new research into ways
to provide improved support to operators
during such accidents will be needed.
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7. MATERIALS AND METALLURGY
Background
There are 99 power reactors operating in the
United States. While originally licensed for 40
years, all of the reactors that have not been
shut down for economic or other reasons
have applied for a license extension to 60
years. The continued increase in reliability,
coupled with replacement of most large
components
(steam
generators,
pressurizers, etc.) and power uprates, has
demonstrated the value of existing plants.
Improved
knowledge
of
the
aging
mechanisms in play, along with improved
modeling and simulation methods, has led to
the realization that operating the existing
plants beyond the license renewal period of
60 years is possible. However, operating
beyond 60 years, termed subsequent license
renewal
(SLR),
will
require
careful
investigation of the potential for current
degradation phenomena, or new phenomena
that have not manifest themselves, to cause
a decrease in reliability and safety.

Schematic illustrating the combinations of
Susceptibility and Knowledge scores suggesting
various life management responses
(Expanded Materials Degradation Assessment,
NUREG/CR- 7153)

Current Research Activities

Materials and metallurgy continues to be an
active area of research within the
NRC. This is appropriate in light of the efforts
required by the agency to address known
and
emerging
materials
degradation
phenomena in aging light-water reactors
(LWRs), and to monitor the effectiveness of
licensees’ aging management programs.
Due to the importance of long-term operation
(license renewal and SLR), it is critical that
the NRC safety research programs in
materials and metallurgy not only be
following—and
supplementing
where
necessary for safety—current issues related
to environmental degradation, but also be
forward looking to stay ahead of major issues
that may be anticipated to be important for
long-term operation.

Figure 2 shows a schematic of the overall
research effort by topic. The materials and
metallurgy research efforts are conducted by
the Component Integrity Branch and the
Corrosion and Metallurgy Branch within the
Division of Engineering of RES. Topical
areas of research can be grouped into five
broad categories:
(1) Materials Aging and
Materials Degradation

Management of

(2) Component integrity assessment
(3) Non-destructive examination (NDE)
(4) Environmentally assisted cracking (EAC)
(5) Steam generator tubing integrity.
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phenomena that must be considered for
extension of operation beyond 60 years. The
results of this effort are documented in a
five-volume NUREG/CR-7153, “Expanded
Materials Degradation Assessment (EMDA).”
The analyses have focused on the following
areas: (1) core internals and piping systems,
(2) reactor pressure vessel steels, (3)
concrete civil structures, and (4) electrical
power and instrumentation and control
cabling and insulation.

Within the above areas, the major focus has
been in the areas of materials aging and
management, piping integrity, corrosion,
steam generator tube integrity, and extended
storage and transportation.
RES continues to make excellent use of
domestic and international cooperative
programs to accelerate progress, reduce
cost, and resolve key issues related to the
detection, understanding, and mitigation of
materials degradation phenomena.

The EMDA process has resulted in:

MATERIALS AGING AND MANAGEMENT
OF MATERIALS DEGRADATION
The nuclear industry and the NRC have
often been surprised by unexpected
materials degradation events. Unexpected
materials degradation in nuclear power
plants has led to a heightened interest by
the NRC and nuclear power industry in
developing a proactive approach to
materials degradation management. The
NRC completed the project, “Proactive
Materials Degradation Assessment” (PMDA)
to identify materials and systems in LWRs
where degradation can reasonably be
expected to occur in the future. With such
knowledge, the inspection and monitoring
programs at plants can now be reviewed
and modified as needed to provide early
identification of incipient degradation. A
comprehensive assessment of the likelihood
and
safety
significance
of
possible
environmental degradation mechanisms for
approximately 1,900 BWR and PWR
components was completed in 2008. The
results of this effort have been documented
in NUREG/CR-6923, “Expert Panel Report
Degradation
on
Proactive
Materials
Assessment.” The latest revision of NUREG1801, “Generic Aging Lessons Learned
(GALL) Report,” Revision 2, reflects the
results of this research.

•

Determining the status of the current
knowledge base and updating the
PMDA-developed information.

•

Identifying gaps in knowledge for
systems,
structures,
and
components (SSC) or materials that
warrant future research.

•

Identifying potential new forms of
degradation.

•

Identifying and
research needs.

prioritizing

the

The results of the overall program has
identified the following areas of focus for
subsequent license renewal:
•
•
•
•
•

Neutron fluence (i.e., radiation dose)
evaluations
Reactor pressure vessel (RPV)
embrittlement at high fluence
Aging of reactor vessel internals
Research on concrete degradation
Electrical cable qualification and
condition assessment.

Key technical issues associated with the
effect of neutron fluence on pressure vessel
mechanical properties include: (1) the
adequacy of predictive models and (2) the
adequacy of generic evaluation criteria.
Ongoing initiatives to address these issues
include research on the direct and indirect
measurement of fracture toughness. The

The NRC, in collaboration with DOE, has
undertaken an expansion of the scope
originally investigated in NUREG/CR-6923
to identify any additional degradation
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NRC is also monitoring industry activities
to develop data on high fluence radiation
effects. The key technical issues are: (1)
development of an understanding of
irradiation-assisted-degradation at high
fluences and (2) understanding the loss of
fracture toughness for cast austenitic
stainless steels.

basis if it is demonstrated that the
probability of fluid system piping rupture is
extremely low under conditions consistent
with the design basis. Leak before break
(LBB) has been used as a surrogate for
demonstrating that the pipe rupture
probability is sufficiently low to meet the
above mentioned GDC 4 criterion. However,
the regulations prohibit the use of LBB if EAC
is present. The purpose of the xLPR
program, a cooperative effort between the
NRC and industry,
is
to
develop
methodology which, when combined with
inspection, will allow the G D C 4 criterion to
be met, even in the presence of EAC. The
xLPR program has developed a probabilistic
framework for direct assessment of pipe
rupture probability. Although initially focused
on resolving the primary water stresscorrosion cracking (PWSCC) challenge for
PWRs, the intent of the xLPR project is to
develop a fully probabilistic approach
applicable to a range of active degradation
mechanisms in both BWRs and PWRs.

Concrete degradation is a potentially
important issue for SLR. There are very
limited data that suggest that there may be
a radiation effect at fluences beyond 1019
n/cm2. The high fluence data are very
scattered and not for conditions that exist
under LWR conditions. We believe that the
irradiation effects research has achieved its
objective.
Additional environmental
degradation issues may also be important.
The key degradation issues that have been
identified are: (1) alkali-silica reaction
(ASR), (2) creep and potential for creepfracture interaction of post-tensioned
containment, and (3) potential for boric acid
attack on concrete and steel in PWR spent
fuel pools.

Assessment: The xLPR program is
developing a quantified, fully quality
assurance-certified solution to the LBB issue.
It
represents
the
state-of-the-art
in
probabilistic fracture mechanics. Use of xLPR
will allow for assessment of pipe rupture
probability for current, extended, and
subsequent license renewal periods. Version
2 of the code is now in the final stages of
development.
This version will be the
“public” version of the code. A users group
will be established to promote the
implementation and use of the code. The
program is meeting its goals.

ACRS finds that the program has identified
key areas of concern for subsequent license
renewal operation (time frames of 60-80
years). The current research programs will
be adequate to address the areas of
concern.
COMPONENT INTEGRITY ASSESSMENT
The topical areas of research within the
component integrity assessment addresses
the development of a probabilistic fracture
mechanics tool (i.e., xLPR – eXtremely
Low Probability of Rupture), the integrity of
dissimilar metal welds, and RPV integrity.

While the xLPR code is being developed in
order to evaluate component integrity in
LWRs, the platform is of general applicability
to any complex system where environmental
degradation is
a
critical
factor
in
performance. We would thus expect that the
xLPR code could serve as the basis for
structural integrity analysis in other
industries.

Development of the xLPR code: General
Design Criterion 4 (GDC-4), “Environmental
and Dynamic Effects Design Bases,” of
Appendix A to 10 CFR Part 50, “General
Design Criteria for Nuclear Power Plants,”
allows local dynamic effects of pipe
ruptures to be excluded from the design
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Reactor Pressure Vessel Integrity: As
was mentioned above, RPV embrittlement
has been identified as a potential lifelimiting issue for operating in the 60 to 80
year time frame. As such, it is important
that the NRC Safety Research Program
supports the evaluation of pressure vessel
embrittlement as the plant ages.

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

As a result of addressing the key issues
discussed above, the RPV integrity
research has led to revision of several NRC
regulations, such as the pressurized thermal
shock rule in 10 CFR 50.61, “Fracture
Toughness Requirements for Protection
against Pressurized Thermal Shock events,”
and 10 CFR 50.61a, “Alternate Fracture
Toughness Requirements for Protection
against
Pressurized
Thermal
Shock
Events,” as well as related American
Society of Mechanical Engineers (ASME)
and American Society for Testing and
Materials (ASTM) codes and standards.
Work is now in progress to revise other
rules that address pressure vessel integrity
such as Appendix G, “Fracture Toughness
Requirements,” and Appendix H, “Reactor
Vessel Material Surveillance Program
Requirements,” to 10 CFR Part 50. Draft
Regulatory Guide, DG-1299, “Regulatory
Guidance on the Alternative Pressurized
Thermal Shock Rule” is in the final stages of
review. ACRS looks forward to reviewing
the draft regulatory guide on the alternative
pressurized thermal shock rule, which
completes this RES effort.

As an example, the area of dissimilar metal
welds is highlighted in this section.
A significant part of the effort seeks to
determine the residual stresses in dissimilar
metal welds.
Welding residual stresses
(WRS) are a major factor affecting the integrity
of pressure boundary and other critical
components in nuclear power plants.
Numerous incidents of environmentally
induced cracking have occurred in operating
plants over the past thirty years, leading to
major repairs, enhanced inspection programs
and application of mitigating measures to
reduce or eliminate the problems. The majority
of these incidents were attributed to SCC
which occurs in the presence of a susceptible
material, a corrosive environment, and near or
above yield level stresses.
The affected
components were generally designed in
accordance with the ASME Boiler and
Pressure Vessel Code, which limits stresses
to a fraction of yield, so one would expect
such cracking to be precluded. However, the
Code limits address only applied stresses due
to pressure, external forces and thermal
transients, leaving the responsibility to
designers and fabricators to address
fabrication effects, such as residual stresses,
as well as environmental effects on the
materials.

NON-DESTRUCTIVE EXAMINATION
Improvement of NDE resolution and
sensitivity will be of increasing importance
for extended operation where margins may
be reduced. RES program “Evaluating the
Reliability of Nondestructive Examinations of
Vessels and Piping”, will assess the use of
emerging NDE techniques. The program is a
cooperative program which is focusing in the
following areas:
(1)

Theoretical and experimental basis
for examination coverage,
Eddy
current
inspection-inlays,
onlays, and overlays,
Qualification of inspectors and
procedures,
Detection and characterization of
flaws
Visual testing,
Partial penetration welds,
Probability of detection, and
The support of the incorporation of
NDE technology in 10 CFR 50.55a.

As part of their efforts to address these SCC
problems, the staff has collaborated with
industry to develop sophisticated finite
element analysis (FEA) methods to predict

NDE modeling,
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improve the results of component life
evaluation. This will be especially important for
operation beyond 40 years. We find that the
current programs are designed to keep the
staff current in the latest developments. These
programs are meeting their goals.

residual stresses in welded components.
These have been used for a number of
purposes, including:
1. Crack growth analyses when flaws
are detected to determine the need
for and urgency of repair or
replacement actions.

ENVIRONMENTALLY ASSISTED
CRACKING

2. Analyses of the potential for crack
initiation and projected growth of
initiated flaws when inspections have
not yet been performed.

Environmentally assisted cracking is a
generic term for the various stress corrosion
cracking mechanisms that can be active in
BWRs
and
PWRs.
These
complex
phenomena are influenced by applied and
residual stresses, water chemistry, radiation
exposure,
temperature,
material
composition, microstructure, and fabrication
history. The topical areas of research within
the EAC umbrella include irradiation
assisted degradation, primary water stress
corrosion cracking (PWSCC), environmental
fatigue,
spent
fuel
storage
system
degradation, containment liner corrosion,
and used fuel neutron absorber issues.

3. Evaluation of mitigation and repair
activities, many of which rely on
minimizing unfavorable WRS and/or
producing favorable (compressive)
weld residual stress.
Ongoing research has the objectives to:
•

•
•
•

•
•

Validate axisymmetric finite element
(FE) modeling as a predictive tool for
WRS, using robust experimental
methods.
Support NRR in development of
appropriate WRS/flaw evaluation
review guidelines.
Perform independent confirmatory
research on industry guidance for
executing WRS analysis.
Assess and evaluate the near-term
adequacy of industry’s mitigation
activities where WRS minimization is
necessary.
Improve WRS FE analysis predictive
methodologies.
Determine estimates for WRS
uncertainty distributions, which are
needed in probabilistic analyses (e.g.,
xLPR Project).

Irradiation
Assisted
Degradation
/PWSCC: As has been discussed above,
SCC is the dominant degradation mode for
pressure boundary and structural materials
in the primary system. The addition of the
radiation environment
aggravates
the
situation by causing radiation hardening, a
reduction in ductility and toughness, and
radiation induced segregation (RIS) that
increases susceptibility to PWSCC. For
cast materials,
there is a l s o the
potential for a combination of thermal aging
and neutron exposure to reduce toughness in
these materials. Radiation effects, including
hardening and swelling, are also an issue for
extended operation beyond 40 years.
However, it is believed that this phenomenon
is adequately understood and, as such, will
not likely be an issue for extended operation.
Research programs in this area have
included the study of: (a) cracking of stainless
steels in low corrosion potential (e.g., PWR)
environments, (b) the effect of irradiation on
void swelling, and (c) crack growth and

Accurate NDE methods are critical to
assurance
of
system
integrity
and
complement
the
probabilistic
fracture
mechanics methods development in the
xLPR program. New NDE techniques
promise to reduce the uncertainty in
characterization of defects, which will
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fracture toughness of irradiated case
stainless steel. While most of these
programs have been concluded, several
new programs have been initiated. These
programs include programs for: (1)
environmentally assisted degradation of
LWR internal components, (2) synergistic
effects of thermal and low dose irradiation
on cast stainless steels and stainless steel
welds. The objective of the environmentally
assisted degradation program (1) is to
bolster the technical bases that support
regulatory decisions involving the effect of
radiation on degradation. The objective of
the synergistic effects program (2) is to
examine the synergistic effect, if any,
between thermal aging and neutron dose.

eventually experience SCC as well. Operation
beyond the 40 year initial license period adds
additional concern that tube degradation in
Alloy 600 tubed steam generators will continue
to be an issue. As of this date, all of the
original mill annealed Alloy 600 tubed steam
generators have been replaced with either
thermally treated Alloy 600 or Alloy 690 tubed
units. Alloy 690 has been shown to be
extremely resistant to SCC, and no instance of
SCC in these units has been reported to this
date. However, degradation due to excessive
wear must continue to be monitored.
The past focus of the NRC-sponsored
research in this area has been to provide
additional data to support the technical basis
for nondestructive evaluations, tube integrity,
and consequential tube rupture (C-SGTR).
The research has built on extensive previous
research that has supported technical
evaluations of licensee submissions and
inspections of steam generator tubes. The
results of this program have been documented
in several NUREGs or technical letter reports.

PWSCC is the dominant degradation
mechanism for the primary pressure
boundary. While replacement components
will be fabricated with more resistant
materials using Alloy 690 and its weld
metals, this form of degradation will continue
to be an important issue especially for
extended operation. It is thus very important
that the staff maintains expertise in
and
participates in research in this area.
Research in PWSCC, via collaboration or
partnering with industry, should continue.
The international community has established
a collaborative body that is now called the
International
Cooperative
Group
on
Environmentally Assisted Cracking (ICGEAC). It has been in operation for several
decades and was co-founded by the NRC.
The group meets once a year and brings
together the world’s experts in this area. We
recommend that NRC retain active
membership in this group.

Current industry inspection and integrity
models have been confirmed by the NRCsponsored research. Moreover, there is now a
very large database to support analysis of
licensee submittals. Alloy 690 tubed steam
generators are exhibiting excellent behavior,
and the inspection programs have been in
place for over 20 years. Thus, while the
previous programs produced valuable insights,
there is little justification for further NRCsponsored research in this area with the
exception of special cases that may arise in
the future.
Assessment and Recommendations

STEAM GENERATOR RELATED
RESEARCH

Over the past several years, the focus of the
materials & metallurgy area has been on
component integrity assessment and NDE
methods to support this. Collaboration with
industry in the areas of environmental
degradation of structural materials, pressure
vessel embrittlement and steam generator
degradation have yielded significant advances

Stress corrosion cracking has been
problematic for steam generators with mill
annealed Alloy 600 tubing. While thermally
treated Alloy 600 tubed steam generators
have experienced minimal SCC, the
consensus is that these steam generators will
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in our abilities to determine the state of a
material and to estimate degradation
progress.
The proactive degradation
management program has been a hallmark of
this effort. The xLPR code development and
its application to pressurized thermal shock
(PTS) are yielding key insights. The xLPR
and PTS efforts should be completed as
expeditiously as possible. Revision 2 of the
xLPR program should be put “on the street”
as soon as possible.
The planned
establishment of a User’s Group should
promote the implementation and use of the
code.

2. The effects of high fluence (dose) on
the environmental degradation of core
structural materials.
3. The confirmation of the effects of
neutron dose on the mechanical
behavior of cast stainless steel.
4. Continued participation and support of
the ICG-EAC.
This group is the
“clearing house” of the issues related to
degradation of structural materials.
5. The effect of radiation on the
performance of concrete. There is
currently an extensive program in this
area which has shown that this is not
an issue. ACRS believes that this
program has achieved its objective.

Going forward, long-term efforts should be
focused on issues that are related to license
extensions and, more importantly, SLR.
Long-term issues that need to be addressed
include:

6. The support of efforts to establish the
basis for the use of risk-informed
evaluation of dry cast storage canister
reliability.

1. The validation of the high fluence
pressure vessel steel data base and
its
use
to
evaluate
vessel
embrittlement issues.
Several
licensees will be making use of the
risk-informed methods outlined in the
revised PTS rule & associated
regulatory guides.
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License Renewal &
Aging Management

Evaluating the Adequacy and Effectiveness
of NDE and ISI Methods and Programs

Developing Risk-informed Approaches to the
Regulation of Reactor Pressure Boundary
Integrity

Materials and Metallurgy
Research

Materials Aging and
Management 0f
Materials Degradation

• Materials
Degradation
Assessment

Component Integrity
Assessment

• Development of
probabilistic fracture
mechanics code, xLPR
• RPV integrity
• Acceptability of HDPE
piping for long term
safety related applications

Nondestructive
Evaluation

Environmentally
Assisted Cracking

Steam Generator Tube
Integrity

• Evaluation of the
effectiveness &
reliability of NDE of
vessels & piping

• Irradiation Assisted
Degradation/PWSCC

• Assessment of
inspection reliability

• Environmental Fatigue

• Evaluation of in-service
inspection technology

• Assessment of
emerging NDE for
dissimilar metal
welds

• Spent Fuel Storage
Systems Degradation
• Containment Liner
Corrosion
• Neutron Absorber
Degradation

Figure 2. Current NRC Research Activities in Materials and Metallurgy
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• Evaluation of tube
integrity
• Evaluation of
degradation modes

8. NEUTRONICS AND CRITICALITY SAFETY
as well as approving advanced modes
of operation for BWRs;

Background
The capability to conduct neutronics
analyses in such areas as lattice/core
physics, neutron and radiation transport,
shielding, and criticality safety is an
essential core competency of the NRC.
Neutronics analysis is routinely applied in
the following areas:
•

Fission reactor analysis, which includes
the modeling of current and advanced
designs, at various state conditions
(e.g.,
moderator
density,
fuel
temperature, boron concentration) for
different fuel types under steady-state
and transient conditions;

•

Nuclide generation and depletion
computations to evaluate reactor and
spent nuclear fuel decay heat powers,
radioactive source behaviors, and
radionuclide inventories;

•

Radiation transport and attenuation
computations applied to material
damage, dosimetry, activation, and
shielding evaluations for radiation
protection; and

•

Nuclear criticality safety analysis,
preventing
and
mitigating
critical
configurations outside of reactors.

Burnup credit methodology development
for spent nuclear fuel criticality analysis
of PWR fuel;

•

Certification of new LWR core designs
and confirmation of applicant accident
analyses, including advanced reactors,
integral small LWRs, and Mo-99
production facilities; and

•

Spent fuel criticality evaluations for long
term storage of spent fuel in pools and
canisters.

Power oscillation visualization during
simulated ATWS with instability

In order to support licensing reviews and to
further develop the agency's neutronics
capability,
R&D
in
state-of-the-art
computational analysis tools is essential.
Recent activities that have taken advantage
of state-of-the-art computational tools
include:
•

•

TRACE/PARCS methodology is being used to
simulate complex transients such as anticipated
transients without SCRAM with instability
(ATWS-I).
Visualization tools have been
developed to analyze and display the evolution
of the power oscillations during ATWS-I and to
study the oscillation contour.

Confirmatory
analysis
to support
licensing reviews of operating LWR
extended power uprate applications,
fluence calculations for fuel and vessel
and structural components,
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The RES programs supported by this
research area include the fuel cycle
oversight process, fuel rod mechanical and
thermal analysis, and high burnup fuel
performance and safety evaluations. The
agency’s long-term research efforts in this
area has led to direct-access to and
influence-on the development of world-class
codes for neutronics and criticality
evaluations.
The primary computational
resources available to the staff include the
SCALE suite of computer codes, which was
originally developed for the NRC, and the
Purdue Advanced Reactor Core Simulator
(PARCS) suite of codes. These codes are
now being enhanced and maintained in
cooperation with DOE through Oak Ridge
National Laboratory and the University of
Michigan.

Current Research Activities
Current R&D programs in this area are
primarily defined and supported by user
needs within the agency. Specialized areas
of particular importance at this time in the
areas of reactor performance analysis,
methods development, training programs,
and analysis methodology support are
discussed below.
•

The SCALE computer package provides the
initial parameters for subsequent computer
analyses using codes, such as PARCS, by
providing problem specific cross-section
data and time-dependent isotopic and
elemental inventories, activities, and heating
rates. SCALE is also used in confirmatory
analyses in the areas of criticality safety and
radiation shielding. The PARCS code
provides three-dimensional core depletion
and reactor kinetics feedback that can be
used in conjunction with the TRAC/RELAP
Advanced Computational Engine (TRACE)
computer code for thermal-hydraulics
analyses.
In addition to the development of these
tools, an additional important component of
the agency's neutronics capability is the
continued training of agency staff on the use
of the tools, with focus on using the tools to
perform licensing analyses and related
review
activities.
By
maintaining
competency with the current state-of-the-art
tools, the agency is also more easily able to
influence the prioritization of new features in
these state-of-the-art computational tools.

•

42

SCALE
Code
Development
,
Maintenance, and Assessment Activities
that include:
o

Upgrade of the SCALE code
package capabilities to support
analysis of in-core power peaking,
reactor stability and control, core
monitoring, fuel burnup, radionuclide
inventories for accident source
terms, safe shutdown, decay heat
power, radiation sources and
attenuation, and nuclear criticality
safety. Incorporate updates to
nuclear cross section library and
improve processing capabilities to
calculate different BWR and PWR
vendor
fuel
bundle
lattice
parameters

o

Modify SCALE architecture
enable
parallel
processing
analysis of accident sequences

o

Help establish a SCALE user group

o

Develop a SCALE user guide and
deliver staff training for the
application
of
SCALE/TRITON
/Polaris to the generation of cross
section libraries for the PARCS code

to
in

Extension of the recently completed
PWR spent nuclear fuel burnup credit
methodology and
applications to
develop the regulatory basis for burnup
credit for BWR fuel in spent fuel pools,
dry storage canisters, and transport
systems. This work is a long term
research program element and includes:

o

•

•

capability
enhancement,
and
benchmarking requirements.
Assessment and Recommendations

Determining reactivity influences due
to variations in input parameters for
BWR burnup credit criticality safety
evaluations

o

Supporting
isotopic
analyses
validation (SCALE/TRITON/ Polaris
depletion calculations) with available
measured isotopic composition data

o

Evaluating
available
critical
experimental data to support BWR
fuel critical evaluations

o

Developing a logical and consistent
approach to identification and
treatment of uncertainties in the
analysis for BWRs (as was done for
the PWR methodology).

ACRS continues to support ongoing R&D
activities in this area. Baseline funding is
needed to ensure that challenges related to
limited resources and staff retirements do
not erode this critical agency core capability.
In addition, expanded application capability,
improved accuracy, and computational
efficiency demands on neutronics and
criticality analysis should be considered in
both near term and long term research
programs.
Licensees of existing and planned reactors
continue to optimize core designs using
improved analytical techniques, some of
which require full core, coupled safety
analyses. These may require additional
uncertainty and sensitivity analyses to
improve understanding and regulatory
interpretations of analysis results. In
addition, similar capabilities must be applied
to assure appropriate safety analyses for
small modular reactors, large advanced
reactors, and Mo-99 production facilities.

Participate in the Committee on the
Safety of Nuclear Installations and
international research on nuclear
criticality
safety,
nuclear
data
development,
and
associated
uncertainty
analysis
(both
in
methodology and nuclear data). This
includes providing continued support for
the development and use of benchmark
data for validation of burnup credit
criticality
analyses,
including
the
OECD/NEA Burnup Credit Benchmark
Exercise. Also, identify any additional
improvement opportunities from this
work for the PWR analysis program and
assure program application to the BWR
methods development and analyses
requirements. The focus should include
technical basis development and
support for expanded guidance on
burnup credit in spent nuclear fuel
storage and transport applications.

In a recently completed licensing review,
comparisons
between
results
from
TRACE/PARCS
and
vendor
code
calculations were essential for evaluating
BWR performance in complex ATWS
transients initiating from the MELLLA+
operating regime. The methodology and
visualization techniques employed allowed
RES staff to compare and evaluate results,
more efficiently identify and explain
sensitivities, and communicate findings with
applicants and licensees. Such analyses
and comparisons are useful and should be
continued to evaluate BWR reactor designs
with results obtained from other vendors.

Use of the TRACE/PARCS to support
staff evaluations of the Maximum
Extended Load Line Limit Analysis Plus
(MELLLA+) protocol for extended power
uprates in BWRs. These evaluations
will serve as near term improvement
opportunities in analysis protocol, code

The burnup credit methodology developed
for PWRs to improve isotopic composition
analyses and criticality predictions also
represents a key success. A similar
approach designed to develop analysis
methods and their technical bases for BWR
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ACRS supports staff activities to modify and
extend the existing NRC codes and
methods to accommodate new spent fuel
pool, spent fuel canister, and core
configurations, including those for current
and advanced light water reactors, small
modular reactors, and Mo-99 production
facilities.

applications is being implemented. This
work should also continue to incorporate
and support international benchmark
validation derived within the OECD/NEA
International Criticality Safety Benchmark
Evaluation Project (ICSBEP) and the
International Reactor Physics Experiment
Evaluation (IRPhE) Project.
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9. OPERATIONAL EXPERIENCE
Background

ICES collects component failure data
directly from nuclear plant licensees.
Relevant information is also obtained from
LERs which are submitted directly to the
NRC by licensees.

Operational experience (OpE) data provides
a key source of information used to monitor,
refine, and improve the effectiveness of the
NRC’s risk-informed regulatory process.
The National Energy Policy Act of 1977
chartered NRC with the responsibility to
collect and analyze nuclear plant OpE data.
Initially, the NRC used data from a voluntary
industry program, the Nuclear Plant
Reliability
Data
System
(NPRDS)
administered by the Edison Electric
Institute, later by the Institute for Nuclear
Power Operations (INPO). In 1998, INPO
debuted a new OpE data collection system
known as the INPO Consolidated Event
System (ICES).

As risk insights continue to inform all
aspects of the regulatory process, OpE
data, when properly documented and
analyzed, help assure that the insights are
discovered, understood and have an
adequate basis for use in decision-making.
Additionally, OpE data can also provide a
measure of regulatory effectiveness and
input to reports on significant operating
events.

Sources and uses of operating data and analyses in NRC regulatory programs

45

operating reports, and inspection reports.
These sources provide information on
operational failures. When these data are
used to support risk analysis, they must also
include engineering estimates of the
equipment “successes”, such as the total
operating hours for a pump or the number of
times that a valve was demanded to open or
close. Equipment run times and demands
are highly plant-specific, involving operating
practices, the details of testing (e.g., exactly
which portion of the equipment is tested and
on what interval), and details of the
surveillance procedures (e.g., a pump test
often requires operation of a number of
associated valves generating additional
demands on those valves).

Current Research Activities
The Office of Nuclear Regulatory Research
Data Collection, Analysis and Trending
Program interfaces are shown in Figure 3.
The program is ongoing as directed by
Management Directive 8.7, “Reactor
Operating Experience Program,” and it
evolves as required to meet changing
needs. An important program user is the
Accident Sequence Precursor Program.
This program publishes an annual SECY
which addresses: (1) the evaluation of
precursor data trends and (2) the ongoing
development of associated risk models.
Other users include the Reactor Oversight
Program and Industry Trends Program.
Data collection, coding, and analysis are
performed by Idaho National Laboratory.
The OpE Program results are displayed on
various NRC internet pages so that
information is made widely available within
the NRC, to licensed nuclear facilities and
the general public. Topical areas supported
by the RES OpE Program and displayed
publicly include:
•

SPAR Model Parameters

•

Initiating Event Frequency Updates

•

Safety System and Component
Reliability Updates

•

Access to LERs and industry-reported
component failure events

•

Loss of Offsite Power

•

Industry Performance of Relief Valves

•

Common-Cause Failure Insights.

Many plant specific PRAs have documented
thorough success and failure data and the
NRC’s Handbook of Parameter Estimation
for
Probabilistic
Risk
Assessment
(NUREG/CR-6823) provides guidance on
this process.
Lacking accurate plant
specific success data, experience has
shown that there is substantial uncertainty
due to plant-to-plant variability in both the
number of failures and the number of
successes.
In its 2014 report to the Commission on the
review and evaluation of the NRC Safety
Research Program (NUREG-1635, Vol. 11),
ACRS noted that, some years ago, the
former Office of Analysis and Evaluation of
Operational Data (AEOD) published a
number of reports (NUREG/CR-5500,
Volumes 1-11) that investigated this issue
and provided industrywide failure rate
estimates for a variety equipment. ACRS
continues to recommend that RES examine
the impact of the uncertainty in success
data in their applications and analyses.
Expanding the previous work of AEOD with
research to fully incorporate these
uncertainties may be appropriate.

Assessment and Recommendations
The
primary
sources
of
operating
experience and failure event data are the
INPO ICES, LERs, industry monthly
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Industry Trends
Program

Reactor Oversight
Process

Operational Experience
Research

Data Collection

• Access to ICES
Data
• Integrated Data
Collection and
Coding System
- ICES
- MSPI
Unavailabilities
- MORs
- LERs

Development of Tools
and Databases

• CCF Database
• LER Search
• SPAR Models

ASP
Program

Operating
Experience
Clearinghouse

Industry Trends Support

• Risk-based
Operating
Experience
Analyses
- CCF Parameters
- Initiating Events
- System Studies

Figure 3. Current NRC Research Activities in Operational Experience
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10. PROBABILISTIC RISK ASSESSMENT
Background
Probabilistic risk assessment is an essential
technology for the NRC. The use of risk
information in the regulatory process for
operating reactors is well established.
PRAs are being used to inform design
decisions for new reactors and will be used
in future regulatory oversight of those
designs. Risk significance evaluations for
emergent issues provide an important
perspective to inform NRC policies,
priorities, and regulatory decisions. The
Commission recently concluded that a
proposed transition to a more fully
integrated risk management regulatory
framework should not be implemented at
this time. However, it is likely that the NRC
will increase reliance on risk information
throughout all elements of regulatory
decision making, especially for the licensing
of new reactors. The NRC must have stateof-the-art PRA capabilities to support these
regulatory functions.

Current Research Activities
The RES Division of Risk Analysis has
adopted a goal-oriented framework to
organize its research programs. The four
fundamental program goals are:

In its 2014 report to the Commission on the
review and evaluation of the NRC Safety
Research Program (NUREG-1635, Vol. 11),
ACRS noted that much of the recent
research work in this area has focused on
applications of existing PRA models and
data to support the reactor oversight
process for the current reactor fleet.
Extensions of PRA scope and the
development of new methods have not
been priorities. That emphasis continues to
guide much of the current PRA research
and planned activities. Technical issues
and challenges identified during the
development of the full-scope Level 3 PRA
for a multi-unit operating reactor site will
provide an important stimulus and focus for
needed extensions of risk assessment
methods and modeling practices.

(1) Support the Reactor Oversight and
Operating Experience Programs
(2) Remove obstacles to implementation of
risk-informed regulation
(3) Expand
PRA
infrastructure
to
encompass new and advanced reactor
concepts and designs
(4) Support continuous advancement in
PRA state-of-the-art and state-ofpractice
ACRS has noted that this type of framework
"could provide a basis for developing longterm research goals that can provide a
constant vision of where the PRA research
program should be headed."
ACRS
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features, including internal fire analyses that
have been performed for transition to
NFPA-805 at Cook, Shearon Harris, and
Summer, and the Vogtle reference fire and
seismic models for the Level 3 PRA project.
Efforts continue for validation of the existing
SPAR-AHZ models and creation of new
models for other plants.

continues to encourage that broad
perspective and an emphasis on future
research needs.
The RES Division of Risk Analysis has
developed close working relationships with
its counterparts in NRR and NRO to define
specific user needs and priorities for short-,
intermediate-, and long-term research
projects. MOUs with organizations such as
EPRI and NASA have been used effectively
to share knowledge and resources.
Participation in international committees and
working
groups
broadens
NRC
understanding of how risk assessment
methods are being enhanced globally and
how risk information is being used in other
countries.
Cooperative
research
agreements and grants with universities
provide an important channel for the
development
of
advanced
analysis
methods. ACRS supports these efforts and
encourages further collaboration for mutual
benefits in areas of focused technical
needs.

Low Power and Shutdown (LPSD) Models:
The current scope of the SPAR models
includes shutdown operating states for only
eight plants. No extension of the SPAR
modeling effort for shutdown modes has
occurred since the 2014 ACRS review of
this program.
Level 2 Models:
Limited-scope Level 2 PRA models have
been developed for Peach Bottom Unit 2,
Sequoyah, and Surry Unit 2. No extension
of the SPAR Level 2 PRA modeling effort
has occurred since the 2014 ACRS review
of this program.

Figure 4 shows the program goals and lists
the current research topics in each area.
The following items briefly summarize
selected research projects that extend the
scope of current NRC-supported risk
models and analysis methods.

Digital I&C PRA
Research Information Letter 1002 (RIL1002) describes a set of nine digital system
failure modes that were derived from
research and evaluations of diverse
taxonomies that are used in the U.S. and
internationally. These failure modes have
been compared with terminology that is
currently used in Europe and with EPRI
guidance for the performance of digital
system functional failure modes and effects
analyses (FFMEA).
Limited efforts are
continuing to develop a common technical
understanding of these terms for use by the
staff, digital system designers, software
engineers, FFMEA analysts, and PRA
practitioners.

SPAR Models Extension and Support
SPAR All Hazards Models (SPAR-AHZ):
Limited models for external initiating events
have been developed for 22 plants (28
units). This total includes only two more
plants since the 2014 ACRS review of this
program. The models for 18 plants are
based primarily on information derived from
the Individual Plant Examination of External
Events (IPEEE) analyses. The models for
four plants (D.C. Cook, Shearon Harris,
V.C. Summer, and Vogtle) are more
comprehensive. Those models have been
validated by comparisons with more recent
plant-specific information and design

The digital Loop Operating Control System
(LOCS) for the Advanced Test Reactor
(ATR) at the Idaho National Laboratory is
being used as an example system to focus
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low power and shutdown modes, and a
Level 2 PRA model.

two quantitative software reliability research
activities.
A Bayesian Belief Network
(BBN)
methodology has been proposed to facilitate
quantitative evaluation of software reliability.
The
methodology
develops
causal
relationships between quality attributes of
the software development process and
reliability of the product software. The
results of the BBN provide a prior estimate
for the software failure rate, including an
evaluation of the uncertainty. If testing or
operational data are available, a Bayesian
update of the prior can be performed to
produce a posterior distribution for the
software reliability.

The current RES plans do not address
development of SPAR models for any of the
proposed small modular reactor designs
(e.g., NuScale, etc.).
Level 3 PRA Project
This project involves the development of a
full-scope comprehensive Level 3 PRA for
an operating plant site. The PRA scope
covers all plant operating modes, spent fuel
storage pools, and onsite dry cask storage
facilities. The analyses will include internal
and external hazards. Site-level risk from
accidents that involve multiple radiological
sources will also be evaluated (i.e., the
reactor units, spent fuel pools, and dry
storage casks).

Statistical testing of the LOCS software has
been performed to develop preliminary
quantitative measures of the software
reliability to perform its reactor trip function
for a variety of thermal-hydraulic conditions
derived from event scenarios in the ATR
pilot PRA model. The test data may be
used directly to quantify software failure
modes, or the data may be used to update
the BBN estimates.

The project is benefitting substantially from
voluntary support by Southern Nuclear
Operating Company and Georgia Power.
The PRA is being performed for Vogtle
Electric Generating Plant Units 1 and 2.
Available plant-specific models and data are
being used as a basis for development of
full-scope NRC models. EPRI is providing
input through its participation in the project
Technical Advisory Group.
The PWR
Owners Group is voluntarily coordinating a
series of independent peer reviews.

SPAR Models for New Reactor Designs
This project supports the development of
SPAR models for each certified new reactor
design. Models for internal events that
occur during full power operation have been
completed for the AP1000, US-APWR, US
EPR, and both versions of the ABWR (GEHitachi and Toshiba). A SPAR model has
not yet been developed for the ESBWR
design. There are no plans to develop a
SPAR model for the APR1400 design, prior
to a U.S. license application.

This project is a major research effort. It will
advance the state of knowledge about plantlevel and site-level risk beyond the
landmark NUREG-1150 study performed
more than 25 years ago.
It will also
integrate substantial advancements in
understanding and modeling of internal
hazards, external hazards, severe accident
phenomena, containment performance, and
offsite consequences. The project intends
to use current state-of-the-practice methods
and modeling techniques, with limited
extension to new research. However, this
project will identify needs for future research
efforts to refine the treatment (i.e., reduce

The AP1000 SPAR models are more
comprehensive than the others.
They
include seismic events, fires, and internal
flooding during full power operation. Since
the 2014 ACRS review of this program, the
AP1000 models have been extended further
to include internal initiating events during
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the uncertainty) of issues that are currently
evaluated with rudimentary models or
excessively conservative assumptions.
Substantial progress has been made on this
project since the 2014 ACRS review of this
program.
The single-unit models have
achieved a sufficient level of maturity to
support initial independent peer reviews.
Those reviews covered the Level 1, Level 2,
and Level 3 full-power models for internal
initiating events and internal flooding, high
winds, and the screening of other external
hazards. Preliminary models have also
been developed for internal fires and
seismic events during full power operation,
but they have not yet been subjected to a
peer review.

A small shift between goal (2) and goal (4)
accounts for the staff's culmination of
research work under goal (2) to support an
integrated risk management regulatory
framework and reduced support for the
development of methods for evaluating
digital I&C systems.
The current programs under goal (1) are
influenced primarily by a strong RES
emphasis on responsiveness to immediate
user needs and short-term requirements to
support existing PRA model infrastructure
for the Reactor Oversight Process.
Maintenance and updating of SPAR
models, extension of those models to
include a consistent level of detail for each
operating reactor, comparisons with industry
PRA models, and compilation of operating
experience data are important tasks to
support risk-informed decision making and
balanced reactor oversight. Those support
activities for existing SPAR models do not
typically require extension of fundamental
analytical knowledge, methods, or modeling
techniques beyond the current capabilities
of trained PRA practitioners.
ACRS
continues to encourage diversification of
PRA knowledge, modeling capabilities, and
updates to existing SPAR models and data,
with increased technical responsibilities
assigned to risk engineers in the regional
offices. This practice will enhance regional
staff understanding of the PRA models for
each of their plants and will allow RES staff
to focus more effectively on advancement of
state-of-the-art risk assessment methods
and practices.

Seismically-Induced Fires and Floods
In accordance with Fukushima Near-Term
Task Force Recommendation 3, a limitedscope project is underway to perform a
feasibility study for evaluating the risk from
seismically-induced fires and internal floods.
The intent of this project is to examine
methods for the identification, modeling, and
quantification of the risk from these
compound hazard scenarios, which are not
typically included in current PRAs.
Assessment and Recommendations
The program structure in Figure 4 facilitates
examination of the fundamental goals of
each project and the balance among
research priorities. For example, the PRA
research program managers indicated that
approximately 40% of all resources are
currently allocated to projects in support of
goal (1), approximately 20% are allocated to
goal (2), approximately 5% are allocated to
goal (3), and approximately 35% are
allocated to goal (4)1. The distribution
among the four fundamental research goals
is approximately the same as that in 2014.

Substantial continuing efforts involve further
refinement of the existing SPAR models for
internal events that occur during plant
power operation, with particular attention to
the models for loss of offsite power and
station blackout. Experience has shown
that these scenarios are important to overall
plant risk at many sites.
However,
refinements to these focused portions of the
SPAR models and data have come at the
expense of very limited efforts to extend the

1

These estimates are very approximate. They are
noted here only to illustrate broad relative allocations
for the purposes of this report.
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understanding of those difficult issues.
However, the original intent of each element
in the goal-oriented framework should be
examined carefully, to ensure that the
distribution of projects and resources
accurately reflects the overarching RES
priorities. For example, reassignment of the
digital I&C PRA project under goal (4) would
leave only about 5% to 10% of the overall
RES resources allocated to goal (2), with
about 45% to 50% of the resources
allocated to goal (4). This seems to more
accurately illustrate the current reduced
priorities for research to further enhance
agency-wide integration of risk-informed
regulatory practices.

SPAR-AHZ models to include all sites and
to enhance the existing SPAR-AHZ models
to account for current analytical methods
and plant-specific conditions that supersede
the outdated IPEEE analyses. Experience
from many full-scope PRAs has shown that
the plant-specific risk profile can be
influenced very significantly by the effects
from internal fires, external hazards, and
events that occur during low power and
shutdown modes. The current suite of
SPAR models provides limited capability to
assess the risk from these events and to
support consistent plant-specific regulatory
decisions throughout the operating reactor
fleet. ACRS recommends that efforts to
further refine the SPAR models for internal
events during full power operation should
receive lower priority, compared to the
development of modern validated SPARAHZ models for all operating reactor sites.
Extension of the SPAR models to include
low power and shutdown modes should
receive increased priority.

With particular regard to the digital I&C PRA
project, it is not apparent how the research
work on BBN methods and statistical testing
will be integrated to develop a practical
methodology for modeling digital systems in
full-scope PRAs. To date, these research
efforts have proceeded largely in parallel,
and they have focused on only one
particular reactor protection function (i.e.,
trip the reactor when required). A full-scope
PRA for a nuclear power plant that is much
more complex than the ATR contains
hundreds to thousands of scenarios that
require the digital systems to perform a
variety of control, reactor protection, and
safeguards actuation functions.
For
example, except for earlier work on a
simplified digital feedwater control system,
the current research efforts have not
examined
methods
to
evaluate
combinations of input parameter deviations
and unanticipated software behavior that
may cause unexpected commands under
conditions when those responses are not
desired. The staff has informed ACRS that
the PRA methods from this project will be
tested in a pilot study. ACRS fully endorses
that approach. Experience has shown very
clearly that thorough testing of proposed
methods in real-world applications can often
identify issues that were not anticipated by
the developers or revealed in limited-scope
studies.
The staff should explore

The programs under goal (2) are intended
to address a variety of intermediate- to longterm research needs to support the
integration of risk information into the overall
NRC regulatory decision making process.
The RES program managers indicated that
approximately 65% of the resources in this
area are currently allocated to the
development of PRA methods and modeling
capabilities for digital I&C systems. Most of
the remaining resources support updates to
regulatory guidance and NRC participation
in various standards committees.
The
framework in Figure 4 provides a structure
for examining the overall goals and direction
of the PRA research program. Therefore,
for a clear understanding of RES priorities, it
is important to assign specific projects to the
most appropriate category. In particular, it
seems that the digital I&C PRA project is
more closely aligned with the objectives for
extension of current state-of-the-practice
methods and modeling techniques under
goal (4). ACRS supports that project and
agrees that it is important for improved
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coordinated with the availability of
information about the selected reactor
design. The study should also address sitelevel issues that affect accident progression,
mitigation options, emergency planning, and
offsite consequences.

opportunities to better coordinate this
research with efforts in progress at EPRI. A
key objective of that collaboration should be
a pilot application of a comprehensive
methodology to model an integrated digital
instrumentation, control, and protection
system for an operating nuclear power plant
or a new reactor.

Almost all of the resources under goal (4)
support development of the Level 3 PRA.
ACRS continues its strong support for this
project. It will provide an integrated risk
model context to define the scope and
requirements for additional intermediateand long-term research. The project is also
providing valuable knowledge development
and experience for staff engineers in a
manner that cannot be achieved through
their normal training and review activities.
Some of the difficult technical issues are
known and are being addressed by current
projects, but at a relatively low level of
effort. Other specific challenges will emerge
as the Level 3 PRA models are assembled
and analysts discover inevitable unexpected
problems. Consistent assessment of the
site-specific risks from internal and external
hazards; accidents that affect stored spent
fuel; events that occur during plant
shutdown; and integration of the Level 1,
Level 2, and Level 3 PRA models will also
address issues that have been identified in
the wake of the accidents at the Fukushima
Daiichi site. ACRS recommends that RES
should use evolving knowledge and insights
from the Level 3 PRA project to risk-inform
initiatives for specific research that may be
proposed as a direct consequence of the
continuing NRC and industry responses to
the Fukushima Daiichi accidents.

The current programs under goal (3) have
been influenced very significantly by the
compound effects from limited RES
resources and a slowdown in the
development and certification of new reactor
designs. These pragmatic considerations
have affected several near-term research
priorities. Almost all of the resources in this
area are currently allocated to refinement
and extension of the AP1000 SPAR models.
A combined license (COL) has been
approved for Fermi Unit 3, and the staff is
currently reviewing a COL application for
North Anna Unit 3. Lack of a SPAR model
for the certified ESBWR design will leave
the NRC headquarters staff and regional
inspectors poorly equipped to independently
use risk information in support of regulatory
decisions for these reactors.
ACRS
recommends that an appropriately detailed
SPAR model should be developed for the
ESBWR design.
Small modular reactor designs that include
several units at a single site with common
external infrastructure introduce additional
regulatory challenges that must be
addressed to understand and manage the
risk from potential single-unit, multiple-unit,
and site-level accidents.
Analytical
capabilities, modeling techniques, and
regulatory tools to support a risk-informed
licensing process for those reactors must be
developed and tested well in advance of the
first applications.
ACRS continues to
recommend that RES should pursue a pilot
study to apply the risk-informed licensing
framework proposed in NUREG-1860 for a
specific new small modular reactor design.
The supporting PRA models should be

RES has completed an important update to
NUREG-1855, which contains practical
guidance on methods to systematically
identify, document, and quantify sources of
uncertainty.
However, a disciplined
assessment of uncertainty is not yet applied
consistently throughout the agency. The
ACRS continues to recommend that RES
initiate efforts to ensure that an appropriate
characterization of uncertainty is performed
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methods, models, and data for realistic
evaluation of several difficult issues.
Collaborative
programs
and
tailored
research projects should remain an integral
part of the RES initiatives to address these
issues.

in all agency analyses.
Explicit
acknowledgement,
quantification,
and
communication of uncertainties will be a key
element for rational understanding of public
health risk and its contributors as PRA
results are expanded to integrate the risks
from hazards such as fires, seismic events,
floods,
and
other
extreme
natural
phenomena. A clear understanding of the
uncertainties and their sources is also
essential for risk-informed regulatory
decision making and rational selection
among possible risk management options.

In recent years, decisions have been made
to permanently shut down five U.S.
reactors. Plans to retire at least two more
units have been announced, and others
may follow over the next few years. These
actions raise questions about whether the
NRC has fully addressed the risks from
decommissioning activities.
The nation
continues to debate options for disposal of
used nuclear fuel and high level wastes.
Proposed revisions to 10 CFR 61 have
focused attention on the scope of
performance assessments for sites that
provide long-term storage of low level
wastes.
ACRS recommends that RES
initiate a project to examine how
quantitative risk information can be used to
inform regulatory decisions in these
interrelated disciplines. These activities do
not align directly with research programs
that are intended to support operating
reactors, new reactors, or advancement of
risk assessment methods. Therefore, these
activities may represent a fifth goal in the
general framework of Figure 4.

Substantial efforts have been made to
improve security against physical and cyber
attacks on our operating nuclear power
plants. New plants will further integrate
security protections from the initial stages of
their designs.
Despite these efforts,
concerns remain that the applied security
controls may not be allocated optimally to
cope with the full spectrum of potential
threats. ACRS continues to recommend
that the fundamental risk assessment
framework and analysis techniques should
be applied to address these concerns and
to assess proposed protection strategies for
future evolving threats. An integrated risk
assessment process can also provide a
perspective that more fully addresses
issues that affect both reactor safety and
physical security. RES should initiate a
research project and pilot applications to
examine the use of risk assessment
methods to inform security programs and
practices.
ACRS encourages active collaboration
among RES, other Government agencies,
industry research groups such as EPRI,
universities, and international organizations
to effectively share knowledge and
experience that contribute to intermediateand long-term research objectives. These
collaborative programs are often the first to
suffer in times of declining resources.
Although modern risk assessment is often
characterized as a "mature" science, further
research is needed to develop practical
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Independent Capability to Provide Quantitative Assessment of Risk for
Regulatory Activities
(An essential technology for NRC as it integrates the use of risk information into
the regulatory process)

Probabilistic Risk Assessment
Research Goals

(1) Support the Reactor
Oversight and Operating
Experience Programs

(2) Remove Obstacles to
Implement RiskInformed Regulation

• Standardized Plant
Analysis Risk (SPAR)
Models Extension and
Support

• Digital I&C PRA

• SAPHIRE Support and
Development

(3) Expand PRA
Infrastructure to
Encompass New and
Advanced Reactors
• New Reactor SPAR
Models

• PRA Standards
Committees and
Regulatory Guidance

(4) Support Continuous
Advancement in PRA
State-of-the-art and Stateof-practice
• Level 3 PRA Project
• Collaborative and
Cooperative Research
• Seismically-Induced
Fires and Floods

• Accident Sequence
Precursor (ASP)
Program and
Regulatory Issues
Support

• Consequential Steam
Generator Tube Rupture

Figure 4. Current NRC Research Activities in PRA
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11. RADIATION PROTECTION
Background
The radiation protection program within the
Office of Research was established initially
to collect, analyze and disseminate
information on occupational exposures
reported to NRC by licensees. The
information is used to assess the
effectiveness of the ALARA (“As Low As
Reasonably
Achievable”)
programs
established by licensees to minimize
occupational exposures. These information
gathering, analyzing and disseminating
activities of the radiation protection program
fulfill a continuing agency need.

Radiation Protection Code Analysis &
Maintenance Program (RAMP)
The Radiation Protection Code Analysis and
Maintenance Program (RAMP) is being coordinated
by NRC and will include a number of domestic and
international organizations. The purpose of RAMP is
to support the efforts to obtain a well thought-out view
of the accuracy and validity of NRC radiation
protection/dose
assessment
computer
codes
RASCAL, RADTRAD, HABIT, VARSKIN, PIMAL, and
the Radiological Toolbox, over their range of
applicability, while suggesting possible improvements,
as needed, to the codes.

The radiation research program at NRC is
also engaged in monitoring and participating
in a number of national and international
institutions dealing with setting standards for
radiation protection including the National
Council on Radiation Protection and
Measurements, The National Academy of
Sciences, the International Commission on
Radiological Protection and the Nuclear
Energy Agency Committee on Radiation
and Public Health. Interaction with these
standards bodies fulfills another continuing
agency need.
The radiation research program develops
and maintains several computer codes and
data bases of use to both licensees and
Offices within the agency. Among these are:
•

Radionuclide
Transport
and
Removal and Dose Estimation
(RADTRAD) computer code to
determine the time-dependent dose
at user-specified locations for
specified accident scenarios. The
code is used for evaluations required
in connection with requirements in
10 CFR 100.

•

VARSKIN computer code was
developed to assist licensees in
demonstrating that they have
adequate radiation programs and
protocols
for
calculating
and
documenting the doses attributable
to radiation contamination of the
skin.

•

Radiation Exposure Information
Reporting System (REIRS) data
base is a system used to compile
and analyze occupation radiation
exposure reports submitted by
licensees annually as required by 10
CFR 20.2203, “Reports of Individual
Monitoring”. The data are used to
produce the annual publication
“Occupational Radiation Exposure at
Commercial
Nuclear
Power
Reactors and Other Facilities”
(NUREG-0713).

•

Radiological Tool Box is a data base
with
radioactive
decay
data,

.
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Incident Response Center to predict
the dispersion and consequences of
radionuclide release from nuclear
facilities. Plans are being developed
to update the model to address
findings from NRC’s SOARCA
(State-of-the-Art
Consequence
Analysis project), include updated
coefficients recommended by the
International
Commission
on
Radiation
Protection,
and
to
accommodate reactor designs other
than conventional boiling water and
pressurized water reactors.

biokinetic data, internal and external
dose coefficients, data on radiation
interaction with materials and other
tabular data of interest for health
physics and radiation engineering.
Research activities within the radiation
protection program are associated with the
maintenance of computer codes and
response to “User Needs” submitted by
Offices within the agency. The overall
themes of these research activities are:
•

Maintain and improve NRC’s
knowledge and understanding of
radiation health effects

•

Support development of radiation
protection
standards
and
the
implementation of these standards

•

Support
radiation
protection
rationales and technical bases

•

Develop information to support
regulatory decision-making on risks
associated with the use of
radioactive materials.

Current Research Activities

•

activities

currently

•

HABIT computer code for the
evaluation
of
control
room
habitability development to address
needs identified by other NRC
Offices.

The radiation protection research program
provides needed services to fulfill regulatory
information obligations. There will be
continuing needs for these information
services, and these activities should be
maintained.

Habitability Standards for Nuclear
Power
Plant
Emergency
Response Facilities - This study
examined
the
non-radiological
hazards to emergency response
facilities. The report has been
completed
and
is
under
management review.

Research
include:

VARSKIN
computer
code
development plan - Development
plans are to address apparent
degradation in the accuracies of
computer code dose predictions for
beta sources with increasing skin
depth.

Assessment and Recommendation

One research activity is nearing completion:
•

•

Maintenance and updating of computer
codes used in regulatory processes within
the agency are also essential and should be
continued as needs are identified by the
user communities. The research serves the
additional function of assuring continued
interaction of the staff with the larger
radiation protection community.

underway

RASCAL
(Radiological
Assessment
Systems
for
Consequence Analysis) computer
code development plan -RASCAL
is used in the NRC Emergency and

We forecast that rather significant
modifications of the RADTRAD computer
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code for the prediction of radionuclide
release from nuclear power plants during
accidents may be needed as international
research on the chemistries of iodine and
cesium conducted in the international
Phébus-FP, Phébus-ISTP, BIP, and STEM
research
activities
are
brought
to
completion. The paradigm adopted in
RADTRAD for the behavior of iodine
especially may well be changed radically
from the simple chemistry envisaged in the
code as a result of findings concerning
iodine absorption on paint and the
conversion of gaseous iodine to iodine
particles. Findings from the accidents at the
Fukushima plants in Japan may prompt the
need for further modifications of the
RADTRAD computer code.
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12. NUCLEAR MATERIALS AND WASTE

this research is provided in Chapter 5,
Reactor Fuel, Extended Storage of High
Burnup Fuel: Cladding Stress Analysis.

Background
The NRC continues to maintain a program
of research related to nuclear materials and
radioactive waste topics associated with
licensing,
facility
siting,
facility
environmental performance, and the
decontamination and decommissioning of
licensed facilities.

Cementitious Barriers Partnership (CBP)
and Research in Engineered Covers
The CBP is a collaborative effort between
DOE, Savannah River National Laboratory,
Vanderbilt University, the Consortium for
Risk
Evaluation
with
Stakeholder
Participation, NIST, NRC, Energy Research
Centre of the Netherlands, and SIMCO
Technologies, Inc. The CBP’s objective is to
improve understanding and prediction of the
long-term structural, hydraulic, and chemical
performance of cementitious materials and
waste forms used primarily in nuclear waste
disposal. This task allows staff to better
evaluate DOE disposal actions associated
with Waste Incidental to Reprocessing.
Additionally, the Agreement States and
others will be able to use the results of the
research to evaluate performance of the
overpacks, solidification materials, and
vaults used in current low-level radioactive
waste
disposal
facility
performance
assessments.

Current Research Activities
Current research activities in the general
areas of nuclear materials and waste
address issues encountered or anticipated
in the licensing, regulatory, and monitoring
activities. Among such research activities
are:
Spent Fuel Cask Thermal Testing Phase 2:
Recent efforts have focused on the
vulnerability of elastomeric materials used
for sealing storage casks to sustained
periods of modestly elevated temperatures.
Results of this work could also be pertinent
to issues of head seals for the Mark I and
Mark II BWRs.
Spent Fuel Transportation Casks during
Severe Accidents: The intent of this project
is to obtain insights for review of analysis
practices in submittals for transportation
cask certification.
RES will perform
independent drop test analyses on two
representative casks from Germany and
Japan
Hydride Reorientation Effects on Cladding
Fracture:
Zirconium alloy fuel cladding
absorbs hydrogen during normal fuel
operation.
The absorbed hydrogen
precipitates as zirconium hydrides when the
fuel is cooled below normal fuel operating
temperatures. The precipitated hydrides
can affect the fracture properties of the
cladding during storage. More discussion on

Dry Spent Fuel Casks
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USDA/Agricultural Research Service (ARS)
at their Beltsville Area Research Center.
The research design was to identify and
examine near-surface water flow pathways
by monitoring performance indicators within
the unsaturated zone and local water table
system. The objective was to apply model
abstraction techniques to aid in designing
monitoring networks such as those used at
nuclear waste and decommissioning
facilities.

RES is also participating in a DOE study on
engineered covers at legacy waste disposal
sites, which includes monitoring of radon
release and soil pedogenesis. This research
will
provide
important
insight
into
engineered cover performance at legacy
sites as well as advance the state of
understanding of engineered covers for
waste disposal facilities.
Radionuclide and Chemical Source Terms
For Advanced Fuel Cycle Facilities,
Including Reprocessing

The integration of model abstraction into
monitoring strategies was documented and
reviewed by international soil scientists.
The studies were jointly funded by NRC and
USDA/ARS. A NUREG/CR report is being
issued on integrating modeling abstraction
into monitoring strategies.

RES has been conducting research to
identify the basic phenomena and
processes in determining radionuclide and
chemical source terms and to develop a
source term code that can be used for
hazard and risk evaluations of advanced
aqueous reprocessing facilities.

Assessment and Recommendations
The research activities listed above have
been prompted by issues encountered or
anticipated in licensing, regulatory, and
monitoring efforts. These research activities
appear to be useful expenditures of NRC
resources.

Influence of Coupling Erosion & Hydrology
on Long-Term Performance of Engineered
Surface Barriers
NRC has supported a study, via an
Interagency Agreement with USGS, to
evaluate design strategies that couple
erosion and hydrology for barriers of low
level radioactive waste (LLRW) disposal
facilities. Support was also provided by
DOE. Design strategies were evaluated that
couple erosion and hydrology for barriers
over low level radioactive waste (LLW)
disposal facilities by conducting long-term
(1000 yr.) parametric simulations with a
landform evolution and hydrologic models.
Topography of the Grand Junction Uranium
Mill Tailings Disposal Site in Colorado was
used to define a realistic geometry. The
results of this study are being published as
NUREG/CR-7200.
Integrating Modeling Abstraction into
Monitoring Strategies
This research is the culmination of many
field and modeling studies conducted by the
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13. SEISMIC AND STRUCTURAL ENGINEERING
Background
Nuclear power plants are designed to cope
with large seismic events – up to at least the
safe
shutdown
earthquake
(SSE).
Earthquakes of greater magnitude have the
potential to damage the power plant and
physical barriers to radionuclide release.
Earthquake damage can be a common
cause mechanism for the failure of systems
to prevent and mitigate accidents, extending
even to the final line of defense-in-depth of
public evacuation and emergency planning.
Prior research by the U.S. NRC, in
conjunction with the USGS and NIST, has
developed
improved
seismic
hazard
assessments at nuclear plants in the central
and eastern US (CEUS), and this work is
being enhanced and supplemented by the
current NRC seismic and structural
research plan. The seismic research is
accompanied by research in the areas of
improved tsunami modelling.

Study on Post Tensioning Methods
(NUREG/CR-7208)
RES has sponsored a research program to
assess the effects of using grouted prestressing
tendon systems in nuclear power containment
vessels. A containment vessel was modeled in
three dimensions using finite element analysis
and different assumptions relating to grouted
and ungrouted prestressing systems were
applied.

Structural engineering research is also
being performed in the areas of concrete
and steel containment vessel design and
degradation, including irradiation effects on
concrete, Alkali-Silica Reaction degradation
of concrete structures, and modelling of
storage and transportation of spent nuclear
fuel. RES is participating in international
cooperative efforts directed at review and
assessment
of
large
magnitude
earthquakes that occurred at nuclear plants
in Japan and elsewhere and improved
understanding of earthquake and tsunami
hazards. These programs will support user
needs in NRR, NRO and NMSS.

Current Research Activities
HAZARD DEFINITION
There are currently several projects
underway to improve assessment of the
Seismic and Tsunami Hazards at new and
existing nuclear power plants.
Element-Level Soil Behavior under MultiDimensional Loading - On an element
level, soils are sheared in three dimensions
during earthquakes, and the behavior of
soils
under
multi-directional
loading
is sometimes very different than under one63

The current project was initiated in 2009
and will develop a follow up program for
Central and Eastern North America (CENA).
The NGA-East project is a cooperative
program being sponsored by the NRC,
DOE, EPRI, and USGS.

dimensional loading. This project includes
efforts to collect, summarize, and assess
existing tools for predicting seismicallyinduced lateral earth pressures and
associated structural response
and to
critically review prior analytical efforts that
compare calculated seismic induced earth
pressures with recorded data.

Tsunami Hazard Assessment for the
Eastern U.S. Coastlines – This project will
characterize tsunami sources that can have
significant impact to the Gulf Coast and the
Atlantic Coasts of the USA and provide a
technical report to present an outline for a
Probabilistic Tsunami Hazard Assessment
method.

Paleoliquefaction
Studies
–
Paleoliquefaction is a term describing
specific geologic features attributed to
seismic events which occurred before
ground motion measurements were taken or
before detailed records were kept.
Paleoliquefaction studies facilitate preparing
and planning for future earthquakes by
determining
when
past
earthquakes
occurred, along with their frequency and
size. There is a need for comprehensive
standard procedures to identify, document,
and interpret paleoliquefaction features in
regions that have had large, but rare
earthquakes (e.g. New Madrid, Wabash
Valley, and Charleston Seismic Zones). The
NUREG/CR Report to be developed under
this project will provide guidance for
conducting such studies in order to improve
the state of practice and to allow staff to
inform uncertainties associated with the
recurrence interval of large earthquakes in
these regions.

CONCRETE DEGRADATION
Several instances of degradation in
containment and other critical structures
have been observed in US nuclear power
plants. RES is pursuing several projects to
provide better tools for addressing such
structures.
Alkali Silica Reaction (ASR) - This
research project will conduct shear tests on
ASR affected concrete specimens subjected
to compressive confinement. Core samples
will be cast and monitored under the same
condition. It will also evaluate and improve
the available methods of predicting future
expansion of ASR and its kinetics and will
develop methodology to perform nonlinear
3D finite element analysis of a large model
with hypothetical localized ASR to assess
long term structural integrity.

Lessons Learned from the KashiwazakiKariwa Earthquake in Japan – A severe
earthquake occurred in 2007 at the
Kashiwazaki-Kariwa plant in Japan. The
earthquake exceeded the maximum design
basis earthquake to which the plant was
designed. This project will review the
operating experience from this event and
develop a catalog of data comparing US
and Japanese seismic standards.

Containment
Performance
–
This
research explores degradation phenomena
relevant to concrete containment vessels.
Degradation
phenomena
specific
to
Portland cement concrete are identified and
discussed. Relevant standard test methods
for identifying degradation and potential
remediation and analytical techniques will
be identified. The structural significance of
ASR
on
a
pre-stressed
concrete
containment vessel under internal pressure
and impact loading will be assessed.
Containment liner corrosion will also be

Next Generation Attenuation (NGA) East
Development – A prior project coordinated
by the Pacific Earthquake Engineering
Research Center (PEER), produced a set of
consensus relationships for active crustal
regions in western North America that are
considered the state-of-the-art/practice.
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design and evaluation of steel plate
composite walls subjected to impact loading
with
consideration
of
local
failure
(perforation) and global response. The
project will inform the NRC technical bases
for evaluating new and future designs of
safety-related nuclear facilities subjected to
impact loads.

analyzed
and
containment
release
compared to that with an intact containment
using MELCOR.
CONTAINMENT STRUCTURES
Study of Post Tensioning Methods - This
project evaluates three attributes of prestressed concrete containment vessels
(PCCVs): (1) the structural behavior of
PCCVs with grouted and ungrouted tendon
systems, (2) a comparison of posttensioning and in service inspection
methods for grouted and ungrouted
tendons, and (3) an assessment of the
durability and long-term corrosion protection
for grouted and ungrouted tendons.

Base Isolation with Elastomeric Bearings
- This project provides technical information
and test data that can be used by the staff
to support new regulatory guidance related
to seismic isolation technology on future
nuclear power plant structures.

Severe
Accident
Wastewater
Consequences – This project will study
containment failure mechanisms that may
result in contaminated waste water releases
in BWR Mark 1's.

Evaluation
of
Seismic-Structural
Regulations and Tools for Small Modular
Reactors - This project evaluates NRC
regulatory guidance in the seismic-structural
area as well as seismic-structural simulation
tools used in NRC regulatory applications
for their applicability to SMRs.

NEW REACTORS

Assessment and Recommendations

Several RES programs are underway to
address design configurations and features
unique to new reactor licensing reviews.

The NRC seismic and structural research
program in support of regulatory activities is
being conducted under a well-developed
research plan that has been broadly
reviewed for both technical quality and
programmatic elements.
The program
funds state-of the-art work via contracts to
several renowned organizations in the field,
including national labs and universities, as
well as international cooperative programs
and collaborative research with other
governmental agencies such as DOE.
ACRS believes that this program will
adequately support the staff’s capabilities to
evaluate potential risks to US nuclear plants
due to events, such as the severe
earthquakes and tsunami that impacted
Japanese reactors, and to assure the
continued safety of new and operating US
nuclear power plants.

Investigation of Lateral Earth Pressures
on Embedded Structures During Seismic
Events - Accurate prediction of seismicallyinduced earth pressures are of interest
because several advanced reactor designs
propose to fully or partially embed reactor
structures as one of their major design
features. Significant uncertainties due to
differences in modeling methods are
expected when staff is faced with regulating
the next generation of reactors. As a result,
this project will investigate and develop
techniques to more accurately predict lateral
earth pressures on foundation walls during
seismic events.
Structural Design of Steel-Concrete
Composite Walls – The objective of this
project
is
to
conduct
systematic
experimental and numerical research on the
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14. SEVERE ACCIDENTS AND SOURCE TERM
element of the decision-making process for
severe accident issues related to existing
and future nuclear reactors, including
certification of new standard plant designs.

Background
Severe reactor accident research examines
the progression and phenomena of
accidents that go beyond the plant’s design
basis. The Three Mile Island, Chernobyl,
and Fukushima accidents are examples of
severe reactor accidents.
For severe
accidents, historically, only a few direct
regulatory requirements such as emergency
planning were instituted. Severe accident
regulatory decisions for LWRs have mostly
dealt with reducing the likelihood of such a
serious accident. However, NRC does
require nuclear power plants have plans to
cope with severe reactor accidents. In the
wake of the accident at Fukushima, these
plans are of heightened interest to NRC.
The NRC also requires that new nuclear
power plants conduct Level 2 probabilistic
risk assessments. These assessments must
address severe accident progression,
reactor containment response, and the
potential for radionuclide release from the
plant.

Side-view of Core-Concrete
Interaction Assembly Posttest
(one sidewall removed)
NRC participates in the core concrete
international tests to investigate the coolability of
molten core materials, interacting with the
containment structural concrete, by an
overlaying water layer. Various phases of the
program have reduced uncertainties with
respect to understanding debris coolability, the
effectiveness of design features in new LWR
designs for augmenting coolability, and
understanding early water ingress phenomena.
Data are used for validating models in severe
accident analysis codes including MELCOR.

The NRC intensively researched severe
accident phenomena, both experimentally
and analytically, in the aftermath of the
accident at Three Mile Island. Results from
this research allowed the Commission to
conclude in their 1985 Severe Accident
Policy Statement that existing plants pose
no undue risk to public health or safety. In
recognition that the major risk to the public
associated with radioactive releases from
nuclear power plant accidents comes from
beyond
design
basis
events,
the
Commission recommended that reasonable
steps be taken to reduce the chances of an
event that would lead to substantial core
damage and to mitigate the consequences
of such events if they were to occur. The
Commission identified the agency’s severe
accident research program as an essential

Over the years, the severe accident
research program has supplied the agency
a strong technical foundation for decisionmaking
related
to
degraded
core
phenomena identified in probabilistic risk
assessments.
However,
there
are
66

where further code enhancements may be
warranted.

uncertainties in our current understanding of
severe accident phenomena.
Because
prototypic data are more limited, there is
more uncertainty in our understanding of invessel phenomena that may occur during
severe accidents in BWRs than in PWRs
and in our understanding of ex-vessel
phenomena.
The agency relies on
computational tools developed from the
severe accident research program to
consider these uncertainties and estimate
the margins that exist in LWRs during
severe accidents. Results obtained from
these analyses provide the agency essential
input for regulatory decisions. Additional
severe accident research can reduce
uncertainties in such input and assess the
importance of new phenomena that may
need
to
be
considered
in
such
computational evaluations. Participation in
international severe accident research
programs leverages the agency’s limited
resources and maintains staff expertise on
emerging issues.

Current Research Activities
Current NRC severe accident and source
term
research
activities
emphasize
development and usage of severe accident
computer codes and participation in
collaborative severe accident research
programs (see Figure 5 and Table 1). There
are also efforts underway on severe
accident knowledge management.
A sizeable fraction of agency severe
accident research activities supports
specific user needs. The existing severe
accident
research
foundation,
supplemented by on-going R&D, is required
for the agency to efficiently address user
needs, such as developing a basis for the
source term from mixed oxide and high
burnup fuel, assessing containment and
component performance (e.g., MSIV
leakage allowance, hardened vent, etc.),
ISFI security assessment and on-site dry
cask storage at decommissioning plants,
and assessing the efficacy of SAMGs to
comply with updated ROP requirements. In
addition, the agency’s investment has
ensured that computational tools were
available to address user needs related to
expedited removal of spent fuel from
storage pools and more recently, to support
questions related to containment protection
and release reduction rulemaking. The
agency also relies on this foundation in their
independent reviews of advanced reactors,
such as the AP1000, the APWR, the
APR1400, and small modular integral
PWRs. Insights about phenomena occurring
during severe accidents also support the
agency in their reviews of non-LWRs (e.g.,
medical isotope production facilities), and
non-reactor systems (e.g., spent fuel pool,
interim spent fuel storage installations, dry
casks and canisters, etc.). However, recent
NRC investments to preserve its severe
accident competency are limited to a level

The long term severe accident and offsite
consequence analysis development plan
focuses on maintenance and enhancement
of computer codes required to perform
confirmatory safety analysis and provide
technical basis for regulatory decisionmaking. Considerable investment was made
in the past by the NRC to develop and
maintain these codes as well as to generate
an experimental database in support of
code development and validation, which
collectively have become the repository for
severe accident knowledge.
Current
investment, which is at a more modest level
allows the agency to meet existing nearterm needs related to severe accident
issues and respond to emerging issues,
such as post-Fukushima activities to
maintain this core competency. Continued
involvement in international, as well as
industry and DOE severe accident research
activities, allows the NRC to be cognizant of
analysis approaches taken by other
organizations and helps identify areas
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of BWRs and PWRs.
MELCOR
applications often require sensitivity or
uncertainty analyses. Such analyses are
facilitated by code enhancements that
reduce
its
running
time,
improve
robustness, simplify maintenance, and
future development activities. In particular,
MELCOR modernization efforts are focused
on separating the development of the
physics models with appropriate length and
time
scales
from
development
of
computational methods for obtaining
numerical solvers and for data handling and
processing.
Many proposed software
enhancements are being implemented to
improve software quality, verification of the
numerical methods, validation of the
physical
models,
and
uncertainty
quantification. This process is being
implemented in an evolutionary approach.
Sections of MELCOR are modernized and
then reconnected back to the legacy
software. In this approach, the legacy
capability is not lost until the modernized
capability is ready to replace it. Thus, this
gradual evolution avoids any negative
impact on current NRC work.
As the
modernized
capability
grows,
it
is
immediately available for new NRC
applications.

that allows continuation of selected analysis
and risk informed activities.

NRC Code Development and Use
Knowledge gained from past and current
severe accident experimental programs are
systematically incorporated into NRC codes.
For example, the MELCOR code is a fully
integrated, systems-level computer code
whose primary purpose is to model accident
progression in current nuclear power plants,
new and advanced reactor designs, and
some non-reactor systems such as spent
fuel pools. With respect to containment
analysis, MELCOR is the sole modeling
capability used by the NRC.
The extensive domestic and international
research completed after the Three Mile
Island Unit 2 accident significantly advanced
our understanding of severe accident
phenomena. Updates to MELCOR models
allowed this code to become the repository
of this improved understanding. Results
from the MELCOR code, along with the
MELCOR Accident Consequence Analysis
Code System (MACCS) code for modeling
atmospheric dispersion and radiological
consequence
calculations,
provided
essential input in agency decisions related
to post-Fukushima Near Term Task Force
(NTTF) activities, such as expedited fuel
transfer from spent fuel pools and the
containment performance and release
reduction efforts.
It is anticipated that
results from these NRC codes will continue
to be an essential aid for addressing
remaining NTTF recommendations.

MELCOR currently has over 750 code users
worldwide, and the NRC provides user
support for all these programs. These
interactions between code users and the
NRC
helps
facilitate
a
common
understanding on severe accident issues.
One
outcome
of
the
international
Cooperative Severe Accident Research
Program
(CSARP)
effort
is
the
establishment of MELCOR user groups
within Europe and Asia. NRC also conducts
MELCOR Code Assessment Program
(MCAP) technical review meetings in the
US.

Continued application of MELCOR requires
that the agency expend resources for new
models,
code
modernization
and
maintenance, and development of staff
expertise. In order to review Level 2 PRAs
for new plant designs, some evaluations
require new models to simulate novel
features not encountered in the current fleet

Collaborative Severe Accident Experimental
and Analyses Research Programs
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expert group on SAfety REsearch
opportunities post-Fukushima (SAREF)
offers an opportunity for a coordinated
international
effort
for
post-accident
inspections of the affected reactors at
Fukushima Daiichi.
Experimental results and insights from
current and future collaborations have the
potential to significantly impact assessment
results in areas, such as fission product
release
and
transport,
fuel-coolant
interactions, debris coolability, and coreconcrete interactions. NRC participation in
collaborative analytical activities ensures
that the agency is cognizant of analysis
approaches taken by other organizations
and helps identify areas where further code
enhancements may be warranted.

The NRC leverages its resources by relying
on international collaborative research
programs in the Pacific Rim (e.g., Japan
and Korea) and in Europe (e.g., France,
Switzerland, and Germany). The NRC
participates
in
several
collaborative
experimental severe accident research
programs. As shown in Figure 5 and Table
1, data are obtained from US and
international experimental test facilities to
reduce uncertainties related to source terms
from the primary system, core concrete
interactions, and spent fuel pools. Table 1
summarizes the objectives and scope of
current and recently completed international
collaborative severe accident research
programs.
NRC limits international
collaborations to those issues of interest to
the US.
For example, collaborations
provide the agency the opportunity to obtain
mixed oxide fuel data from testing
conducted at IRSN/CEA and JAEA.

Severe Accident
Management

Research

Knowledge

To
facilitate
their
international
collaborations, the agency continues to
organize the CSARP, which is an annual
forum for exchanging severe accident
research findings. Close to thirty foreign
countries currently participate in CSARP.
Several new programs have been recently
proposed by organizations in Europe and
Asia for collaboration. As in the case of the
existing international collaborations, NRC
participation is evaluated using established
criteria to ensure that the expected value of
the collaboration to NRC is well worth the
investment.

Over the years, the NRC invested heavily in
severe accident research through major
experimental and model development
studies
to
achieve
the
current
understanding of the progression and the
radiological consequences of severe
accidents. As part of its commitment to the
agency effort in knowledge management,
RES has initiated efforts to collect and
catalogue experimental data and models
used
to
describe
severe
accident
phenomena for preservation in the NRC
Agency-wide
Documents
Access
&
Management System. As part of these
efforts, several RES staff members have
given lectures on severe accident topics.

The NRC also participates in industry and
DOE efforts related to severe accident
research. Recent code comparison efforts
provided notable insights about data gaps
that led to modeling differences between
NRC and industry codes.
NRC expertise
was key for informing these activities to
identify gaps in severe accident research
and to develop consensus US input for data
needs from the affected reactors at
Fukushima Daiichi.
NRC and DOE
participation in the OECD/NEA senior

These RES knowledge management efforts
are essential for preserving and providing to
others the information and insights gained
from this research.
In addition, ACRS is
pleased to see RES continue staff
development activities, such as out-plant
assignments to provide new employees
direct
experience
with
MELCOR
development activities. We encourage the
agency to continue efforts to address
69

are identified, ACRS recommends that NRC
revise its current severe accident baseline
research program to actively engage in
efforts to obtain the required data to
enhance and validate models that are found
to be deficient. Support is also required for
code maintenance, upgrades to increase
code
robustness
and
computational
efficiency, and implementation of postFukushima code model enhancements.

succession planning concerns related to
severe accident expertise.
Assessment and Recommendations
Severe accident research is an essential
component of the agency’s research
program which provide the agency the
required technical foundation for regulatory
decision-making. The current severe
accident research program provides the
agency the required foundation to meet
most current and near-term issues.
However, ACRS is concerned that longerterm severe accident research needs
related to maintaining this core competency
may not be met in a timely manner with the
user need prioritization process and current
budgetary constraints. ACRS recommends
that severe accident research activities be
maintained at an adequate level to allow the
agency to preserve its core competencies in
the severe accident area.

ACRS finds the need to preserve the
agency’s severe accident competency is a
challenge. It is essential that the agency
maintain its expertise in several areas, such
as:
source term assessment, fission
product release and transport, fuel coolant
interactions,
molten
core
concrete
interactions,
and
hydrogen
control.
Expertise is also required to ensure that
important interfaces, such as PRA,
neutronics, and thermal hydraulics, are
maintained. Current interactions with DOE
and Japan and anticipated international
interactions will require that new data be
periodically evaluated and implemented, as
necessary, into upgraded code models.
ACRS is interested in reviewing the process
used by NRC to determine when new data
are sufficient to warrant revising analysis
models.

ACRS continues to endorse the strategy
that the staff has developed to support
regulatory decisions for severe accidents
via computer code development validated
by experimental data analysis and
evaluation. The ACRS is pleased to see
that the NRC is continuing KM efforts in this
area. The ACRS also supports the NRC
approach to leverage resources by
obtaining data through participation in
international and US collaborations.

In summary, ACRS recommends that
current severe accident research activities
be maintained to allow the agency to meet
current and future needs. We commend
RES for its involvement in international
severe
accident
research
programs,
specifically
those
with
experimental
components so as to obtain data needed for
code model enhancements. NRC should
also continue to invest in modernizing its
severe accident analysis codes and
accelerate its effort to implement improve
models in these codes. Finally, NRC should
continue to be proactive in the area of
severe accident knowledge management
and in its effort to be prepared to deal with
anticipatory needs. This will allow the

ACRS observes that models in the NRC's
system-level
code,
MELCOR,
were
developed from a database that is primarily
focused
on
in-vessel
testing
with
significantly
more
PWR-specific
experiments. It is anticipated that model
uncertainties associated with BWR-specific
in-vessel
phenomena,
as
well
as
uncertainties with respect to the impact of
salt
water
addition
and
ex-vessel
phenomena, will be identified as more
information from the events in the
Fukushima
Daiichi
nuclear
complex
becomes available. As such deficiencies
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agency to preserve its core competencies in
the severe accident analysis.
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Independent Evaluation of Licensees’ Submittals and Support
for Risk-Informed Rulemaking involving Severe Accident and
Source Term Evaluations

Severe Accident
Knowledge
Management

Severe Accident and
Source Term Research

MELCOR Development and
Severe Accident Code
Evaluations

Collaborative Severe Accident
Experimental and Analysis Programs

• OECD/NEA-Source Term Evaluation and Mitigation
(STEM)

• MELCOR Development, Maintenance
and User Support

• OECD/NEA-Technical Opinion Paper on Fuel-Coolant
Interactions (FCI-TOP)

• MELCOR, MACCS and Other Code
Analyses for Design Certification, preapplication, and other evaluations (e.g.,
filtered venting, spent fuel pool study,
Consequential Steam Generator Tube
Ruture, (C-SGTR), State of the Art
Consequence Assessment (SOARCA), Site
Level III Vogtle PRA, PRA Level 1 T/H
Success Criteria etc.) for Advanced
LWRs, SMRs, and non-LWRs (e.g., Mo99 Production Facilities, Spent Fuel Pools,
Integrated Spent Fuel Storage
Installations)

• OECD/NEA Benchmark Study of the Accident at the
Fukushima Daiichi Nuclear Power Station (BSAF)
• OECD/NEA Filtered Containment Venting System (FCVS)
• European Research on Containment thermal-hydraulics
and Severe Accident Management (ERCOSAM)
• OECD/NEA-Melt Coolability and Concrete Interaction
Project (MCCI-1&2) and additional experiments conducted
and planned; also, MCCI State-of-the-Art Report
• PHEBUS-ISTP (IRSN)-(VERDON)
• AeRosol Trapping In Steam Generator Tube (ARTIST II)
• Fukushima (IRSN, OECD/NEA, NRA, JAEA, DOE)

• Fukushima Analyses (MELCOR, TEXAS,
MACCS, etc.)

Figure 5. Current NRC Research Activities related to Severe Accident and Source Term
Evaluations
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Table 1. Severe Accident Experimental Research Programs with NRC Participation

Program /Performing
Organization (Country)

Objectives and Scope

OECD/NEA BIP2
(Behavior of Iodine
Project),
AECL (Canada)

BIP (completed) was initiated to provide separate effect tests and modeling studies of iodine
behavior in a containment following a severe accident. The BIP2 program is performing more
detailed evaluations of iodine absorption on painted containment surfaces and organic iodine
formation.

OECD/NEA-STEM
(Source Term Evaluation
and Mitigation)
IRSN
(France)

STEM was initiated to address remaining issues in fission product transport in the reactor coolant
system. The project focuses on iodine behavior under radiation in the Experimental Program for
Iodine Chemistry Under iRradiation (EPICUR) facility (aerosols, long term), on ruthenium chemistry
in the primary circuit of a water cooled nuclear reactor and on the state of the art on iodine
interaction with paint. It involves two experimental projects: The EPICUR and Study and TrAnsport
of RuThenium in the primary circuit (START). EPICUR, a facility used under PHEBUS-ISTP that
consists of a flow system in which iodine samples can be irradiated, is being used to further study
iodine release behavior from iodine loaded paint and from iodine aerosols. The START experiment
consists of a controlled-temperature-profile heated tube in which different Ruthenium species are
introduced. The chemical form of deposits and transported species are observed.

OECD/NEA - FCI-TOP
KROTOS Experiments,
CEA (France)
TROI Experiments,
KAERI (Korea)

OECD/NEA- MCCI (Melt
Coolability and Concrete
Interaction) Project, ANL
(United States )

The Steam Explosion Resolution for Nuclear Applications (SERENA) program was established to
assess the capabilities of fuel-coolant interaction (FCI) computer codes to predict steam explosioninduced loads in reactor situations. The program involved conducting prototypic material
experiments in two complimentary facilities: TROI (KAERI) and KROTOS (CEA). Experimental
research was supplemented with analytical activities so as to improve the FCI codes and strengthen
confidence in their applicability to severe accident scenarios.
At the conclusion of the SERENA program, OECD proposed a Technical Opinion Paper on the
subject. One follow-on national program on corium-water interaction (ICE) is underway at IRSN.
KAERI continues to perform additional experiments in the TROI facility. NRC continues to follow
these programs through bilateral agreements with the respective organizations.
The focus of the original project, MCCI-1 (completed), was to investigate the coolability of molten
core materials, interacting with the containment structural concrete, by an overlaying water layer.
The second phase of project (MCCI-2), carried out from 2006 to 2010, helped bridge data gaps not
fully covered in previous tests. MCCI-2 also addressed the effectiveness of design features in new
LWR designs for augmenting coolability, e.g., CCI tests for examining the melt behavior with
underlying cooled refractory basemat, similar to the EPR core retention concept.
NRC is participating in a joint EdF-IRSN/CEA-NRC/DOE/EPRI test program to confirm early water
ingress phenomena. Data will be used in a benchmark effort by participants.

OECD/NEA PHEBUS FP and ISTP
IRSN (France)

PHEBUS-FP Program (completed in 2006) consisted of a series of in-pile integral experiments of:
fuel degradation; fission product release; radionuclide transport through a model of reactor coolant
system; and aerosol behavior in model containment. NRC also participated in the PHEBUS-ISTP
follow-on program, which is made up of several separate effects projects to pursue specific aspects
of PHEBUS-FP findings. With the exception of VERDON, all PHEBUS-ISTP experimental projects
have been completed.
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15. THERMAL HYDRAULICS
BACKGROUND
TRACE) to simulate transients in advanced
reactors, either large (AP1000) or small
(NuScale). There have some fundamental
changes that affect research needs and
capabilities.

Evaluation of thermal and hydraulic
phenomena and their coupled effects on
nuclear safety have always been central to
the conduct of NRC’s regulatory mission. Of
particular importance has been, and
continues to be, the capability to
independently confirm thermal-hydraulic
analyses in submittals from licensees or
applicants.

There is increased interest and need to
extend basic systems codes, like TRACE, to
special events like Anticipated Transient
Without Scram (ATWS) and Station
Blackout (SBO) as well as other transients
that differ considerably from LOCA events
for which these codes were originally
developed and assessed.
The database
from existing experiments is limited by a
lack of well-scaled integral test facilities that
operate at conditions typical of these
transients.

Early thermal-hydraulic approaches to
analyses of nuclear power plants adopted
simple models to describe the phenomena
with ‘conservative’ assumptions, to assure
that large safety margins could be built into
estimates of temperatures and pressure
limits. With an expanded experimental
database
to
help
validate
more
sophisticated models, we have more
confidence in the capability of these models
to better predict thermal-hydraulic behavior.
The NRC now evaluates license submittals
using “best-estimate” thermal-hydraulic
analyses together with estimates of
uncertainties.
To
reduce
these
uncertainties, modeling and analyses
continue to improve, partly enabled by
increased computational capability. This, in
turn, allows for more detailed models that
better portray the physical systems. NRC
must continue to invest in thermal-hydraulic
modeling to retain its capabilities and to
keep pace with the sophistication of future
submittals. Thus, the NRC, through its
research program, maintains thermalhydraulics competence and capability to
conduct appropriate confirmatory analyses
for safety evaluations.

Rod Bundle Heat Transfer (RBHT) facility
Through the joint efforts of the NRC and
Pennsylvania State University, an experimental
Rod Bundle Heat Transfer (RBHT) facility was
designed and built. The purpose of the facility is
to
collect
fundamental
rod
bundle
thermal-hydraulic data that can be used to

Over the past 10-15 years, there have been
significant changes in thermal-hydraulic
research needs confronting the NRC. Most
visible has been the need to obtain data and
develop
computer
models
(primarily
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develop
and
validate
models
for
thermal-hydraulic codes used for safety
analyses of nuclear power plants.

modest effort to develop capability in multidimensional CFD using commercial tools.
TRACE Computer Code Development
and Validation

NRC applicants are also developing
computer codes with detailed computational
analyses. Department of Energy programs,
such as the Consortium for Advanced
Simulation of Light Water Reactors (CASL)
and the Nuclear Energy Advanced Modeling
and Simulation (NEAMS), and similar
international projects seek to produce
thermal-hydraulic codes that can provide
highly detailed and resolved predictions of
LWR behaviors.
The NRC codes lag
behind such developments and risk
becoming obsolete in comparison to the
tools that will become the industry licensingbase. NRC should not be put in a position
to be unable to perform state-of-the-art
independent confirmatory evaluations of
industry submittals.

In the mid-1990s, a decision was made that
the several primary reactor system thermalhydraulic codes that were in use at that time
be consolidated into a single code; including
RELAP5 (LOCA), TRAC-P (PWR LOCA),
TRAC-B (BWR LOCA), and RAMONA
(BWR stability).
The models, correlations, and solution
methodologies in these codes did not reflect
the state-of-the-art. It was also recognized
that they had been designed at a time when
computer capabilities were limited and
included many structural features, such as
memory management, that were no longer
needed and increased the cost of continued
code maintenance and code development.
The availability of graphical user interfaces
and their wide acceptance also suggested
the desirability of incorporating similar
capability into the NRC codes. These
considerations led to code consolidation,
model improvements, and implementation,
which led to the development and validation
of TRACE.

High performance computing and code
uncertainty assessment is also becoming an
industry standard. For example, the NRC
revised 10CFR50.46 to allow the use of
best estimate codes provided an overall
uncertainty was estimated. Most applicants
have transitioned to the use of best estimate
calculations. While the NRC can perform
uncertainty calculations with current tools,
there is a need for high performance
computing capability for confirmatory
analyses.
The increased use of
Computational Fluid Dynamics (CFD) and
continuing extension of CFD for multiphase
applications also places greater demand on
having a high performance computing
capability for the staff.

TRACE is meant to serve as the main tool
for the confirmatory analyses of a broad
range of thermal-hydraulic problems for
current and new reactor designs. It has the
potential to offer significantly enhanced
capabilities for state-of-the-art analyses of
thermal-hydraulic issues. Several important
technical issues, such as core stability and
ATWS behavior, involve coupling between
neutronics and thermal hydraulics and
require that TRACE be properly coupled to
a neutronics code like PARCS. The
integration, validation, and assessment of
the TRACE/PARCS coupled code was
completed so that it can be reliably used for
confirmatory analyses. TRACE can also
interface with MELCOR for containment
analyses.

CURRENT RESEARCH ACTIVITIES
The organization of the main NRC research
activities in thermal-hydraulics is depicted in
Figure 6. The major focus of the research
activities centers on the development of the
TRACE computer code for confirmatory
analyses of a range of safety-significant
thermal-hydraulic
phenomena,
and
supporting experiments. There is also a
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analyses of safety-significant thermalhydraulic phenomena in the AP1000,
APWR, and EPR designs has been
completed to validate the use of TRACE in
the design certification process. This work
is also being extended to APR-1400
analyses for small-break and large-break
LOCA with uncertainty. Work is also
ongoing to develop TRACE for applicability
to SMRs. The pre-applicability assessments
indicate that TRACE and PARCS codes can
be effectively used to perform thermalhydraulic confirmatory analyses on SMR
designs.

Thermal-hydraulic system codes, like
TRACE, solve a complex structure of
conservation equations and empirical
correlations,
which
have
become
increasingly sophisticated. It is now
common practice in vendor analyses in the
nuclear industry to employ at least three
fluid fields; i.e., dispersed droplets,
continuous liquid and continuous vapor, to
better model thermal-hydraulics behavior. In
fact, the oil-gas industry use these more
sophisticated
models,
and
such
improvements can put the empirical
correlations used on a firmer physical basis
and reduce uncertainties.

Development of Multidimensional CFD
Capabilities

Uncertainties
and
biases
inevitably
introduced by such empirical procedures
need to be properly addressed. Because of
these uncertainties, predictions of such
codes are accurate only within certain
ranges of parameters. The codes cannot
be given blanket approval for all situations
to which they might be applied. In practice,
a computer model, like TRACE, must be
qualified by assessment against a range of
data that cover the phenomena that
dominate the prediction of specific figures of
merit important to the regulatory process,
such as peak clad temperature. The
dominant phenomena may change with the
reactor systems and accident conditions
being considered. In view of this, thermalhydraulic codes need to be assessed for
analyses of a specific accident in a
particular system.
Because of these
analysis uncertainties, modifications are
being made to TRACE so that the code
uncertainty can be quantified.
The
modifications are intended to be general,
allowing the staff to evaluate uncertainty
methods proposed by applicants as well as
allow the staff to statistically determine the
uncertainty in calculations made with
TRACE.

The NRC currently has a modest but
productive effort in the area of CFD using
commercial CFD codes; e.g., FLUENT from
ANSYS. Such codes are user-friendly and
are applied to a wide variety of industrial
problems, with reasonably accurate results
for steady-state single-phase flows or
multiphase flows, which are homogeneous
and in equilibrium. In such applications
these commercial codes can provide threedimensional single-phase or two-phase flow
information not available from system code
thermal hydraulic simulations. These CFD
analyses
have
been
successfully
benchmarked in national and international
efforts. They are also useful for
multidimensional analyses of certain
phenomena where such effects are
significant, and have played a role in
resolution of a number of broad technical
issues; such as induced steam generator
tube failures, distribution of injected boron in
the ESBWR, spent fuel pool analyses, and
predicting scale-up behavior of advanced
accumulators. Since these analyses will
likely expand into other applications, there is
a clear need for expanded high
performance computing capabilities.

RES has initiated a systematic assessment
of the applicability of TRACE to analyze
new reactor designs. The assessment of the
applicability of TRACE for confirmatory

Experimental Studies of
Thermal-hydraulic Phenomena
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field as recommended by the TRACE peer
review group.

Thermal-hydraulic phenomena involved in
normal and accident conditions for LWRs
involve complex two-phase mixtures (steam
and water) that are difficult to model.
Predictions from computer codes of such
phenomena need extensive experimental
validation, and there are many effects, such
as those involving multidimensional twophase flows in complex geometries, where
large-scale tests are the primary means of
confirming the validity of these predictions.
In view of this, RES has maintained two
relatively large-scale experimental facilities:
•

•

An alternate approach to modeling
dispersed and continuous fields explicitly is
to develop so-called “closure relationships”
for the evolution of interfacial area in twophase flows. An exploratory program to this
end has continued at Purdue University to
complement their experimental program for
some time. Tests have performed with the
emphasis of bubble interfacial area
transport in pipes, annuli, and rod bundles.
Development of interfacial area transport
models has some value as demanding
research projects to educate the next
generation of thermal-hydraulic experts.
However, results from the interfacial area
transport research have been slow in
coming so the strategy for utilizing
interfacial transport models in TRACE is of
lower priority than multi-field approaches;
i.e., modeling of a dispersed droplet field.

The
Purdue
University
Multidimensional
Integral
Test
Assembly (PUMA) facility at Purdue
University for BWR-related issues,
and
The Rod Bundle Heat Transfer
(RBHT) facility at Penn State
University for PWR emergency core
cooling issues.

The RES staff is also planning to perform
full-height, high-pressure BWR rod bundle
experiments in the KATHY facility in
Germany. These experiments would provide
data to validate the heat transfer models
used to simulate ATWS oscillatory flow
transients. The experimental program has
the overall test objective to measure the
thermal-hydraulic flow behavior and rod
bundle temperatures as rod array
experiences critical heat flux and postdryout heat transfer. The goal is to better
determine
conditions under which the rod bundle
would or would not rewet following an
ATWS power-flow transient and the
adequacy of current empirical correlations
used to model these phenomena.

The PUMA is a medium-size reduced height
scaled facility and has been used in the past
to perform integral LOCA tests of interest for
the ESBWR design. Tests have been also
conducted at the PUMA facility to obtain
experimental data on the void fraction
distribution and fluid dynamics of a BWR
suppression pool during the blowdown
period. The results of these tests are used
to support the technical assessment of
Generic Safety Issue (GSI) 193, “BWR
ECCS Suction Concerns.”
The RBHT facility at Penn State University
was developed to address issues related to
emergency core cooling. The RBHT
experimental program has been performing
separate experiments using a full-length rod
bundle. The test focus on steam cooling and
reflood thermal-hydraulics, including the
importance of spacer grids and droplet
coalescence and breakup behavior in
determining peak clad temperature (a key
regulatory figure of merit). These results
emphasize the need to move towards more
detailed modeling of a dispersed droplet

In parallel to these efforts, the NRC is
collaborating with international groups in
undertaking experiments in facilities abroad.
These international collaborations have
proven to be quite useful technically as well
as cost-effective. These data are being
used to assess predictive capability of
78

Given these successes, but nevertheless
recognizing the changes in industry’s
thermal-hydraulic directions and expected
applications in the future, future TH
research should include:

thermal-hydraulic analysis codes including
TRACE.
A couple examples are noted
below:
OECD/NEA ROSA-2: NRC is participating
in the ROSA-2 Program to utilize the Large
Scale Test Facility (LSTF) of ROSA (Rig-ofSafety Assessment) Program in Japan for
studying the integral response of the core
and steam generator. The full-height
ROSA/LSTF integral test facility, with 1:48
volumetric
scaling,
is
designed
to
investigate
PWR
thermal
hydraulic
phenomena. The ROSA-2 Program was
completed in 2012 and has provided both
integral and separate-effects thermalhydraulic data on intermediate break LOCA
and on the recovery from Steam Generator
Tube Rupture (SGTR) events.
OECD/NEA-PKL-3: The OECD/NEA-PKL3
Program began in 2012 and is expected to
conclude in 2016. The PKL facility is a fullheight, 1:145 power and volume scaled
replica of a 4-loop, 1300 MW PWR. The
PKL-3 program has been developed to
address new series of topics, to include
beyond-design-basis
accidents
with
significant core heatup, accidents during
shutdown conditions, and a follow-up to the
boron-precipitation test conducted under
PKL2. This program provides an extensive
database for use in the further development
and validation of thermal-hydraulic codes.

•

TRACE
improvements,
such
as
completing its development as a
multifield code with the inclusion of a
droplet field; thus, moving TRACE from
a two-fluid, two-field formulation to the
two-fluid, multifield formulation used in
codes such as WCOBRA/TRAC and
CATHARE. We also agree with NRC
staff that the research program on
interfacial area transport should be deemphasized and phased out as the
results are of limited value for TRACE
applications.

•

Improvements should be made to
enable TRACE to efficiently couple to
other codes such as FRAPCON and
MELCOR, as well as CFD codes such
as
FLUENT.
This
provides
a
comprehensive
coupled
code
environment.
These are important
steps in ensuring the NRC thermalhydraulic tools remain consistent with
the state-of-the-art.

•

The planned experiments, employing
the KATHY facility, are needed and will
lead to a better understanding of ATWS
type oscillations. The staff should review
the need to perform independent
integral tests using facilities used for
SMR design certification to ensure
TRACE can simulate both design basis
and transients involving multiple failures
in such designs.

•

Improvements
in
thermal-hydraulic
models by performing small-scale
experiments that take advantage of
improvements
in
instrumentation
developed over the past two decades.
Most code uncertainty is attributed to
models and correlations for phenomena.
Such experiments will be important in

ASSESSMENT AND
RECOMMENDATIONS
Excellent progress has been made in
developing and incorporating NRC’s
systems thermal-hydraulics code, TRACE,
into the regulatory process. ACRS is
supportive
of
the
Agency’s
active
participation in international collaborative
efforts, as they take advantage of facilities
that are of a scale and capability that do not
currently exist in the U.S. as well as drawing
on the high-level expertise of international
partners.
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reducing code uncertainty and in
extending the NRC codes to new
applications.
Such
small-scale
experiments can also help validate CFD
model applications.
•

Development of the capability to perform
sensitivity calculations and estimate
overall calculation uncertainty for
TRACE and for situations in which
TRACE is coupled with other codes,
including CFD. To perform such an
uncertainty estimate, the NRC should
invest in a high performance computing
capability sufficient to utilize modern
uncertainty methodologies.

In summary, the NRC thermal-hydraulics
research should result in tools that remain
at least consistent with industry capabilities
to assist staff in its licensing actions. This
will involve computer codes that can provide
a high-resolution simulation of LWR
transients with an overall uncertainty
estimate and appropriate experiments that
can validate improvements in models and
correlations in order to minimize this overall
code uncertainty.
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Independent Evaluation of Licensees’ Submittals in the
area of Thermal-Hydraulics
(A major element of many licensing actions)

Thermal-Hydraulics
Research

TRACE Computer Code
Development and
Application

• Development of an
uncertainty
methodology for
TRACE
• Assessment of
TRACE
• Support of the
CAMP program
• T-H calculations for
EPUs and new
reactors

Experimental Studies of
Thermal-Hydraulic
Phenomena

• RBHT test
program at Penn
State
• T-H Experiments
in Purdue
University

Development of
Multidimensional CFD
Capabilities

• Development of
computational
capability with
STAR-CCM+ and
FLUENT CFD codes

• Participation in
OECD/NEA
PKL-3 Project
• Participation in
OECD/ROSA
Program

Figure 6. Current NRC Research Activities in Thermal-Hydraulics Research
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