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ABSTRACT

This three-volume report contains papers presented at the Twenty-Third Water Reactor Safety Information
Meeting held at the Bethesda Marriott Hotel, Bethesda, Maryland, October 23-25, 1995. The papers are
printed in the order of their presentation in each session and describe progress and results of programs
in nuclear safety research conducted in this country and abroad. Foreign participation in the meeting
included papers presented by researchers from France, Italy, Japan, Norway, Russia, Sweden, and
Switzerland. The titles of the papers and the names of the authors have been updated and may differ
from those that appeared in the final program of the meeting.
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INTRODUCTION

Good morning, ladies and gentlemen. I am pleased to welcome you to the
twenty-third Hater Reactor Safety Information Meeting. The long history of
these meetings suggests that they provide important opportunities for
enhancing our common understanding of safety issues related to current and
advanced reactor designs. In this regard, I am particulariy gratified to see
representatives from the U.S. nuclear industry and a large presence from the
international community. After reviewing the agenda for this meeting, I am
confident that there will again be opportunities for valuable exchanges of
information.

I have been Chairman of the NRC for four months, but I have spent most of my
career in research and development and understand the role that research plays
in the fulfillment of agency and corporate missions. Clearly, valid
regulatory decisions must be based on the firm technical understanding that
comes from research.

NRC research programs provide a strong independent technical capability for
our regulatory programs. Without this strong technical component, our
decision making capability would be diminished and public safety could be
compromised. It is this independent capability that has made the NRC
preeminent in nuclear reactor regulation around the world.

The concept of research to ensure an independent technical capability was
defined by Congress in the Energy Reorganization Act of 1974, and the
soundness of that concept is beyond dispute. In practice, our research
programs must also anticipate the needs of the regulators and the problems



that may occur in the future in the systems that we license. In addition, we
must sustain a technical base that allows us to react in the event of abnormal
events. Careful planning and priority setting, as well as prudent investments
are essential to NRC’s research program if we are to maintain technical
credibility.

INDUSTRY USE OF NRC RESEARCH

I have studied and have received several briefings on NRC research programs
since coming to the agency. I believe the programs have not only provided
strong technical support to the NRC, but have also provided valuable
information to the industry we regulate. The research programs have provided
significant enhancements to data bases of all kinds, and they have produced
analytical methods and measurement techniques that have been very useful to
the nuclear industry.

Let me take a few minutes to cite some examples.

Behavior of Emergency Core Cooling Systems

In the early 1970s, NRC conducted a major hearing on the behavior of emergency
core cooling systems (ECCS) during loss-of-coolant accidents. As a resuit,
NRC undertook a number of research programs to confirm judgments that were
made in the hearings. Without the promise of that comprehensive research
program, it is quite possible that no construction permits or operating
licenses would have been issued in the mid 1970s. In that decade, our
research confirmed the conservatism in oxidation kinetics, decay heat levels,
embrittlement criteria and other requirements. Arguments over ECCS analyses
no longer held up licensing activities.

There are other legacies of our research on loss-of-coolant accidents besides
the solution of problems which hindered the licensing process. Much of the
data generated in these NRC programs are still used today by reactor
manufacturers and utilities as the basis for their analytical models: core
reflood data from LOFT, SEMISCALE, and the 2D/3D program; ballooning and
rupture data from the Multi Rod Burst Tests; and fuel rod performance data
from NRC rigs in the Halden test reactor, among others. And then there are
the large thermal-hydraulic computer codes: RELAP, TRAC, and COBRA. A1l
U.S. reactor vendors use NRC-developed computer codes, with some modification,
in their technical activities. And almost every major U.S. nuclear utility
uses NRC-developed codes in their routine technical studies and core
management. In fact, ten of these utilities are full-fledged members of our
RELAP users group today.

Heavy Section Steel Research

In another area, where work was started early by our predecessor-the Atomic
Energy Commission, the heavy-section steel program provided essential
information on materials properties and fracture behavior of steels and weld
materials. Virtually all of the early research on the effects of irradiation
on the embrittlement of reactor pressure vessels was performed in NRC research



programs. This work provided a basis for avoiding plant shutdowns at the time
the Pressurized Thermal Shock rule was published, and it continues to provide
information to support regulatory decisions on reactor pressure vessel safety.
The fracture mechanics tools used today in ASME Section III Appendix G for
setting pressure-temperature 1imits were developed and validated under this
program.

Piping Integrity Research

NRC’s piping integrity research provided much of the basis for relaxing
earlier requirements and allowing leak-before-break to be considered. This
resulted in significant relaxation in piping restraints in many plants. NRC’s
research on nondestructive examinations, containment leakage, valve testing,
and seismic issues has also contributed significant benefits to industry
activities.

Risk Assessment

One of NRC’s most important research accomplishments is in the area of risk
assessment. It is fair to say that the NRC’s research program has had a major
impact on the discipline of probabilistic risk analysis and particularly in
its application to nuclear reactor safety. While elements of risk assessment
had some earlier use in the aerospace industry, the NRC's Reactor Safety Study
(WASH-1400) represented the first integrated assessment of nuclear plant risk
ever done. Our Tater assessment of severe accident risks (NUREG-1150)
provided better estimates of plant risk based on a more complete understanding
of severe accident phenomena. A11 U.S. nuclear plants have now performed risk
assessments and, because of this work, the increased use of risk insights in
regulatory activities holds the potential to improve safety and at the same
time reduce costs.

Severe_Accident Research

WASH-1400 demonstrated that essentially all of the risk from nuclear plants
comes from core-melt accidents. Therefore, right after the accident at Three
Mile Island, the NRC initiated an aggressive severe accident research-program
to examine core-melt sequences and subsequent accident phenomena that might
challenge containment integrity. The understanding of severe accident
phenomena from this research allowed the risk assessment methodology of WASH-
1400 to be revisited to produce the credible assessments of NUREG-1150.
Although, it may not be generally realized, more than 75 percent of all the
severe accident research done in the U.S. has been done by the NRC. The
Department of Energy work on the examination of Three Mile Island represents
about 10 percent of the severe accident research in the U.S., and a little
less than 15 percent was done collectively by the industry under EPRI and the
Industry Degraded Core Rulemaking program. This large body of severe accident
research has been used by all U.S. utilities as the basis for their risk
assessments and Individual Plant Examinations.



Source Term Research

An important spin-off of NRC’s severe accident research relates to the source
term. The current licensing source term dates back to 1962 and gives an
unrealistic portrayal of fission product release during accidents. Because of
its assumed instantaneous appearance, this source term places emphasis on
plant features that may not be optimum, such as fast acting containment
isolation valves and rapid spray initiation. Revised source terms, which have
come out of our research program, include a more realistic timing and fission
product composition and will provide the basis for the design and operation of
plant features to mitigate fission product releases more readily.

Current Research Activities

The NRC is also working in newer areas. Let me identify some of these areas,
and you will hear more about them in the technical sessions that will start
Tater today.

Most of you are aware of a recent concern about high-burnup fuel and our
current program in that area. We issued an Information Notice to the
utilities last year on this subject, and it was discussed last year at this
Water Reactor Safety Information Meeting. Using data largely from foreign
sources and a strong domestic analytical effort, we are hoping to revise fuel
dam?ge Ticensing criteria without creating undue penalties for the operating
utilities.

Our progress on the thermal hydraulics of the advanced pressurized water
reactor, the AP-600, has been significant, including scaled testing in the
ROSA Toop in Japan and in a test loop at Oregon State University, and detailed
studies utilizing the RELAP computer code are being performed. Several design
changes in the AP-600 have been made by Westinghouse that can be attributed,
at least in part, to results from these programs.

Our continuing severe accident research is paying off in several ways. In
addition to providing the basis for the utilities’ accident management plans
and Individual Plant Examinations, it has in some cases led to reductions in
potential consequences of severe accidents. Hardened vents in Mark-I
containments and provisions for flooding the Mark-I basemat to prevent liner
attack are examples of actions taken as a result of our core damage research.
Of no less importance, the severe accident research program has provided the
basis for not doing anything in other areas. For example, early consideration
of the possibility of direct containment heating in PWR containments suggested
a high likelihood of early containment failure. More detailed and structured
results from this program have indicated that direct containment heating is a
very small contributor to public risks at most plants.

Our aging research activities are looking at degradation in pressure vessels,
piping, steam generator tubes, reactor internals, valves, cables, and
containment structures.

Present work on piping integrity is almost complete for the large baseline
programs of the International Piping Integrity Research Group. We are now



pursuing more specialized studies. For example, in collaboration with the
Nuclear Engineering Power Corporation (NUPEC) of Japan, we are participating
in large-scale seismic tests of main steam and feedwater piping systems on the
largest shaking table in the world.

Steam generator tube studies are examining inspection-system capabilities to
detect flaws, the effects of primary and secondary side environments, and
analysis methods used to assess tube integrity. This program will provide an
independent assessment of the inspection and analysis methods being used by
the U.S. industry in evaluating steam generator tube integrity.

A final example is our review of aging effects on containment structures.
Safety margins may be reduced by corrosion of steel containments and steel
liners, breakdown of the seal at the concrete floor, concrete contact with
grease, corrosion and relaxation of tensioning cables, etc. We are examining
these processes to determine what issues should be included in our research
programs, as well as Tooking at in-service inspections and methodologies to
perform assessments of current conditions. These activities are particularly
important in light of the promulgation of our new performance-based rule on
containment leakage rate tests.

International Safety Research Cooperation

International cooperation in safety research has been going on for a long
time. NRC’s participation in OECD and IAEA, for example, goes back more than
20 years. However, after the accidents at Three Mile Island and at Chernobyl,
nuclear safety has been increasingly recognized as a world-wide concern, and
our cooperative programs have intensified. This trend has been further
enhanced by the general reduction in research budgets at home and abroad, and
the resulting need to pool resources in cooperative programs.

Some of our cooperative programs, 1ike the Halden Project’s fuel behavior work
and the International Piping Integrity Review Group, have continued over many
years, and we are still participating in their activities. Others, like the
high~burnup fuel tests in the French CABRI reactor and the containment
integrity program with NUPEC in Japan, are relatively new cooperative
programs. It is important to note that most of these cooperative
international programs also have sponsors from the commercial sector.

Well, that is a sample of what we have done in the past and what we are
working on now. What about the future?

THE FUTURE OF THE NRC RESEARCH PROGRAM

In general, we have an obligation to stay strong and to maintain our
independent technical capability so we can support the reguiation of our 100-
plus operating reactors. That means we will continue to work in important
areas like thermal-hydraulics, materials, severe accidents, and risk
assessment; and we will continue to participate in, and to stay abreast of,
international nuclear research programs. There always seem to be issues of
the day, such as the integrity of radiation embrittled reactor pressure



vessels and the behavior of reactor fuel at higher burnups. A wide range of
these research programs will be discussed in the following technical sessions,
and some of the current issues will be addressed in this plenary session in an
effort to make sure our research remains on target.

We are now in a period of change at the NRC. The electric utility industry is
under strong competitive pressures and is diligently examining means to reduce
its costs. NRC has a roie to play in reducing the reguiatory burden when the

safety benefit is marginal.

However, even without external pressure to reduce costs, a new culture, which
I refer to as risk-informed, performance-based regulation, is being adopted
by the NRC. NRC is becoming less prescriptive and more performance-oriented
in its regulatory posture in order to provide greater flexibility to licensees
while maintaining adequate protection for the public. Cost-consciousness and
cost-effectiveness pervade all of NRC’s operations, including research.

NRC’s research programs are being reexamined to ensure proper focus under this
new paradigm. Research planning must consider the current and prospective
level of plant safety, and there should be a reasonable expectation that
research projects and their results will be cost beneficial. Among the
criteria to evaluate the merits of a research project are the likelihood that
the results will improve the effectiveness of regulations and minimize any
undue burdens they impose. Some of the rules that the NRC developed
conservatively in the 1960°s and 1970°s because of lack of information can now
be modified as a result of improved knowledge that has been gained through
investments in research over the past 20 years. Future investments in
research will be expected to continue this trend.

As nuclear power plants age, we must examine the standards and operating
procedures that have been imposed on critical components, such as the primary
coolant system boundary, to assure ourselves and the public that an adequate
safety margin still exists. Only through research can we derive dependabie
estimates against which we can make such judgements. One of our top research
priorities is improving our understanding of the aging processes in nuclear
power plants with particular focus at the present time on reactor vessels,
steam generators, and electrical cables.

Many of the performance standards will be established by drawing on knowledge
developed in risk assessments performed both by NRC as well as by licensees.

However, we must acknowledge realities. Careful evaluation is needed to
determine the future value of additional research in all areas. He are
approaching the point where we can, in some areas, go into a program
maintenance mode that includes a very limited experimental program and
thoughtful fine-tuning of existing analytical models. Our current
international cooperative experimental programs are expected to provide
additional data to help make this determination. In doing this, however, we
have found that adequate resources and careful planning are still required to
avoid losing the important technical skills.



However, further emphasis and new work is needed in important areas related to
changing focus of our mission, i.e., risk assessment research to develop and
strengthen methodologies for dealing with human/organizational factors and
degraded equipment. New methodologies from other fields need to be developed
and applied to age related effects in reactors, i.e., going beyond fracture
mechanics to relate detailed measurements using new experimental probes to
microscopic materials properties in order to make stronger predictive
statements about behavior, as well as development of possible in situ probes
of key plant systems such as the Reactor Pressure Vessel itself.

Since becoming Chairman, I have come to recognize that there are a number of
important research areas associated with aging reactors which possess elements
common to reactors in all of the countries relying on nuclear power. I know
that countries already share the results of their reactor research and that in
some specific technical areas, a number of countries have joined together to
address issues of common concern and interest. We need to be certain that our
collaborative research projects recognize and build upon the unique areas of
specialization and particular expertise each of us has. Through existing
institutions, such as the Committee on the Safety of Nuclear Installations of
the OECD Nuclear Energy Agency, we must more diligently focus our attention to
the planning and integration of our research efforts. At the same time, we
should hold these institutions to high performance and efficiency standards so
that value is achieved from our investments in them. But, I would Tike to
propose that we go much further. I think that we should consider an
international reactor research program focused on aging and risk assessment
methodologies in which we seek to integrate the regulatory research activities
of various countries within the context of a formal international research
program. Each country could specialize in areas of its particular expertise.
Thus, we would avoid duplication of effort and meet the common challenges
which we are encountering and the common downward .pressures on our various
regulatory research budgets. In certain areas of mutual interest, a few of
which I have already mentioned, this kind of coordinated international
research activity has occurred, with excellent outcome. However, this is
meant to be a more direct and focused research program than generally exists,
internationally. If it can be accomplished with appropriate planning, focus
and coordination under the aegis of the existing multilateral structures, then
it should happen that way. If not, the task that I propose may be difficult
to achieve, but I think that it at least should be carefully considered and
explored. Consideration of such an activity will be part of the NRC strategic
assessment and rebaselining initiative that I recently announced, and which I
will now discuss further.

Strategic Assessment and Rebaselining

Changes in the industries we regulate ultimately affect the regulator, and the
NRC is no exception. Although I believe that the NRC has earned its
reputation as the foremost nuclear regulatory body in the world, we still need
to develop a strategic vision that allows us to adapt to a changing
environment and to budgetary constraints, to carry out our regulatory programs
more effectively, to take on possible new missions, to conduct effective
resource planning, while remaining responsive to the public and the regulated
industries. The first phase of the strategic initiative, the "strategic




assessment," involves identifying and examining the sources of the mandates
that make up our regulatory mission - statutes, executive branch directives,
and Commission decisions--so that we can establish a mutual understanding of
what the NRC mission is and what is required of us. Also included in this
phase is a process of looking at all agency activities to determine whether
they are being conducted in response to a specific mandate or whether these
activities have some other rationale for their existence, and whether there
are areas where we should have ongoing programs to implement a specific
mission, but do not. This phase is, as the title implies, essentially a
review, categorization, and assessment. This phase is also meant to begin to
surface key strategic issues, questions, and decision making points, which the
Commission will address.

The subsequent phases -- rebaselining and strategic planning -- flowing from
Commission decisions on the key strategic issues, questions and policy
alternatives, will address what our programmatic needs are and should be, and
what resource levels should be assigned to them. The first phase will drive
and provide input to the following phases and ultimately to budget and human
resource planning, which is the final phase. I believe that this review is
necessary to position us to meet effectively the challenges we face and to
guide intelligently our activities and decision-making in the future.

CONCILUSTON

I hope my remarks give you some of my perspectives on the role and value of
the NRC research programs. .I believe both the nuclear industry and the NRC
are facing a series of interrelated challenges that, taken together, could
change substantially how the electric power industry continues to develop and
how it will be regulated. How we solve today’s problems can, and will, affect
the role that nuclear energy will play in the nation’s energy mix in the
future. Our mutual goal should be to view our challenges as opportunities and
address them proactively rather than reactively. The NRC’s research program
can assist us in addressing some of the challenges.

Let me close my remarks by again expressing my appreciation for your interest
in our work and to encourage your active participation in this important
meeting. Thank you for your attention and I hope you will have an enjoyable
and successful meeting.



CURRENT ISSUES WITH RESEARCH SUPPORT

William T. Russell
U. S. Nuclear Regulatory Commission

It would be difficult to condense current issues in nuclear reactor regulation to just a few
minutes. So, let me start off by saying that I have not tried to give a comprehensive listing of
issues that are currently facing the reactor program, but rather to select those that I thought were
relevant as they relate to research activities. Use of probabilistic risk assessment in regulatory
decisions; materials aging issues concerning steam generators and reactor vessels; high burnup
fuels; accident management; and digital instrumentation and control, are just a sampling of the
important issues that I want to talk about.

Probabilistic Risk Assessment (PRA)

The Commission in August passed a major milestone with the publication of a policy
statement on the use of probabilistic safety assessment in regulation. We had been for some
years using probabilistic safety assessment techniques starting with WASH 1400. Shortly after
Three Mile Island, the "Lewis" report reviewed the use of PRA in regulation. We back away
a little bit from use of PRA in regulatory activities. Concerns were that the state of the art had
not sufficiently progressed, and there were significant uncertainties. There were questions about
using PRA alone as a basis for licensing decisions.

In the intervening years, from 1980 to 1995, there has been substantial progress made
in the use of PRA, and this is recognized in the Commission’s policy statement, which
encourages, to the extent supported by data and by the state of the art, the use of PRA in
expanding regulatory activities.

A precedent was set when four NRC office directors got together and developed an
overall plan for how the agency should proceed. These four offices were NMSS, RES, NRR,
and AEOD. We proposed that there be an agency-wide action plan for coordinating these
activities. Within that plan, there are a few areas that should be highlighted that relate to the
future use of PRA and our interface with the NRC research program.

One area in particular deals with in-service testing requirements. These requirements
flow from Section XI of the ASME Code. We are examining techniques to apply probabilistic
thinking to such things as the frequency of testing and prioritizing testing activities within the
Code.

Another area that NRR is working on very hard and that we have had feedback on is
implementation of the new maintenance rule. We have completed in NRR the development of
the inspection procedures, and held a number of workshops on pilot inspection results.
Licensees are in the process of implementing their internal procedures and developing the
requirements that they will follow when the rule goes into effect this July.



An important part of implementation of the maintenance rule is the use of risk insights
on a plant-specific basis to develop the list of those systems, trains, and selected components that
have a relatively high risk significance and to monitor and trend their performance.

This risk prioritization also relates to the draft reliability data reporting rule. We believe
that the implementation of the maintenance rule essentially requires the data to be available on
a site-specific basis. We are now looking at taking the next step and having the data reported
nationally. This is very important for establishing trends and feedback from industry operating
experience. It is also critical if we are to proceed to expand the use of PRA in a regulatory
context. The data upon which we are basing these decisions need to be publicly available.

We have some pilot activities going on, particularly in the in-service inspection area
where we are looking at prioritizing, using risk insights, some of the in-service inspection
activities. There is a major effort being looked at by the RES to try to develop appropriate
standards for a PRA when it is being used in a regulatory context. RES and NRR are
respectively working on the development of a Regulatory Guide and Standard Review Plan for
various applications of PRA to regulated activities.

Steam Generators

In the aging area, one aging problem--and a real current problem--is the issue associated
with steam generators. Proceeding essentially on a case-by-case basis with what I call crisis
management, we continue to identify degradation mechanisms in steam generators. This fall has
been a particularly heavy time, with the identification of additional circumferential cracking in
Combustion Engineering generators, and much more substantial axial cracking in the area of the
support plates in Westinghouse generators. In many cases, licensees have not anticipated the
degradation sufficiently. Some of them now are in the mode where they do not have sufficient
lead time for replacement generators and they are looking at trying to revise their approach to
tube repairs with new techniques that are causing quite a bit of additional review on the part of
the staff for precedent-setting approaches.

We are trying to put this into a regulatory framework with a rulemaking rather than doing
it on a case-by-case basis with facility technical specifications. Our objective for the rulemaking
is that it be performance based. That is, we would establish objective criteria, probably along
the line of Regulatory Guide 1.121 as it relates to structural integrity margins to be
demonstrated. We would allow various inspection techniques to characterize degradation that
has occurred and then perform either testing, other correlations, or engineering analysis to show
that the sizes of the flaws that exist--with a projected increase for time in service--would remain
within allowable sizes to meet the differential pressure requirements for steam line breaks or the
differential pressure requirements for normal operation.

We want a rule that will provide incentives for improving inspection techniques. The

better you can size and characterize the flaws with more certainty, the less margin you have to
have because you need not put that additional margin into your structural analysis.
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We want to have an integrated review. We cannot do it just based on materials
engineering, inspection techniques, or strength in materials. We have to re-examine the
fundamental objectives from a safety standpoint that we are trying to maintain with steam
generators. In this context, we have three different issues to examine: (1) normal operation
with respect to primary-to-secondary leakage through generators, which is relatively easy to
detect with on-line monitoring for radioactive materials leaking through the generators; (2) in
the context of accident analysis in the past we have used very conservative approaches, looking
at, essentially, one gallon per minute primary-to-secondary leakage through the generator with
very conservative calculations for iodine spiking factors and atmospheric dispersion; and (3)
severe accidents, particularly for transients resulting from loss of secondary heat sink where you
may be either boiling off the primary, ending up with hot gases, or conditions under which you
might have high-pressure core melt or core damage sequence.

The implications of a degraded generator and what it means as it relates to a potential
containment bypass scenario are significant and need to be examined in an integrated way. We
hope to have a three-tiered approach. That is, the performance-based rule would establish the
framework and the objectives. Next, we would expect to have a regulatory guide to identify
varjous methodologies for qualifying, for example, inspection techniques and providing guidance
on the type of analysis to be done. Below that we would have a number of topical reports for
various degradation techniques or for various vendors for the types of inspection techniques that
they may use. These reports would be reviewed and compared to the guidelines in the

regulatory guide.

We are probably one to two years away from being able to issue the draft rule. We have
developed a lot of experience for the degradation mechanism of axial cracking--outside diameter
stress corrosion cracking within the support plates on Westinghouse generators. Based upon this
work, we believe we have a model for approaching the rulemaking, but we are being stressed
right now with the rate of identification of circumferential cracking and various proposals by
licensees trying to address circumferential cracking. So we have a resource problem.

This is an area where the research that is needed relates to inspection techniques,
qualification of inspectors, and a performance-based approach for qualifying inspections with
human beings in the loop. In re-reviews of prior inspection data, we have found missed eddy
current and rotating-pancake-coil signals. In some cases, the digital signal processing used did
not identify the signals, the analyst did not see it, and the backup analyst did not see it. We are
now finding cases where we are in enforcement space for prior missed inspection activities. We
need to develop inspection techniques that are more reliable and less dependent upon humans.

Reactor Pressure Vessel

The next issue is a critical one: reactor pressure vessels. The Commission has
rulemaking under way to address procedures for annealing. You are aware of the pressurized-
thermal-shock (PTS) rule and some of the other requirements of Appendix G, fracture toughness,
and of Appendix H, surveillance programs. Recently we found that our knowledge of the actual
vessel properties is somewhat lacking. We had to send out a generic letter requesting licensees
to gather data, not only on their vessels but on sister vessels that may have been fabricated at
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the same time--particularly for those vessels that were manufactured by Combustion Engineering.
We generally had a much better data base on vessels manufactured by Babcock & Wilcox.

This vessel information was collated. We published a NUREG report containing the data
that have been received by NRC in response to the earlier Generic Letter 92-01. We hope that
the industry will take this to the next step and include all data, and that we will resolve the
issues with respect to treatment of data as proprietary. Most of you are aware that I have sent
out letters to deny withholding of proprietary information on the basis that the information
constitutes information important to reactor safety and therefore should be available to the public
so the bases for our conclusions on such issues of vessel toughness and the ability to meet the
pressurized-thermal-shock rule can be understood.

A major research activity related to vessel annealing demonstrations is critical so that we
may be able to conclude that annealing can be safely performed in the United States.

High Burnup Fuel

High burnup fuel is an example of what I think is a success, both on an international
level and on a research level. We learned about some testing that had been done in France and
also in Japan on transient reactivity behavior of fuel under conditions of high burnup. Some
early test results were quite surprising, indicating that you could have a catastrophic failure of
a pin with the fuel being dispersed into the coolant. A lot of work is in progress to exchange
data to try to understand what caused that failure, to look at some other results from Japan and
also more recent results from France. These issues are critical as we look at licensing and going
beyond burnups in the range of 60,000 megawatt days per metric ton.

In reviewing the acceptability of higher burnups, we have to be concerned with both the
transient reactivity behavior and also the recent experience with the Three Mile Island core. At
TMI-1, failures of cladding on first-cycle fuel in a transition core occurred. The combination
of high boron/boric acid chemistry along with relatively high heat fluxes caused failures of fuel
pins. These issues also relate to the integrity of cladding, which, if this is occurring on first-
cycle fuel rather than high- burnup fuel, concerns us.

NRR and RES have major activities going on to re-examine fuel as well as some of the
issues associated with reactor physics. We are finding that some reactor licensees and reactor
engineers are not as familiar with startups of new cores; operating experiences indicate that
reactor engineering activities are not being as well managed as they have been in the past. This
is also an inspection area and an interface with the regions. We actually have three separate
generic activities going on within NRR to address fuel issues.

Accident Management

Accident management is an issue on which the staff has been patient. We need to mine
the severe accident research work, some of the Individual Plant Examination work, and the
NUREG-1150 work on severe accidents to try to identify appropriate strategies that can be used
in the context of accident management and also to develop aids to assist decision makers, and
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to come up with a framework for what I characterize as the Emergency Operations Facility
inward aspects of responding to an emergency.

In the conduct of our drills and assessments of licensee performance, we have historically
focused on offsite emergency preparedness and how the offsite authorities would respond to
radiological releases. As a result, most of the activities focus on a scenario intended for
significant radiological releases relatively early so that the offsite activities can be exercised.

We do little inspection related to the direction of onsite activities from the Emergency
Operations Facility. That is, the reactor safety assessment and actions that can be taken
consistent with Emergency Operating Procedures (EOPs) or, in some cases beyond the EOPs,
to address accident management strategies. This is an area where I am very encouraged by what
the industry is doing.

The owners groups have become engaged, particularly the BWR owners, in identifying
various approaches that could be implemented and developing implementation procedures for
such activities as containment flooding. But the actual decision- making process that would
reside in the Technical Support Center and the Emergency Operations Facility to decide to flood
containment for example has not been as well laid out.

Those activities are ongoing now. We will be conducting some pilot inspections of the
industry initiative in this area and factoring the industry work into our ongoing programs.

Digital Instrumentation and Control

In the area of digital instrumentation and control (I&C), I am focusing on a rather narrow
aspect. The National Academy of Sciences is looking at the overall approach to instrumentation
and control, particularly digital I&C, and the human factors aspects of maintaining software-
based protection systems or safety systems. We have had a number of interactions on reliability
of software systems, how one handles common-mode failure, and how one addresses diversity
within systems.

But in the course of the reviews of those activities and discussion with the Advisory
Committee on Reactor Safeguards, we identified environmental issues that go beyond simply the
electromagnetic interference that you might have with digital systems that operate at very low
voltage and amperage. These other issues are related to smoke, temperature, seismic, and other
stressors. Work is ongoing to address these environmental qualification issues. It involves a
literature search to see what has been done in the military and other areas, as well as some
actual testing. The research work will put us in a good position to address these issues as they
come up in future applications and as I1&C systems are retrofitted in currently operating reactors.

That completes my sampling of current reactor issues. Thank you.
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ANNEALING THE REACTOR VESSEL AT THE PALISADES PLANT

Robert A. Fenech
Consumers Power Company

Good morning. This is my first opportunity to attend a Water Reactor Safety Information
Meeting and, as I looked at the attendees, I think it is pretty clear that I am speaking to the
technical top guns of the industry here. So, it’s a pleasure. I would like to g0 over what we
are about to do with our reactor vessel at Palisades.

In the way of background, Palisades was licensed in 1967 and went commercial in 1971.
Jumping to two years ago, we faced at that time three issues that challenged our ability to
operate to end-of-license, which would be 2007 without any extensions. The three items were
regulatory performance, economic performance, and reactor vessel embrittlement.

We had not been operating the plant with the kind of conservative decisions and with the
kind of safety margins that one is expected to operate a plant in the United States at this time.
Our economic performance was not satisfactory in that our capacity factor was low and our costs
high. In the area of reactor vessel embrittlement, our analysis showed that we would reach the
NRC screening criteria for embrittlement in the year 2004.

Over the last two years, we have made significant improvements in the first two areas.
Our decision-making has changed. Our performance, especially over the last year and a half,
has been excellent. In addition, we have gotten our capacity factors up and our costs under
control. Clearly, sustained performance is what is going to carry the day but from what we can
see and from where we are, we are in more of a maintenance-of-performance than in a turn-
around situation.

On the other hand, in the area of reactor vessel embrittlement, about a year and a half
ago we had a bit of a set- back. We had taken material from retired steam generators that had
welds identical to the welds in our reactor vessel. When we analyzed the welds from our steam
generators, we were given some surprises about the chemistry makeup. When we applied the
new information to our analysis, we changed the date on which we would reach our screening
criteria from 2004 to late 1999.

After we determined that we would reach the screening criteria in 1999, we were faced
with a decision. Where do you go now? Initiaily, I think you would guess that we thought that
we would pursue the Regulatory Guide 1.154 analyses that allow you to use plant-specific data
to determine just how tough your reactor is and how long you can operate it. We pretty quickly
came to the conclusion that this is really not a viable alternative. Yankee Rowe had tried it and
failed. When we talked to the NRC staff, we concluded that the political environment right now
would really not support Regulatory Guide 1.154 analyses.
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So then we turned to just doing a lot more analysis, get a lot more information, and just
keep plugging and chugging here and maybe this will all go away. That alternative dried up
very quickly. The more we looked at it, the more we were sure that, although it was possible,
we did not have confidence that we could run to end-of-license. Secondly, analysis would not
fix anything. We would just be trying to get data to justify continued operations.

What we finally decided was that we needed to bite the bullet and anneal the reactor
vessel. We made a decision to do that in 1998--a major undertaking for us. We made the
decision for a lot of reasons, but we did feel that it gave us the one success path that would get
us to end-of-license with relatively high confidence. It was the only alternative that fixed the
problem and didn’t just analyze it away. '

After we decided to anneal the reactor vessel, we had to decide how. There were two
alternatives that we thought were practical and available to us. The first alternative was electric
resistance heaters used in Russia and Europe--obviously not in the same areas of the vessel that
we are in our annealing, but offering some new and different challenges. The second alternative
was indirect gas. Indirect gas involves a series of toruses, doughnuts, stacked vertically in the
reactor vessel. You pipe hot gases through each of the toruses and you can control the axial
temperature with the temperature in €ach of the toruses. The gas goes through each torus in a
turbulent fashion and then it is exhausted outside the containment.

We chose the indirect gas method. We felt that either method would work, but there are
a lot of reasons why we chose indirect gas. The bottom line and the biggest reason was that the
gas demonstration project--the annealing of the canceled Marble Hill reactor vessel--was much
further along than the other project. We felt that it was imperative that we had the data from
at least one demonstration reactor. We had more confidence since that annealing was further
- along. As a matter of a fact, they intend to anneal Marble Hill in the early spring of 1996, and
we will submit our annealing report to the NRC in the early summer of 1996.

You know, technically, annealing is relatively straight- forward. It is less limiting than
a typical post-weld heat treatment, and stresses in attached piping can be controlled below code
allowables. While it is relatively straightforward, there are many peripheral technical issues that
have the potential to bog down the project with little or no real impact on the outcome.
Palisades, being the first to anneal in the United States, will have to answer any questions that
have the remotest possibility of impacting the process.

Because of that, we could use the NRC’s help, and I see it in two areas. The first is
research or technical support, and the second is what I call regulatory predictability. In the area
of technical support, let me go through some items that you might consider.

The annealing data base needs to be expanded. Most of the data are from high flux

environments. There are very limited data on chemistries that are most likely to be annealed.
And there is a limited mix of weld fluxes in the data base.
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A second area is prediction of re-embrittlement. The current method is highly
conservative. The use of surveillance material is not well defined. At Palisades this probably
won’t be an issue for us. We are expecting to run to 2007. The most we expect to extend our
license, if everything goes well with annealing, is to 2011. That would be asking for a four-year
extension based on the construction period between 1967 and 1971. Many other plants have had
that period approved. At this time we do not see a life extension beyond 2011 in the cards for
us.

The high-temperature effects on concrete and the effects of moderately high temperatures
are not well defined and questions will have to be answered before we anneal.

The last technical area would be tempered embrittlement, or the migration of impurities
to grain boundaries during the radiation and annealing--impurities like phosphorous. We do not
expect that this is a problem, but question the amount of analysis necessary to put it to rest.

In the area of regulatory predictability, let me congratulate the NRC. In fact, they did
it to me again. My speech had to be considerably changed when Thursday or Friday they passed
the annealing rule. I was ready to stomp up and beat on the podium here, and they passed it.
The rule is both timely and balances public involvement with loss of control of the process. We
were very worried about this. I think it struck the correct balance.

Companies will not be willing to invest the large capital dollars necessary to anneal if
they are not confident they can predict the outcome. Palisades offers both the industry and the
NRC the opportunity to prove that annealing is both technically straightforward and that you can
have regulatory predictability when you go into a process.

Thank you.
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NEED FOR HIGHER FUEL BURNUP AT THE HATCH PLANT

J. T. (Tom) Beckham
Southern Nuclear Operating Company

Good morning. This subject has been brought up several times already, but I appreciate
the opportunity to give you the views of the Georgia Power Company and the Southern Nuclear
Operating Company. Let me just mention that the Hatch plant is operated by Georgia Power.
Southern Nuclear is a corporation that we have formed to supply support for several plants, but
the actual license is held by Georgia Power for the Hatch plant.

I want to discuss the Hatch plant although Southern Nuclear does supply information to
other plants such as Georgia Power’s Vogtle plant; we also operate Farley. So much of the
information that I will be talking about is relative to both plants although I want to use Hatch
as the representative.

Hatch, of course, is a BWR 4 and has been in operation for some time. The first unit
became commercial about 1975. Obtaining higher burnups, or higher average discharge
exposures, is nothing new at Hatch. Since we have started, the discharge exposure of the plant
has increased. Now, of course, we are not approaching the numbers currently being discussed
but, as you can see in Fig. 1, the average discharge exposure has increased from around 20,000
MWD/MTU in the early to mid-1980s to 34,000 MWD/MTU in 1994,

I am talking about batch average values. There are also peak bundle and peak rod
values. You will have to make the conversions if you think in one way or the other because I
am talking in batch averages (Table 1).

During Hatch’s operating history we have had some problems with fuel failure. Higher
burnup fuel raises a concern about how much fuel failure you are going to have. Fuel failure
is, of course, an economic issue with us. Back in the early 1980s, we had a problem with crud-
induced localized corrosion, known as CILC. We have gotten over that, but we had some times
when it was up around 27 fuel failures a year. That is not a pleasant time to live through
because it is not what you want from an economic viewpoint or any other.

We have gotten that down. We have had some fuel failures recently, but they have not
been related to fuel burnup or to corrosion. In fact, as shown in Fig. 2, the number of failures
has decreased from the early 1980s to the 90s even though burnup increased during that time.
The fuel failures are more debris-related-type failures.

In addition to increasing burnups, utilities are actively evaluating or have already
incorporated power uprate and longer fuel cycles (e.g., 2-year cycles). The goal is to balance
out the higher power density, longer cycles, higher burnup, and to have no leakers. Why do
we as an industry want to have higher burnup fuel? That is what I want to tell you a little bit
about.



The incentives can be divided into several categories. Obviously, reduced fuel costs is
one. The onsite spent fuel storage cost can also be reduced, and we can get longer cycles.

Let’s talk just a minute about reduced fuel cost. If you would assume that there is a
constant energy cycle, the number of fuel assemblies per reload can be reduced by increasing
the enrichment of the assemblies. Reducing the number of assemblies, while increasing
enrichment, will reduce fuel costs for today’s projected burnup levels and costs of nuclear
materials and services. All this works even better if there are some nuclear materials and
services that can be reduced such as the uranium costs and the enrichment services.

But that is not something that goes on forever and ever. There appears to be a limit on
how far this concept can be extended because of higher fabrication costs and some nonlinear
costs that are associated with the enrichment.

As shown in Fig. 3, it appears that the projected savings start to diminish past about
38,000 MWD/MTU with today’s environment. No one knows for sure that you may not have
a situation similar to the one of buying a pocket computer years ago when some of you may
have paid $200 or $300 for one similar to what you can buy for $1.99 now at the grocery store.
Whether that will actually happen, we don’t know. There obviously could be some changes in
the way things are done and possibly this number would change.

The second incentive to have higher burnup fuel is, of course, reduced storage costs.
Obviously, if you do not have as many bundles to store, it doesn’t cost you as much to store
them. That cost could be somewhat significant--somewhere between $2 million to $4 million
per cycle.

If you put the lower storage cost on this curve (the lower line of Fig. 3) you do get some
benefit by having the higher burnup.

The other thing that utilities need is higher energy cycles. Some utilities have already
gone to 24-month cycles, and other utilities are considering it. At Hatch, we need to go to the
longer cycles if we possibly can for cost reasons, but you must increase the discharge exposure
to do that. There is an efficient batch size to which you must be limited. You cannot just put
in more and more fuel because pretty soon you are putting in fuel at the wrong places and you
are using new fuel where you do not need new fuel. The maximum efficient batch size is
somewhere in the 36 to 40 percent range. Our projections right now say that to get the 24-
month cycle, we need to be in the 47,000 MWD/MTU burnup range for this batch size.

For our use, considering all the above, we will probably project our limit in the 45,000

to 50,000 MWD/MTU range for average discharge exposure. All this needs to be done with
reliability efforts-- some of which you are doing and some of which we are doing.
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There are ongoing programs to monitor fuel cladding performance, and to use lead-use
assemblies in the reactors. We have been doing that for some period of time. When we put
those lead-use assemblies in, we monitor them to see what they do during operation and we also
examine them during the refueling with high magnification video inspections, corrosion thickness
measurements, and anything else that we can determine would show us whether the fuel is going
to perform the way we had predicted. So far the cladding in our lead-use assemblies appears
to be doing rather well.

These inspections, along with our normal inspections of the fuel, give us confirmation
of acceptable cladding performance with such things as hydrogen water chemistry and feedwater
zinc injection, both of which the Hatch plant has.

We work with EPRI and General Electric to address these issues through these
inspections and through water chemistry measurements to make certain that we understand what
is actually happening.

Some consideration is being given to an ultra high burnup lead-use assembly program.
That could go as high as 60,000 MWD/MTU batch average. We have not yet reached a
decision on that. If we do that, those lead-use assemblies would use cladding with better
corrosion resistance, at least according to GE, and better resistance to hydrogen pickup. Its
pellets would have an enhanced pellet grain size and would have an enhanced thermal
conductivity. As our fuel people are trying to decide whether we should do this, we are trying
to participate in gathering data--getting information that is necessary to make the right decision.

What does the NRC Office of Research need to do in this regard? We think that you
need to gather whatever data that you need so when we come to you, you can make an informed
decision. You should not wait until the industry comes to NRC and then say you have to do
research on it. Because in today’s competitive environment, we have to be able to make the
decision and move on. We hope you will be able to get the data that you need to do the
confirmation or whatever type of research so that when it is requested, whether it is the Hatch
plant or some other utility, you will only need to find what the utility is really talking about and
not need to do primary research to understand the program.

The industry today is in a very competitive environment. In fact, some utilities are
fighting for their very existence. Those of us who operate nuclear power plants, of course, have
to watch out for the public health and safety, make conservative decisions, and do the right
thing. But we also do not want to be shut down so we want to do what is right as well as
having whatever tools in our tool box for being competitive. And use of higher burnup fuel is
one of those tools.

I appreciate the opportunity to give you an industry perspective of higher burnup. I don’t
think I said anything that was not fairly obvious to you. But sometimes just having an industry
representative say what we might be considering is of value.

Thank you very much.
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Table 1. Approximate Exposure Relationships

MWD/MTU
Batch Average Peak Bundle Peak Rod
38,000 43,000 48,000

45,000 50,000 60,000
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LUNCHEON REMARKS
OF
JAMES M. TAYLOR
EXECUTIVE DIRECTOR FOR OPERATIONS
U.S. NUCLEAR REGULATORY COMMISSION

INTRODUCTION
Good afternoon!

It is a pleasure to welcome so many of our colleagues from the United States and abroad to this 23rd
Water Reactor Safety Information Meeting. I hope that you have found these last three days of sessions
interesting and stimulating. You have heard presentations and research results on a diverse group of
topics.

It remains clear that nuclear safety research continues to play a vital role in our agency’s approach to
accomplish its regulatory mission. For research not only may uncover potential problem areas, as is the
case with high burnup fuel, but also offers the potential to provide the solution to such problems, as with
reactor pressure vessel annealing.

I want to briefly talk to you this afternoon on three topics where reactor safety research has played, and
continues to play, an important role. These areas are the increased use of probabilistic risk assessment
methods in regulatory activities, thyroid cancer studies arising from the Chernobyl accident, and recent
developments in reactor pressure vessel annealing.

PROBABILISTIC RISK ASSESSMENT METHODS

On August 6, 1995, the NRC published its Final Policy Statement on the Use of Probabilistic Risk
Assessment Methods in Nuclear Regulatory Activities.

This policy statement represents the logical conclusion to a long and successful application of probabilistic
risk assessment, or PRA, methods in nuclear safety research and analysis. In this final policy statement,
the Commission stated that an overall policy on the use of PRA methods in nuclear regulatory activities
should be established so that the many potential applications of PRA could be implemented in a consistent
and predictable manner and would promote regulatory stability and efficiency. I'd like to briefly remind
you of the background and events that led to this policy and touch on the key points of the policy itself.

PRA_Background

The NRC has generally regulated nuclear power plants and the use of nuclear material based on a
deterministic approach. In this approach, a set of challenges to safety is determined, and an acceptable
level of mitigation is defined. This leads to the so-called design basis accident, or DBA, approach.



An example is the postulated Loss-of-coolant-accident, or LOCA. Here, the safety challenge is a
postulated coolant pipe rupture, up to and including the largest coolant pipe in the reactor coolant system.
The level of mitigation required is that the fuel cladding temperature not exceed a specified temperature
in the face of this challenge. Another aspect of the LOCA postulates the occurrence of a fission product
release within containment as the safety challenge, and requires that the plant design and site
characteristics be such that a hypothetical individual located at the exclusion area boundary would not
receive a radiation dose in excess of prescribed limits.

Although this approach appears not to be related to a probabilistic risk approach, in fact, probability and
risk have been implicitly considered from the beginning. One of the basic findings made during the
safety review, and required before reactor licensing is one of "...no undue risk to the health and safety
of the public." However, until the Three Mile Island accident, the NRC used explicit probabilistic criteria
in only a few selected areas of licensing.

In 1975, the Reactor Safety Study, or WASH-1400, was published. This was the first systematic
assessment of reactor risk that used modern probabilistic methods, and this report represents a seminal
event in reactor risk assessment. Risk assessment techniques and applications advanced rapidly in the
years following the TMI accident. More recently, we have seen the issuance of NUREG-1150 in 1990,
which used improved PRA techniques to assess the risks associated with five U.S. nuclear power plants.
This study has been noted as a significant turning point in the use of risk-based concepts in the regulatory
process.

Recent PRA Applications

PRA methods have been successfully applied in 2 number of regulatory activities, acting as a complement
to the traditional deterministic process. A number of recent Commission Policies or rules have been
based, in part, on PRA methods. It may be appropriate to mention just a few of these.

These include the Backfit Rule, 10 CFR 50.109, the Commission’s Safety Goal Policy, the Commission’s
Severe Accident Policy, and the Commission’s Policy on Technical Specification Improvement. PRA
methods have also been used in developing regulations regarding anticipated transients without scram
(ATWS), the station blackout rulemaking, and in support of generic issue prioritization and resolution.

The NRC is also currently using PRA techniques to assess the safety importance of operating reactor
events and as a part of the design certification review for advanced reactor designs. As many of you are
aware, the Individual Plant Examination (IPE) Program which resulted from the Commission’s Severe
Accident Policy has resulted in power reactor licensees using risk assessment methods to identify potential
plant vulnerabilities.

PRA is also being applied in performance assessment methods for low-level and high-level waste
facilities, as well. This has involved the development of conceptual models and computer codes to model
the disposal of waste. Because these systems are passive, the methods used to analyze active systems
such as those found in PRA studies for reactors had to be adapted for the performance assessment of the
potential geologic repository at Yucca Mountain.
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PRA Policy Statement

I will briefly summarize the major points covered in this policy statement. First, the Commission has
stated that the use of PRA technology should be increased in all regulatory matters to the extent supported
by the state of the art in PRA methods and data and in a manner that complements the NRC’s
deterministic approach and supports the NRC’s traditional defense-in-depth philosophy.

Second, the Policy states that PRA and associated analyses should be used in regulatory matters, where
practical within the bounds of the state-of-the-art, to reduce unnecessary conservatism associated with
current regulatory requirements, regulatory guides, license commitments, and staff practices. Where
appropriate, PRA should be used to support proposed additional requirements in accordance with the
provisions of the Backfit Rule (10 CFR 50.109). Appropriate procedures for including PRA in the
process for changing regulatory requirements should be developed and followed. 1t is understood that
the intent of this policy is that existing rules and regulations shall be complied with unless they are
revised.

Third, the Policy states that PRA evaluations in support of regulatory decisions should be as realistic as
practicable and appropriate supporting data should be publicly available for review.

Finally, the Policy concludes that the Commission’s safety goals for nuclear power plants and subsidiary
numerical objectives are to be used with appropriate consideration of uncertainties in making regulatory
judgments on the need for proposing and backfitting new generic requirements on nuclear power plant
licensees.

In conclusion, with this Policy statement, the NRC is affirming its belief that PRA methods can be used
to derive valuable insights, perspectives, and general conclusions as a result of an integrated examination
regarding design, operation, and the interactions between the facility and its staff. The NRC also
recognizes, and encourages, continuation by industry to improve still further the application of PRA
methods, data collection, and support in this very important area.

STUDY OF CHILDHOOD THYROID CANCER FROM THE
CHERNOBYL NUCLEAR ACCIDENT

Another area that could potentially have significant benefit to the industry has been the US Government
efforts in conducting epidemiologic studies of radiation induced thyroid disease in Belarus and Ukraine.

These studies focus on the incidence of thyroid disease, especially cancer, resulting from the 1986
accident at the Chernobyl nuclear power plant. Two scientific protocols have been signed. The first was
signed with Belarus on May 26, 1994 and recently, the second, with Ukraine on May 10, 1995, during
the President’s visit to Kiev. The purpose of these thyroid studies is to assess the risk of thyroid cancer
and hypothyroidism among persons, particularly children, who were exposed to iodine radioisotopes,
especially 1-131, during and/or following the Chernoby! accident. These scientific protocols will involve
approximately 15,000 children in Belarus and about 70,000 Ukrainian children.

The release of radioiodine is likely to figure prominently in any nuclear power plant accident. This is
especially significant considering that little is known of its carcinogenic potency. This new research of
the Chernoby! accident provides a unique opportunity to understand and quantify the thyroid cancer risk
of exposure to radiojodine and the role of potential cofactors, especially dietary iodine deficiency. It is
expected that the analyses will contribute new knowledge of the carcinogenic effectiveness of 1-131 in
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comparison with that of x-ray and gamma radiation. This information will fill a major gap in the world’s
knowledge of radiation effects and contribute to improvement in public health policies wherever nuclear
reactors are in operation.

These studies originated under the auspices of a 1988 memorandum of cooperation between the United
States and the former Soviet Union concerning civilian nuclear reactor safety following the Chernobyl
accident.

Currently the studies are being primarily implemented by the National Cancer Institute with support from
the Department of Energy and the Nuclear Regulatory Commission in cooperation with the Ministries of
Health of Belarus and Ukraine and several scientific institutes in these countries.

Presently, NRC, DOE and NCI continue to provide all the financial support for the implementation of
the studies. Considering present U.S. Government budget issues, international participation may be
welcome in the future.

I"d like to turn next to another topic of great current interest - thermal annealing of nuclear reactor
pressure vessels.

ANNEALING OF NUCLEAR REACTOR PRESSURE VESSELS
Introduction

Assuring the structural integrity of the reactor pressure vessel is fundamental to the safe operation of
nuclear power plants. It has been long recognized that neutrons escaping from the reactor core can
embrittle the pressure vessel materials, and, as plants age, can limit the safe operating life of a reactor
pressure vessel.

The criteria in 10 CFR 50, Appendix G, and the Pressurized Thermal Shock (PTS) rule provide continued
assurance of pressure vessel integrity. However, there are a few plants that will approach these criteria
before the end of their current license, and there are several more plants that may approach these criteria
if the plants operate for an additional 20 years. Thus, embrittlement of the reactor vessel could limit the
useful operating life of some plants.

The NRC, U.S. industry, and the international community have made significant progress in developing
the analytical methods and supporting data needed to make realistic estimates of pressure vessel
embrittlement. The technical community has developed analysis capabilities necessary to quantify the
level of embrittlement and to assess the ability of embrittled pressure vessels to withstand normal
operating loads and accident loads.

Refining our analytical techniques can lead to a better definition of the limits of safe operation, but
performing analyses does not make the pressure vessel any safer. We need methods to mitigate the
deleterious effects of neutron irradiation. Today, thermal annealing of the reactor pressure vessel is the
only known technique for mitigating neutron irradiation embrittlement.
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Description of Thermal Annealing

Our research has shown that neutron irradiation allows some elements, particularly copper and nickel,
to change their distribution and cause an increase in hardness and a reduction in fracture toughness.
Thermal annealing consists of heating the pressure vessel beltline materials to temperatures of about 850
to 900’F, well above the normal operating temperature of the pressure vessel, and holding them there for
an extended period, typically about one week. Heating effectively relieves the damage to the steel’s
microstructure and restores the ductility of the material to nearly its unirradiated level. The annealing
temperature must be high enough to allow atomic diffusion to take place and restore the embrittlement
damage but not so high as to cause geometric distortion of the vessel or affect the original heat treatment
of the vessel materials. While the idea is simple, and the metallurgical evidence for recovery of at least
part of the embrittlement is conclusive, other considerations must also be addressed, including fire
protection, and assurance that important systems, structures, and components are not degraded by the
higher-than-normal temperatures.

Thermal annealing of a commercial reactor pressure vessel has never been accomplished in the U.S.
However, reactor pressure vessels in 13 Russian designed plants in Russia and Eastern Europe have been
successfully annealed. This experience lends significant credibility that thermal annealing in the U.S. is
feasible from an engineering point of view. The NRC staff has witnessed the thermal annealing of a
Russian reactor pressure vessel. This experience has helped to provide guidance to assure a successful
annealing operation in the U.S.

Annealing Demonstration

The engineering feasibility of thermal annealing is being addressed through two Annealing Demonstration
Projects, being jointly funded by the U.S. Department of Energy and the nuclear industry, including some
international support. Currently, the two demonstration projects are planned using the reactor pressure
vessels of two cancelled PWR plants. One plant, Marble Hill in Indiana, is a typical Westinghouse
design, while the other, Midland in Michigan, is a typical B&W design.

Both plants will be instrumented and detailed analyses will be performed for comparison to the
measurements. Through these demonstrations, we expect that key questions regarding the engineering
feasibility of thermal annealing for U.S. designs will be answered, and that they will provide validation
of the analytical methods used to predict temperatures and deformations in the overall system. Currently,
the demonstrations are scheduled to be completed by mid to late 1996.

The NRC is working closely with the Department of Energy (DOE) in reviewing the annealing
demonstration projects. We are also performing independent analyses and evaluations of the
demonstration projects. Through this close review and evaluation, we expect to develop our independent
assessment capability of the engineering feasibility of thermal annealing for U.S. designs, and to develop
information that will be directly relevant to NRC review of any proposed annealing of a U.S. commercial
power reactor vessel.

Palisades Nuclear Power Plant

As you heard earlier this week, the licensee of one plant, Palisades, has declared its intent to anneal the
reactor pressure vessel. The limiting weld for the Palisades pressure vessel is projected to reach the
pressurized thermal shock (PTS) screening criterion specified in our regulations in late 1999. The
licensee has committed to annealing the pressure vessel prior to this time. The licensee currently projects
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that recovery of the embrittlement will be sufficient to enable safe operation of the plant through at least
the original end of license date, 2007, with a high probability that the plant could be operated well
beyond 2011. :

We anticipate that the licensee will begin submitting its thermal annealing report to the NRC shortly.
This will be the first application of the new thermal annealing rule and Regulatory Guide once they are
approved.

In conclusion, the NRC has made significant commitments to develop an environment for thermal
annealing procedures that will result in the successful recovery of reactor pressure vessel toughness. The
goal of these efforts is to ensure that thermal annealing in U.S. plants becomes a straightforward, safe
alternative to maintain the integrity of the reactor pressure vessel throughout plant life.

Closing
I would like to close my remarks by reminding you once again of the importance of confirmatory safety

research to the NRC’s mission. I hope that this discussion of two recent examples in this regard as well
as the topics presented in this meeting has made that clear. Thank you!
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New Results from Pulse Tests in the CABRI Reactor

F. SCHMITZ, J. PAPIN, M. HAESSLER
Institut de Protection et de Shreté Nucléaire, CADARACHE
Commissariat a I’Energie Atomique
F 13108 Saint Paul Lez Durance - France

N. WAECKEL
Electricité de France, SEPTEN
F 69628 Villeurbanne - France

Abstract

At the 21st and 22nd WRSM (1,2), the motivation and objectives of the French program on
the behaviour of high burnup PWR fuel under RIA conditions in the CABRI test reactor has
been presented.

The major results of the three first tests of the test matrix were presented and in particular
REP-Na1, which failed at an unexpected low level of fuel enthalpy, was exposed to the
community of nuclear safety research. At this time, no final understanding was reached for
the origin of the failure. This objective is reached now.

Two further tests, REP-Na4 and 5, have been performed in 1995, they demonstrated a
satisfactory and safe behaviour by resisting to the early phase of severe loading during the
RIA pulse test.

Further examination work and analytical testing is in progress and the next tests with MOX
fuel are being prepared.

1. Introduction

At the 21st and 22nd WRSM, generic papers have been presented on the motivation,
objectives and first results of the program to investigate the behaviour of high burn-up PWR
fuel under RIA conditions in the CABRI test reactor (1,2).

This year, we present progress in further test realisation, examination work and analysis.

In particular, we present experimental results from post-test examination and arguments
giving a plausible explanation for the failure mechanism of REP-Na1, which is the « Hydride
Assisted PCMI Failure Mechanism » (HAP), already observed in other RIA tests (3) and
various clad loading situations (4).

This understanding, together with the results from the further tests, in particular clad
straining and transient fission gas release and fuel fragmentation, give some clear partial
understanding basis and valuable data for modeling and code validation, they are insufficient
however, for the transposition to the real reactor case. The unprototypical coolant conditions
in CABRI (low pressure sodium) give only for a very short time, representative clad
temperature conditions. Under reactor conditions, high sustained contact pressures and
important fission gas release might play a major role when clad temperatures increase
rapidly. Under PWR conditions, DNB might be reached and, if lasting sufficiently long time,
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will cause clad temperatures to run up fast and decrease rapidly the mechanical resistance
of the clad material.

Improved clad material, on the other side, will better resist to PCMI loading because of
lower corrosion and associated hydrogen pick-up. Fuel loading and clad resistance factors
are presently badly known. Considerable improvement of the theoretical tools is needed in
this field. An additional experimental programme is underway to assess the effects of
localized hydrides and high strain rates on the mechanical behaviour of the irradiated
claddings.

Clad to coolant transient heat transfer is another subject which needs consideration, a
research programme is in progress in France to improve the present situation. So, the
originally intended demonstration tests in CABRI revealed insufficiencies of mechanistic
understanding and a need for scientific support work. In a later stage, according to the
results obtained from the additional experimental programmes, more representative tests
would be needed.

2. New CABRI tests

In 1995, two further tests have been performed and four tests are remaining to be done. in
Table 1, the major test parameters of all five tests performed up to now are presented.

2.1. REP-Na4

This very important test is to be compared directly with REP-Na1. With regard to the first
test, two major parameters have been changed :

- the ramp rate, 65ms (efficient) pulse width, compared to 9,5ms in REP-Na 1,
- the clad corrosion behaviour, 80pn mean corrosion thickness for both but heavy
spalling for REP-Na1 and a dense continuous oxide without spalling for REP-Na4.

Burnup level and fuel state are very close to REP-Na1. The injected energy was of 95 callg
at 1.2s and the pin resisted to this significant power transient, no rod failure was observed.

2.2. REP-Na§
For almost identical loading conditions (burnup, pulse shape, energy injection) compared to
REP-Na1, this test was performed with a test pin which was cut off from the lower part of a
GRAV 5c pin. The oxide iayer was 20u thick and the local hydrogen content is estimated to
be 200 ppm, compared to 800 ppm in REP-Na1.
The test rod did not fail indicating the predominant role of the residual clad ductility in the
early phase of PCMI loading.

3. - mination work

3.1. Status

The non-destructive examination work is terminated for REP-Na1 to 3. The work is in
progress for REP-Na5 and also REP-Na4 will be terminated before end of 1995.
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DEPARTEMENT DE RECHERCHE EN SECURITE

REP Nal REP Na2 REP Na3 REP Nad4 | REP Na$
Test fuel rod EDF/Fabrice| BR3rod |EDF/segmented | EDF/Fabrice | EDF/Fabrice
fissile length (mm) 569 1000 440 571 571

Cladding standard standard improved standard standard

Pint-Pchannel (b) 0. 0. 2. 2. 2.

Enrichment (%) 45 6.85 4.5 45 45

Bum-up (Gwd/t) (max. rod) 63.8 33. 52.8 62.3 64.3

Corrosion thickness (p) 80 4 40 80 20

Gap gas composition 83.3%He + He He He He

16.7% Xe

Test energy deposition (cal/g) at 110 211 120 95 105

04s (at1.2s)

Power pulse width (ms) 9.5 9.5 9.5 # 60. 9.

Diametral maximum clad strain - 35 2.1 not yet 1.06

(mean value, %) available

Rod failure ves no no no no

Maximal clad elongation (mm) - 10 6 not vet 6.3
available

Maximal fuel elongation (mm) - 4 not available not yet -
available

Transient FGR (%) 55 134 not yet 17.2 %
available
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Major destructive examination work is terminated for REP-Na1 and 2 and in progress for
REP-Na3. Detailed work like rupture surface analysis by scanning electron microscobe
(SEM) and fuel examination by microprobe analysis (MPA) is still under way.

3.2. Major resuits

Except REP-Na1, there was no further failure observed in the tests. So the major
observations conceming the response of the test rod to the power transient are to be
expected from the post test examinations.

- Failure mechanism of REP-Na1 : the failure mechanism of REP-Na1 is the Hydride
Assisted PCMI (HPA).

Local hydride accumulations are detected as well on the father rod cladding as on REP-Na1
after the test (Fig. 1). These accumulations result from cold spots on the cladding outside, at
the location of the spalling of the corrosion layer of Zr0, occuring during irradiation.

Cracking of the brittle hydride is initiated during rapid transient heating and cracks may
propagate locally into the underlaying ZIRCALOY which also is embrittled due to its high
mean hydrogen concentration.

In REP-Na1, the very early failure gives a clear hint for a significant contribution of transient
fuel swelling most probably to be situated in the RIM zone. In fact, at failure time, the bulk of
the fuel is still cold and does not exceed nominal operation temperature. Also the clad
loading stress at failure time resulting from thermal expansion only, is much lower than the
contact pressure values which are reached under load follow conditions. So it is important to
recall that the father rod of REP-Na1 was operated under load follow during the last cycles.
Furthermore, the observed hydride accumulations have been generated with certainty during
operation in the reactor.

- Clad straining : Profilometry data are available for REP-Na2, 3 and 5. These data are of
high value for the validation of thermal/mechanical behaviour modelling. The homothetical
following of the axial power shape is a valuable indication for the mechanistic loading
behaviour. Characteristic 3D effects are observed in REP-Na2 (bamboo effect) as a result of
the high energy injection (5).

in REP-Na3 and 5, the preirradiation spikes persist after the additional transient deformation
without major change. This more uniform additional deformation might be due to the
increasing contribution from gas swelling to the clad straining (Fig. 2).

- Fission gas release : The rod-puncturing after test and profilometry allows to collect the
fil-gas and determine the fractional gas release. Simultaneously, the pin free volume is
determined, so the post-transient pressure level in the pin can be determined.

- Detailed fuel and clad structure and composition analysis : The metailographic and
ceramographic examination work reveals structural changes resulting from transient high
burnup phenomena. Radial and azimuthal gross cracking and peripheral micro-cracking give
hints on transient phenomena. Once the phenomena are well established, this heavy
examination work can be considerably reduced.

A similar statement applies to scanning electron microscopy and microprobe analysis.
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INSTITUT DE PROTECTION ET DE SURETE NUCLEAIRE
DEPARTEMENT DE RECHERCHES EN SECURITE

Fig1: REPNA1 Clad at 168.5 mm BFC

°

yooy

FEEN

N
i3
T
.

37




(wu ) eipixp 8309
0041 0001 006 008 00 009 008

‘nwv.&f\. ¥ R G AL TR g 5 ‘

‘:x: z ML 2 S o

I b6 .

A \_ 05°6

38

==
=
=
<L S
2
S
5

09°6 ‘

yvis oyBojolyel

I oflinbiy SYNdTY ,
e g9‘6 ,

06 °o|bup : gp
0 #o|bup :

ALIY0DES NI HHOYHEHOHY HA LNIWNILIVAHA



4, Analysis work

The IPSN code SCANAIR is the major analysis tool for precalculation and interpretation of
the REP-Na tests (6). The initial state (t, state) is calculated with the CEA/DRN code system
METEOR.

- Thermal state : The thermal state of the fuel, including the RIM region as well as the clad
temperature, are believed to be well calculated.

The important thermal desequilibrium of the RIM zone disappears when the pulse width
becomes larger than ~ 25ms.

- Fuel swelling and clad straining : The present understanding is that the fuel swelling
energy and the clad strain energy are the parameters which set up the failure criterion. REP-
Na3 and REP-Na5 strains seem to indicate that transient fission gas swelling represents a
significant contribution to the straining on top of the thermal fuel expansion.

- Fission gas release : The transient release of retained fission gas increases strongly with
bum-up. Despite a much higher energy input, the release in REP-Na2 is less than in REP-
Na3 (5,5% compared to 13,4%). These results are fully coherent with NSRR results (7).
Code caiculation do not allow presently to simulate the observed release at high burn-up.

5. Next coming tests of the matrix

The updated matrix of the CABRI REP-Na tests is shown in table 2. From the four remaining
tests, three are MOX-fuel experiments, the next two tests and the last one. The last UO, test
at high burnup is to be performed with a test pin elaborated from a high burnup reactor fuel
rod of advanced design.

The MOX fuel, resulting from the MIMAS fabrication procedure, will be tested at three
different burnup stages. Compared to UO, fuel, the MOX fuel is characterized by some
significant heterogenity. The product specification allows explicitely grain clusters with the Pu
concentration of the initial masterblend powder (e.g. 30%Pu). A small fraction of the clusters
may have a size of up to 400 microns according to the fabrication specifications but the
largest clusters which have been measured are less than 200 microns.

During irradiation, these clusters burn more rapidly than the fuel average, they also diffuse
into the matrix. During nominal operation, the clusters are in close to equilibrium thermal
conditions.

During a fast power ramp, the clusters may reach much higher temperatures than the bulk of

the fuel, due to the locally high fission density which results from the high fissile
concentration,

In large clusters, the local bumup will be several times larger than the fue! mean burnup and
under rapid transient heating, local melting or even fuel vaporization could be reached.

The effect of this possible scenario will be studied in the three REP-Na Mox tests.
The pulse width of the MOX power transient is still not defined, it is expected that reactor

calculations will find a width of 25 to 40ms.
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- DEPARTEMENT DE RECHERCHE EN SECURITE

Maximum
Name (date) Fuel Rod mean fuel Remarks
enthalpy (cal/g)
REP Nal EDF, 63 Gwd/t (4.5 %) 115 failure
(11/93) grid levels 5/6
Fabrice rod : 569 mm fast pulse
REP Na2 BR3, 33 Gwd/t (6.85 %) 200 no failure
(06/94) no rod conditioning
(1 m length) fast pulse
REP Na3 EDF, 52 Gwd/t (4.5 %) 125 no failure
(10/94) grid levels 5/6
segmented rod (440 mm) fast pulse
REP Na4 EDF, 63 Gwd/t (4.5 %) ~ 100 no failure
(07/95) . bgnd le\(;e.ls5 %6 reactor type
abrice rod : mm ramp
REP Na5 EDF, 63 Gwd/t (4.5 %) 115 no failure
(05/95) grid levels 2/3
Fabrice rod : 571 mn fast pulse
REP Na6 Mox 3 cycles <190 ramp to be defined
(95) Fabrice rod
REP Na7 Mox 4 cycles <175 ramp to be defined
(96) Fabrice rod
REP Nag8 EDF, > 58 Gwd/t (4.5 %) ~ 125 ramp to be defined
(96) grid level 4/5
REP Na9 Mox 2 cycles <200 ramp to be defined
(96) Fabrice rod
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It can easily be understood that the thermal heterogenity effect of the MOX fuel will be
highest at the beginning of the irradiation when the Pu concentration is still high and the spot
burnup already important. Mechanical effects resulting from high local burnup could shift the
critical burnup, where the specific MOX behaviour reaches its maximum, to higher burnup.
The first MOX test REP-Na6 will be performed at the medium burnup of three cycles.

REP-Na7 will be performed with a four cycle rod, at this level the heterogenity effects are
expected to be less pronounced.

The test pins for these two experiments have been selected and the pin fabrication is in
progress presently. The safety case for these specific experiments is also prepared
presently for presentation to the safety authority.

The two last tests REP-Na8 and 9 are not defined in the last detail presently. For the
improved advanced fuel design of the fuel rod chosen for the last UO, test, low corrosion
parameters and no spalling are expected up to a maximum local burn-up of 55GWdAU. So,
the presently satisfactory behaviour of REP-Na 4 would a priori envelop the behaviour of the
improved fuel. However, the PTE results of REP-Na4 might give arguments to perform REP-
Na8 under the same conditions as REP-Na4. Otherwise, this test could be devoted to still
open questions remaining after a coherent interpretation of the previous tests (e.g. high
corrosion with some spalling and large pulse > 40ms).

For the definition of the last MOX test, REP-Na-9, some feedback from the two other MOX
tests and calculation data will be used to optimize the choice of the test fuel and the
parameters of this test.

6. Conclusion

The major issue to be solved in the interpretation of the REP-Na tests is to identify and
quantify the driving forces of clad straining and finally failing.

The thermal fuel expansion represents the obvious and unrefutable contribution. The correct
thermal calculation, together with the thermomechanical fuel/clad interaction, are determined
principally by the fuel and clad thermal and mechanical properties.

In addition to this basic loading mechanism, the contribution from transient gas swelling and,
in particular, the RIM effect, which are the real high bumup effects, must be quantified.

This work is not terminated presently. Clear hints however, from the REP-Na1 failure first
and furthermore, from the amplitude of the observed plastic strain and gas release
observation from the other tests, lead to the conclusion that swelling phenomena contribute
significantly to the clad loading at high burnup.

The behaviour of the MOX fuel under RIA conditions will be studied in the next-coming tests.
The global behaviour will be compared to UO, fuel rod behaviour and special attention will
be given to the local effects resulting from the plutonium rich grain clusters. It is in particular
not known presently whether the critical burnup which might result from the specific MOX
behaviour as a consequence of local fuel heterogeneities, is to be situated at begin of life or
at high burnup.
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7. Summary and outlook

The REP-Na test series is defined to study high bumn-up effects during the early loading
phase of the RIA scenario.

Separate effect tests and material property measurements at high burn-up contribute to
improve the predictive capabilities of computer codes.

Code development and application on global test results allow to validate the understanding
of interdependant physical phenomena inside the parameter range of the experiments.

Presently available test facilities are still far from representativity for reactor conditions :

- the pressurized water DNB and post DNB phenomena cannot be studied :
*failure
*fuel dispersal
*fuel coolant interaction

The international LWR safety R&D community needs a test facility offering close to
representative, high quality experimental conditions :

- nominal temperature pressurized water-loop
- adequate performances :
* energy input
* pulse width
- instrumentation for key parameters and events :
* fuel and clad expansion
* temperature measurements
* coolant flow and pressure
* failure detection and dating
* fuel dispersal detection and dating
* fuel coolant interaction detection and quantification

A project study has been undertaken concluding that the implementation of a pressurized
water loop into CABRI is possible and core and instrumentation performances are adequate
to satisfy the requirements.
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Results obtained in the NSRR power burst experiments with irradiated PWR fuel rods
with fuel bumup up to 50 MWd/kgU are described and discussed in this paper. Data
concerning test method, test fuel rod, pulse irradiation, transient records during the pulsc and
post irradiation examination are described, and interpretations and discussions on fission gas
release and fuel pellet fragmentation are presented. During the pulse—irradiation experiment
with 50 MWd/kgU PWR fuel rod, the fuel rod failed at considerably low energy deposition
level, and large amount of fission gas release and fragmentation of fuel pellets were observed.

INTRODUCTION

To provide a data base for the regulatory guide of light water reactors, behavior of reactor
fuels during off-normal and postulated accident conditions such as reactivity-initiated
accident (RIA) is being studied in the Nuclear Safety Research Reactor (NSRR) program of
the Japan Atomic Energy Research Institute (JAERI). Numerous experiments using pulse
irradiation capability of the NSRR have been performed to evaluate the thresholds, modes,
and consequences of fuel rod failure in terms of the fuel enthalpy, the coolant conditions, and
the fuel design. The current safety evaluation guideline for the reactivity—initiated events in
light water reactors (LWRs) was established by the Nuclear Safety Commission of Japan in
1984, and based mainly on the results of the NSRR experiments. In the guideline, an
absolute limit of fuel enthalpy during an RIA is defined as 963 J/g fuel (230 cal/g fuel) to
avoid mechanical forces generation. The guideline also defines an allowable limit of fuel
enthalpy for fuel design as a function of difference between rod internal pressure and system
pressure. When fuel rod internal pressure is lower than external pressure, the limit is 712 J/g
fuel (170 cal/g fuel). All of the NSRR data used for the guideline were limited to those
derived from the experiments with fresh, i.e. un—irradiated fuel rods. For this reason, the
current Japanese guideline adopted a peak fuel enthalpy of 356 J/g fuel (85 cal/g fuel) as a
provisional failure threshold of pre-irradiated fuel rod during an RIA; and this failure
threshold is used to evaluate number of failed pre—imradiated fuel rods, and to assess source
term regarding fission gas release in a postulated RIA. This failure threshold enthalpy of 356
J/g fuel was derived from only one experiment, i.e. the test 859 performed in the Special
Power Excursion Reactor Test program in the Capsule Driver Core facility (SPERT/CDC)®2,
and hence the current guideline noted that the failure threshold should be revised by the
NSRR experiments with pre~irradiated fuel rods. In addition to the requirements for the
regulation, the burnup effect becomes one of a primary concern in the field of fuel behavior
study since economics and prudent utilization of natural resources have provided strong
incentives for extending the burnup levels of fuel operating in commercial power-producing
LWRs. The burnup limits in Japan have been increased from 39 MWd/kgU to 48 MWd/kgU
for PWRs and 50 MWd/kgU for BWRs, and further increase of the limits to 55 MWd/kgU
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is in consideration. In these conditions, a series of experiments with pre—irradiated fuel rods
were newly initiated in July 1989 as a part of the NSRR program after the completion of
necessary modifications of the experimental facilities. This paper describes the results
obtained from the NSRR experiments with irradiated PWR fuels, including 50 MWd/kgU
PWR fuels (the HBO fuels).

EXPERIMENTAL METHOD AND TEST CONDITION

Pulse Irradiation in the NSRR

The NSRR is a modified TRIGA-ACPR (Annular Core Pulse Reactor) of which salient
features are the large pulsing power capability which allows the moderately enriched fuel to
be heated by nuclear fission to temperature above the melting point of UO,; and large (22 cm
in diameter) dry irradiation space located in the center of the reactor core which can
accommodate a sizable experiment. Figure 1 shows NSRR power histories of $4.6, $3.6 and
$3.0 reactivity insertion, which are recorded during tests HBO-3, -4 and -2, respectively.
Shape of reactor power history depends on the inserted reactivity, and the smaller pulse
becomes broader. While the full width at half maximum (FWHM) in $4.6 pulse is 4.4 ms,
that in $3.0 pulse is 6.9 ms.

Energy Deposition and Peak Fuel Enthalpy

The energy deposited to a test fuel during pulse irradiation, is a key attribute among test
conditions, which represents magnitude of power burst. To evaluate the energy deposition,
number of fissions generated during the pulse irradiation is obtained from gamma-ray
measurement of sample solution from post-pulse fuel pellet. Because additional burnup
during the pulse irradiation is much smaller than that accumulated during base irradiation in
a commercial power—producing reactor, only short life fission products are used for evaluating
the number of fissions during the pulse irradiation. Fission product Ba~140, with a half life
of 12.75 days, is selected for the evaluation. In order to reduce high gamma ray background
from Cs—137 and other fission products, chemical separation scheme is applied to the sample
solution. Unless otherwise noted, the "energy deposition”, Q,, denotes the radial average
total energy deposition per unit mass of fuel (J/g fuel or cal/g fuel) in this paper. Since the
energy deposition includes an energy released during runout phase, one should know an
amount of energy promptly generated at pulse for assessment of fuel behavior. The prompt
energy deposition, Q,,, can be calculated by using a ratio Q,/Q,, which is provided from an
analysis® with EUREKA code as a function of an inserted reactivity. Since the NSRR
transient is extremely fast, the prompt energy deposition becomes identical to peak fuel
enthalpy under adiabatic assumption.

Test Capsule and Instrumentation

The experimental capsule used in the pulse irradiation is a newly developed
double-container system for the irradiated fuel rod test in the NSRR. Figure 2 shows a
schematic diagram of the capsule. The outer capsule is a sealed container of 130 mm in inner
diameter and 1,250 mm in height, and the inner capsule is a sealed pressure vessel of 72 mm
in inner diameter and 680 mm in height. In terms of the design of the capsule, the easiness
of assembling and disassembling works by the remote handling system is one of primary
concern as well as the structural strength. The capsule contains an instrumented test fuel rod
with stagnant water at atmospheric pressure and ambient temperature.

The instrumentation used in the pulse irradiation is illustrated in Fig. 3. Cladding surface
temperatures are measured by 0.2 mm bare-wire R type (Pt/Pt-13%Rh) thermocouples (T/Cs)
spot-welded to the cladding at three elevations. Coolant water temperature is measured by
sheathed K type (CA) thermocouples (1 mm in diameter) near the cladding surface at top of
the test fuel rod and/or center of the fuel stack. A strain gauge type pressure sensor is
installed at the bottom of the inner capsule to measure the increase of capsule internal
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pressure. A foil type strain gauge was attached at axial center on the outer surface of the
inner capsule wall to measure the deformation of capsule. In some experiments, sensors for
axial elongations of pellet stack and cladding tube are instrumented.

Test Fuel Rod

In a series of the irradiated PWR fuel experiments, four different test fuels have been
refabricated from full-size commercial reactor fuels, and subjected to the pulse irradiation in
the NSRR. The test fuels consist of the MH, GK, OI and HBO test fuels (acronyms for the
fuels irradiated in the Mihama, Genkai, Ohi reactors and High Burnup fuels irradiated in the
Ohi reactor, respectively). Irradiation history in the commercial reactor is a key attribute in
this program. Fuel burnup and linear heat generation rate (LHGR) during the base-irradiation
are listed in Table 1. Preceding to the extension of PWR fuel burnup limit from 39
MWd/kgU to 48 MWd/kgU, the demonstration program of high bumup fuel had been
performed in the Ohi unit #1 reactor. The HBO test fuel had been irradiated in this program,
and the fuel burnup reached 50.4 MWd/kgU.

As—fabricated, initial fuel specifications are listed in Table 2. The MH and GK fuels are
14x14 PWR type, and have the same dimensional configurations. While the OI and HBO
fuels are 17x17 type, they have different cladding thickness and pellet outer diameter since
fuel manufacturer of each fuel is different. It should be noted that the HBO fuel was not
newly designed and manufactured for the high burnup application.

Dimensional data of the short-sized test fuel rods are listed in Table 3. The radial
distance between cladding inner surface and fuel pellet (P/C gap) listed in the table is
obtained from metallography for arbitrary horizontal cross-section (round slice). As it can
be seen in this table, the P/C gap of the HBO test fuels is smaller than those of the other test
fuels, since creep down of the cladding exceeded and the linear heat gencration rate in the
last irradiation cycle is lower in the high burnup HBO test fuel. The HBO test fuel rod is
illustrated in Fig. 4. Since the HBO test fuel in each experiment was sampled from different
elevation, oxide film thickness in cladding outer surface and concentration of absorbed
hydrogen have variation. Figure 5 shows the oxide film thickness of the HBO test fuels and
the hydrogen concentration in the vicinity of the fuels.

Pulse-irradiation Condition

The pulse-irradiation conditions including the energy deposition and peak fuel enthalpy
are listed in Table 4. The Tests HBO-1, HBO-3 and OI-2 were performed with the
maximum pulse of the NSRR. Because of high burnup and small number of residual fissile
in the HBO fuel, peak fuel enthalpy was restricted to 310 J/g fuel (74 cal/g fuel). The Test
KF-1 (referred as GK~3 in some documents) is excluded from the table, since the experiment
is atypical. The fuel rod used in the Test KF-1 was exposed to excessive load follow
operations with several hundred cycles in the Japan Materials Testing Reactor (JMTR).

RESULTS AND DISCUSSION

Appearance of Post-test Fuel Rod

The first test in a series of experiments with the HBO fuels, the Test HBO-1, resulted
in fuel failure, while the other irradiated PWR experiments, including the Tests HBO-2, -3
and -4, remained no failure. Figure 6 shows post-test appearance of the HBO-1 test fuel.
Axial cracking of the cladding in entire region corresponding to the fuel stack occurred. The
fractures are similar to those occurred by hydride-assisted PCMI in the SPERT 859
experiment. Figure 7 shows horizontal cross-section of the failed cladding. Considerable
hydride deposition and oval deformation can be seen in the figure. Residual hoop strain at
a failed position is estimated as approximately 2%, which is much larger than that observed
in un-irradiated fuel experiments. This could be caused by severe creep down of the cladding
and large transient swelling of the high burnup fuel. Many small cracks vertical to the

47



cladding outer surface were also found in outside oxide layer and radially localized hydride
layer. Large wall-through cracks were originated from some of these crack tips and showed
a feature of ductile fracture in the inner cladding region, as shown in Fig. 8.

All of fuel pellets did not stay inside the rod, and were found in the capsule water as
fragmented debris. Since the collected fuel pellets are finely fragmented, it can be thought
that the fuel pellets are expelled from the fractured opening during the pulse. However, it can
be also expected that the pellets dropped from the horizontal break after the pulse. The break
can be seen at the bottom end of fuel active region.

Transient Record

Figure 9 illustrates the transient records of the reactor power, cladding surface
temperature, fuel rod internal pressure and capsule internal pressure during the pulse—
irradiation of the Test HBO-1 with the peak fuel enthalpy of 305 J/g fuel (73 cal/g fuel).
Thermo-couple failure and spikes in capsule and fuel rod internal pressure histories observed
simultaneously. This indicates an occurrence of cladding failure. The energy deposition at
failure is approximately 250 J/g fuel (60 cal/g fuel). The early failure when the cladding
surface temperature remains about 50 deg C indicates cladding cracking caused by pellet
cladding mechanical interaction (PCMI). Although all of the fuel pellets was expelled or
dropped from the rod and was recovered as finely fragmented debris, the transient records did
not show pressure generation indicating an occurrence of molten fuel-coolant interaction.
Because of the fuel failure in the Test HBO-1, pellet stack and cladding elongations were not
successfully measured.

Fuel Deformation

Residual hoop strain was obtained from dimensional measurements on the post—test fucl
rods. The residual hoop stain is shown in Fig. 10 as a function of the peak fuel enthalpy.
The strain becomes larger in the increased peak fuel enthalpy. In relatively low peak fuel
enthalpy range, 250 J/g fuel (60 cal/g fuel) or lower, the Tests HBO resulted in larger strain
than those in the Tests MH, as it was expected from the thinner pre-pulse P/C gap in the
HBO test fuel. On the other hand, the strain of the Test HBO-3 with the peak fuel enthalpy
of 310 J/g fuel (74 cal/g fuel) was almost same with that in the Test MH-3 with the peak fuel
enthalpy of 280 J/g fuel (67 cal/g fuel). It should be noted that the Tests GK-1 and OI-2
resulted in no failure although the strains in these experiments exceeded 2% and 4%,
respectively.

Fission Gas Release

After the pulse irradiation, rod-average fission gas release was destructively measured
for the test rod by rod puncture and gas analysis. The fission gas release during the pulse-
irradiation is shown in Fig. 11 as a function of the peak fuel enthalpy. Fission gas release
from the HBO fuel during base—irradiation was 0.49%. On the other hand, significant fission
gas telease occurred in the pulse~irradiation of the Tests HBO. Fission gas release is 17.7%
even in the Test HBO-2 with the peak fuel enthalpy of 157 J/g fuel (37 cal/g fuel), and
reaches 22.7% in the Test HBO-3. It should be noted that the fission gas release in the Test
HBO-2 is higher than the release in the Test GK-1 with the peak fuel enthalpy of 389
/g fuel (93 cal/g fuel). The data shown in Figs. 8 and 9 indicate that the significant fission
gas release in the Tests HBO occurred with relatively small fuel swelling. Figure 12 shows
the fission gas release as a function of the fuel burnup. Higher fuel burnup correlates with
the higher fission gas release.

Fuel Pellet Structural Change

Metallographical examinations on the post-test HBO fuel rods are being extensively
performed. Since the fuel pellets of the Test HBO-1 were finely fragmented, horizontal
round slice and vertical division could not be sampled from the test fuel. As for the Tests
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HBO-2, -3 and -4, round slices and vertical divisions were subjected to the examinations.
Figure 13 shows horizontal and radial cross—sections of the Test HBO-3 fuel. In the
horizontal cross-section, number of radial and circumferential cracks can be seen in the fuel
pellet periphery. The radial crackings in the peripheral region were observed also in other
irradiated fuel experiments, i.e. MH, GK OI and JM test series. On the other hand, the post-
test HBO fuel is characterized by the circumferential crackings. The vertical cross-section
also shows numerous cracks can in the vicinity of the dish. The crackings seem stream—lines
between source and sink in both ends of the dish, or magnetic-lines between positive and
negative poles. A part of fuel pellet was collapsed during the pulse-irradiation. X-ray
photograph showing the post~test HBO-3 fuel rod indicated that the collapse of fuel pellets
in both ends of the fuel stack.

Fuel Pellet Fragmentation

The fuel pellets were found as finely fragmented particles after the Test HBO-1. A
particle size distribution of the Test HBO-1 fuel is given in Table 5. The fragmented fuel
debris were sieved to obtain the particle size distribution. Since the fuel was highly
radioactive, the variation of mesh size was restricted to only two, and the mesh openings for
the sieves were 500 gm and 50 wm. The result shows an occurrence of intensive
fragmentation. About 90% of recovered particles are smaller than 500 um, and a half or
more is smaller than 50 um. Regarding destructive forces generation, fragmented particle size
distribution has been examined also in NSRR high energy deposition experiments® with
fresh, un-irradiated fuels. In the fresh fuel experiment with an energy deposition of 1600
J/g fuel (380 cal/g fuel) or higher, partly molten fuel ejected from the rod and fragmented fuel
particles were recovered. As for fresh fuel rods, more than a half of debris are larger than
100 ym even in the experiment with an energy deposition of 2100 J/g fuel (500 cal/g fuel).
The fuel recovered in the Test HBO-1 became the finest particles in the NSRR program.
Optical and scanning electron microscopy (SEM) and electron probe microanalysis (EPMA)
are in planning stage for relatively large fragmented fuel particle.

The radially averaged peak fuel enthalpy in the Test HBO-1 is only 306 J/g fuel (73
cal/g fuel), and corresponding fuel temperature is well below the melting point. It is naturally
accepted that the fuel pellets of the Test HBO-1 have not melted during the experiment.
During the PIE process, once~molten, spherical particle was not observed. Hence, one can
hardly expect an occurrence of molten fuel-coolant interaction, or steam explosion. However,
it seems premature to deny the possibility of mechanical forces generation caused by vigorous
boiling. Since surface area of the finely fragmented fuel particles is considerably large,
prompt contact of the particles with coolant water may generate mechanical force, especially
under stagnant and high subcooling coolant and atmospheric pressure conditions of the NSRR
experiment.

Grain Boundary Separation

The significantly large fission gas release, the fuel fragmentation producing extremely
fine particles and pre-existing small porosity in fuel pellets of the Test HBO-1 indicate the
grain boundary separation® occurred almost instantaneously. Figure 14 illustrates the
postulated scheme. Fission gas pores are accumulated along grain boundaries during the
base-irradiation. Rapid expansion of fission gas accumulated in the small pores may cause
weakening of the boundaries and subsequent grain boundary separation, and then results in
fission gas release and fuel fragmentation.

Fuel Failure

Figure 15 summarizes fuel burnup of subjected test fuels and peak fuel enthalpy during
transients in RIA experiments.“” Fuel integrity have been demonstrated at the peak fuel
enthalpy below 450 J/g fuel (108 cal/g fuel) for the fuel burnup of 42 MWd/kgU or lower.
The data in the figure, however, suggests decreased failure threshold in high bumup region
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in terms of peak fuel enthalpy. Fission gas accumulation and its rapid expansion may
contribute to the significant fuel swelling which has been observed in the NSRR experiments.
The swelling has a potential to cause PCMI, and possibly in combination with decreased
cladding integrity, to generate the cladding failure.

SUMMARY AND CONCLUSIONS

The Test HBO-1 with a 50 MWd/kgU PWR fuel resulted in fuel failure at the energy
deposition of approximately 250 J/g fuel (60 cal/g fuel). The results suggest possible
reduction of failure threshold for high burnup fuels, and indicate that PCMI with swelling of
the fuel pellets leads to the failure. Rapid thermal expansion of accumulated fission gas can
intensify the swelling and fission gas release, and subsequent fuel fragmentation to extremely
small particles.

The 50 MWd/kgU fuel rods in three experiments following to the Test HBO~1 survived
through the transients with peak fuel enthalpy ranged from 157 to 310 J/g fuel (37 to 74
cal/g fuel). However, significant fission gas release up to 22.7% occurred.

Further investigations on fuel failure mechanisms through in—pile integrated experiments,
out-of-pile separate effect tests and phenomenological modeling could contribute to
"accident—conscious" fuel design to avoid fuel failure and excessive fission gas release.
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RECENT VIEW TO THE RESULT8 OF PULSE TESTS
IN THE IGR REACTOR WITH HIGH BURN-UP FUEL

V. Asmolov, L. Yegorova
Nuclear Safety Institute
Russian Research Centre "Kurchatov Institute"
Moscow, Russia

Within the time period of 1990-1992, the specialists of the
Russian Research Centre "Kurchatov Institute," in cooperation
with a number of research institutes of the former USSR, prepared
for and carried out an experimental program to study the behavior
of fuel elements under reactivity-initiated-accident (RIA)
conditions with fresh fuel and with irradiated fuel from
commercial Russian reactors of the VVER type having average
burnups of 48 MWd/kgU. Testing of 43 fuel elements (13 fuel
elements with high burn-up fuel, 10 fuel elements with
preirradiated cladding and fresh fuel, and 20 non-irradiated fuel
elements) was carried out in the IGR pulse reactor with a half
width of the reactor power pulse of about 0.7 sec. Tests were
conducted in capsules with no coolant flow and with standard
initial conditions in the capsule of 20°C and 0.2 MPa. Two types
of coolant were used: water and air.

One purpose of the test program was to determine the thresholds
and mechanisms of fuel rod failure under RIA conditions for VVER
fuel rods over their entire exposure range, from zero to high
burn-up. These failure thresholds are often used in safety
analyses. The tests and analyses were designed to reveal the
influence on fuel rod failure of (a) the mechanical properties of
the cladding, (b) the pellet-to-cladding gap, (c) fuel burn-up,
(d) fuel-to-coolant heat transfer, and other parameters. The
resulting data base can also be used for validation of computer
codes used for analyzing fuel rod behavior.

Three types of test specimens were used in the tests, and
diagrams of these specimens are shown in Fig. 1. "Type-C"
specimens were re-fabricated from commercial fuel rods of the
VVER-1000 type that had been subjected to many power cycles of
operation in the Novovoronezh Nuclear Power Plant (NV NPP).

"Type-D" specimens were fabricated from the same commercial fuel
rods used above, but the high burn-up oxide fuel was removed from
the cladding and was replaced with fresh oxide fuel pellets.
"Type-D" specimens thus provided a means of separating the
effects of the cladding and the oxide fuel pellets and were used
to examine cladding effects only.

"Type-E" specimens were manufactured from fresh cladding and

fresh oxide fuel pellets according to original specifications of
the other VVER-1000 fuel rods. These specimens were used to
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examine fuel rod behavior at zero burn-up for comparison with the
high burn-up results. Initial characteristics of all three types
of specimens are given in Fig. 2.

Tests were performed in the Impulse Graphite Reactor in
Semipalatinsk, Kazakstan. A photograph of this test reactor is
shown in Fig. 3. The test capsule, which could be filled with
either water or air, is shown in Fig. 4. Two test rods could be
tested simultaneously in this capsule, but no instrumentation
penetrations through the capsule were permitted for safety
reasons. Dimensions in the figure are given in millimeters.

A series of specimens were tested with increasingly energetic
power pulses to determine the threshold for cladding failure.
Figure 5 shows several of the reactor power pulses used in these
tests. Pulse width at half maximum varied from a little over 0.5
sec to almost 0.9 sec as the height of the pulse was varied, with
a typical value around 0.7 sec.

Results for the 13 irradiated specimens (Type-C) and the 10
specimens with fresh oxide fuel and irradiated cladding (Type-D)
are shown in Fig. 6. This figure shows the local energy
deposited in each of the test rods in calories per gram of fuel.
Because of the large pulse width, the energy depositions are not
adiabatic, and local fuel enthalpies will be lower. For some of
the air-cooled specimens, it is seen that fragmentation occurred
at the highest energies.

The main test results for the eight high burn-up fuel specimens
(Type—-C) are shown in Fig. 7. This plot shows the radially
averaged fuel enthalpy at the elevation of peak local power (peak
fuel enthalpy) in calories per gram of fuel. These values are
obtained by correcting the local deposited energy values for heat
transfer to the water to get the amount of energy retained in the
fuel rod. It can be seen from this figure that the threshold for
cladding failure is about 140 cal/g.

Figure 8 shows a photograph of the "Type-C" specimen that failed
at 151 cal/g. The large ballooning strain that is evident and
the high enthalpy of this failure exhibit the same ductile
rupture characteristics of rod failure under loss-of-coolant
conditions. Figure 9 shows a cross section of this rod at
different magnifications.

Figure 10 summarizes the failure thresholds for the various types
of specimens and test conditions investigated. Two of the IGR
test data for "Type-C" specimens in water are shown in Fig. 11.
These two data points are for the lowest failure enthalpy and the
highest non-failure enthalpy found in these tests. Figure 11 is
the typical enthalpy-vs-burnup plot with data from other test
programs as well. The dashed lines connect the points of lowest
failure enthalpy and the points of highest non-failure enthalpy
from a larger population of data, all of which are not shown in
this figure.
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Results from the RIA tests with VVER-1000 fuel rods are thus
different from results found by other investigators with PWR and
BWR fuel rods. These differences may be due to differences in
fuel rod design and to differences in test conditions. Fiqure 12
compares some of the fuel rod design differences between VVER and
PWR fuel rods that may affect the results, and Fig. 13 compares
different test conditions of the major RIA test programs. The
exact cause of the different results is not known at this time.

The following conclusions have been reached:

° High temperature bursting of the cladding is
the mode of failure for VVER fuel rods at
high burn-up.

° Failure enthalpies for VVER rods are as
follows:

140 cal/g for high burn-up rods
cooled by water;

195 cal/g for fresh rods cooled by
water;

<85 cal/g for fuel rods of all
types cooled by gas.

® There were no qualitative differences in the mode of
failure for the three types of fuel rods tested.

° Experimental values of failure enthalpy for VVER high
burn-up fuel is higher than for PWR fuel rods.

o Detailed analysis of SPERT, PBF, NSRR, CABRI, and IGR
data should be done using computer codes and recent
experimental results to reach final conclusions and
make recommendations for failure criteria under RIA
conditions.

Additional work is planned in this program to investigate the
relationship between failure threshold characteristics (fuel
enthalpy, burst temperature and pressure, etc.) and several fuel
rod parameters (e.g., initial pellet-to-cladding gap, 2ro,
thickness, H, content in cladding, coolant conditions, pressure
drop across cladding, and pulse width). Additional out-of-pile
and in-pile testing may be performed, and analyses comparing
results from other RIA test programs are planned.
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Fuel rod type

mm
1.5 Density, g/cm’

10.31-10.32

10.50-10.60

Parameter C D E
1. Fuel
1.1 Initial composition before] UO, uo, vUo,
power operation
1.2 Initial enrichment, % 3.58 4.46-4.47 | 4.46-447
1.3 Burn-up, MWd /kgU 41.0-49.7 0 0
1.4 Outer pellet diameter, 71.55-7.60 1.56 71.56-7.69

10.50-10.60

1.6 Fuel stack length, mm 148-167 | 141-143 | 142-144

2. Cladding

2.1 Initial composition before| Zr-1%Nb | Zr-1%Nb | Zr-1%Nb
power operation

2.2 Outer cladding diameter, 9.13 9.11 9.15
mm

2.3 Inner cladding diameter, |not measured|not measured 1.75
mm

2.4 Oxide thickness, um 5-6 5-6 3-5

3. Fuel rod

3.1 Fuel rod length, mm 300 300 300

3.2 Initial fill gas pressure, 2 2 2
MPa

3.3 Gas composition He He He

3.4 Free gas volume, cm’ 6.11 5.80 6.59

3.5 Fuel-cladding gap, mm 0.03-0.15 |not measured| 0.06-0.19

3.6 Number of fuel rods 13 10 20

Fig. 2.
test reactor.
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IGR Appearance
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Fig. 11. Typical enthalpy-vs-burnup plot showing selected
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Burnup ~ 50 GWd /tU

PWR —
VVER —

® Type of the pellet <

PWR — Zircaloy

® Material of the cladding <VVER—‘> Zr and 1% Nb
r and 1%

PWR —> 0.01-0.02 mm

® Pellet-cladding gap (NSRR)
VVER — 0.03 mm (min)

35-40 um
® ZrO, thickness <PWR ~ (NSRR, CABRI)
on the cladding VVER — 9 um

Fig. 12. Comparison of design differences between VVER and PWR
fuel rods.
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SPERT |0 MPa
1. Pressure |PBF [3.9 - 6.4 MPa
drop on the |[NSRR |0 - 3.1 MPa
cladding  [CABRI |0 - 0.2 MPa
IGR 1.5 -1.9 MPa
SPERT | cold start
92 Coolant PBF hot start (rod inside shroud)
conditions NSRR | cold start
CABRI |specific hot start *
IGR cold start
|{SPERT |research reactor
3. Condition {PBF research reactor
of preirra- |NSRR lé%s;g{g I::Ir: E:%er plants
diation CABRI E%SIl(i?Ii.ngla]aDOWCI plants
IGR commercial power plant
SPERT | 22 ms
4. Half pulse|pgFp 18 ms
width NSRR |5 ms
CABRI {10 ms
IGR 700 ms

* 300°C; 0.2 MPa; sodium

Fig. 13.
RIA test programs.

Comparison of different test conditions of the major
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"HIGH BURNUP EFFECTS IN WWER FUEL RODS"

V. Smirnov, A. Smirnov
presented by V. Smirnov

RRC RESEARCH INSTITUTE OF ATOMIC REACTORS

Dimitrovqgrad, Russia

Introduction

Since 1987 at Research Institute of Atomic Reactors the examinations of the WWER spent
fuel assemblies is carried out. These investigations are aimed to gain information on WWER
spent fuel conditions in order to validate the fuel assemblies use during the 3 and 4 years fuel
cycle in the WWER-440 and WWER-1000 units respectively.

At present tim,e the aim is to reach an average fuel burnup of 55 MWd/kgU. According to
this aim a new investigation program on the WWER spent fuel examinations is started. The
main objectives of this program are to study the high burnup effects and their influence on the
WWER fuel properties.

This paper presents the main statistic values of WWER-440 and WWER-1000 reactors fuel
assemblies and their fragments parameters. Average burnup of fuel in investigated fuel
assemblies was in the range of 13 up to 49.7 MWd/kgU. In this case the number of fuel
cycles was from 1 to 4 during operation of fuel assemblies.

Results of Investigations
The post irradiation examination programs of individual fuel assemblies may vary in

accordance with the objectives of the examinations, but usually the following investigation
methods are used:

* visual inspection of fuel assemblies and their elements;
* shape changing of fuel assemblies and fuel rods;

* defectoscopy;

* distribution of radionuclides;

* macro- and microstructure of FA elements;

* mechanical properties of materials;

* gaseous fission product release.

The results of investigations pointed to a possibility of FA shape change during the operation
(Fig. 1).

81



The FEs elongation caused by the cladding growing and its interaction with the fuel pellets
(Fig. 2) has considerable deviations for individual FAs and does not depend on FEs location.
The typical curve of fuel rod diameter is shown in Fig. 3.

Dependence of the fuel rod average diameter on burnup is shown in Fig. 3 points to slowing
down of the diameter decrease rate at burnup more than 35-45 MWd/kgU.

The oxide film on both FEs outer surface and fuel side is insignificant (Fig. 4). It does not
exceed 7-10 um in the whole range of investigated burnups and lightly depends on position
along FEs height. Hydrides inclusions have a lamellar form. Total hydrogen content varies
in the range of 30 to 60 ppm. Cladding mechanical properties in the whole range of burnups
remain high.

The FEs macrostructure during irradiation changes lightly (Fig. 5). Mainly it resultS in the fuel-
cladding gap decrease. The central hole diameter does not change. Fuel pellet grain
dimension remains constant (Fig. 6).

At burnup more than 43 MWd/kgU the rim-zone on the pellet surfaces, of about 120 yum
thickness that characterized by the enhanced porosity and plutonium content become to be
appreciable. This zone has a typical "cauliflower” structure (Fig. 7).

Axial distribution of radionuclides (Fig. 8) is caused by axial irregularity of neutron flow.
Spacer grids influence is appreciable in the WWER-1000 FEs. Usage of narrow collimator
allows to reveal pellet champfers influence on the axial fission product distribution.

Radial distribution of plutonium (Fig. 9) determined by the mass-spectrometry method points
to increase of plutonium concentration towards the pellet periphery.

Gaseous fission product release (Fig. 10) increases with burnup lightly and reaches ~3% at
burnup of 50 MWd/kgU. In several FEs the increase of gaseous fission product release up to
5-6% is observed.

Conclusion

The statistical values of the main WWER fuel parameters is obtained.

The obtained values of the fuel assemblies and its component parameters pointed to a
possibility of the commercial WWER fuel exploitation up to average burnup of about 50

MWd/kgU.

The possibility of the father WWER fuel average burnup increase is the objective of the current
investigation.
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Fig 3. FE diameter changing
a - WWER-1000 FE outer diameter longitudinal distribution,
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a) Outer cladding surface
B=46.2 MWd/kgU

b) Inner cladding surface. ¢) Inner cladding surface.
B=46.2 MWd/kgU B=32.9 MWd/kgU

Fig.4. Oxide films on the WWER fuel rod cladding.
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WWER-440
Burnup 49 MWd/kgU

WWER-1000
Burnup 33 MWd/kgU

Fig.5. WWER fuel rod cross-sections.
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Fig.7. SEM fractography of the WWER-44(
fuel pellet of 63.8 MWd/kgU burnup.
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Assessment of Reactivity Transient Experiments with High Burnup Fuel

O. Ozer, R. L. Yang - EPRI
Y.R. Rashid, R.O. Montgomery - ANATECH

I. INTRODUCTION

A few recent experiments aimed at determining the response of high-burnup
LWR fuel during a reactivity initiated accident (RIA) have raised concerns
that existing failure criteria may be inappropriate for such fuel. In particular,
three experiments (SPERT CDC-859[!}, NSRR HBO-1® and CABRI REP Na-
1B appear to have resulted in fuel failures at only a fraction of the
anticipated enthalpy levels. In evaluating the results of such "RIA
simulation” experiments, however, it is necessary that the following two
key considerations be taken into account:

1) Are the experiments representative of conditions that LWR fuel
would experience during an in-reactor RIA event?

2) Is the fuel that is being utilized in the tests representative of the
present (or anticipated) population of LWR fuel?

Both of these considerations are critical to the correct interpretation of the test
results, especially with regard to their applicability to the expected in-reactor
LWR fuel behavior. These considerations must therefore be kept in mind
when evaluating the validity of the experimentally observed fuel response.
For example, conducting experiments under conditions that can not occur in-
reactor can trigger response modes that could not take place during in-reactor
operation. Similarly, using unrepresentative fuel samples for the tests will
produce failure information that is of limited relevance to commercial LWR
fuel. This is particularly important for high-burnup fuel since the manner
under which the test samples are base-irradiated prior to the test will impact
the mechanical properties of the cladding and will therefore affect the RIA
response. This can occur even if the initial design and fabrication of the
tested samples were representative of commercial fuel. A good example of
this effect can be seen in the results of the SPERT CDC-859 test and in the
NSRR JM-4%) and JM-55 tests. The conditions under which the fuel used for
these tests was fabricated and/or base-irradiated prior to the RIA pulse
resulted in the formation of multiple cladding defects in the form of hydride
blisters (possibly due to contamination). When this fuel was subjected to the
RIA power pulse, it failed by developing multiple cracks that were closely
correlated with the locations of the pre-existing hydride blisters. In the case of
the JM tests, many of the cracks formed within the blisters themselves and
did not propagate beyond the heavily hydrided regions. The information
generated by this particular set of tests may be helpful in highlighting the
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important role that hydride blisters have on determining the RIA response
but can hardly be considered applicable to normal, non-blistered fuel.

The conditions that would be present in a commercial LWR during a RIA
event are themselves subject to considerable uncertainty. In particular,
whether a sharp power pulse would be generated at all, and if so, its width
and magnitude can best be determined by in reactor experiments. However,
since control rod drop or rod ejection experiments are unlikely to be carried
out in commercial reactors, one must rely on results from RIA simulation
experiments conducted under non-ideal conditions in test reactors. An
extensive analytic effort is then needed to determine the applicability of
results obtained from RIA simulation experiments to commercial fuel.

The challenge of such an analytic effort is to:

1) understand and explain the fuel responses observed in RIA simulation
experiments,

2) determine what are the key factors controlling the fuel response,

3) estimate the sensitivity of the observed responses to the conditions
under which the experiments are carried out,

4) determine the extent to which the experimental results are relevant to
in-reactor fuel.

This paper summarizes observations obtained from a program conducted
under the direction of EPRI which analyzed and evaluated the existing
database of RIA simulation experiments.

II. OVERVIEW OF THE ANALYTIC APPROACH
A. is of xperim

The initial step of the program consisted of collecting detailed information on
selected key RIA experiments. Particular emphasis was given to data from the
CABRI tests which involved the highest-burnup fuel, the NSRR HBO test
series and the SPERT CDC tests. The CABRI-related data was obtained
through an information exchange agreement between EPRI and EDF. Open
literature reports and information presented at various conferences was
utilized as sources of data for the analysis of the NSRR and SPERT tests.

The anticipated response of the fuel segments during each test was calculated
using EPRI's transient fuel behavior code FREY-011), FREY-01 is a two-
dimensional, finite element based fuel behavior code ideally suited for
calculating the extent of pellet-cladding mechanical interaction (PCMI) and
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cladding strains resulting from a power transient. FREY-01 was used to
calculate: (a) the evolution of temperature profiles, in the test fuel (pellets,
cladding and coolant), (b) the extent of pellet-cladding mechanical interaction,
and (c) the stresses and strains in the cladding, before, during and after the
RIA power pulse. The pre-test conditions (in particular the status of the
pellet-cladding gap resulting from the base-irradiation) were estimated using
the EPRI steady-state fuel performance code ESCOREY]. The recently
developed TUBRNP!®! model was used to track the production of plutonium
isotopes and the radial power density profiles as a function of burnup. The
FREY-01 calculated temperatures and residual cladding strains were compared
to measured data and were found to be in reasonably good agreement.

Two enhancements to the analytic approach had to be introduced in order to
correctly represent the responses of fuel with burnup levels in excess of ~ 50
GWd/MTU. These enhancements which were described in an earlier paper!”!
involved (a) an explicit 3-dimensional representation of the fission gas
bubbles trapped in the porous rim region and (b) the development of a
"cladding integrity evaluation model” based on the strain energy density
(SED) experienced by the cladding during the RIA test.

An explicit rim representation was used to estimate the contribution to pellet-
cladding mechanical interaction from expansion of the rim during the pulse.
Initial investigators attributed this behavior to the early failure at the CABRI
REP Na-1 test and the dispersal of fuel fragments into the coolant after the
failure. The explicit analysis indicated that rim instability did not cause the
early failure in REP Na-1. Contribution from the rim to cladding strain was
found to be negligible at the time when the first indications of failure were
measured. The possibility of fuel dispersal was confirmed, but only during
the later stages of the energy deposition when the rim region reaches its
maximum temperature, and only under the assumption of a failed cladding.

The cladding integrity evaluation model was developed as a means for
evaluating the possibility of fuel rod failure. Since the cladding mechanical
state is complex during an RIA, methods using traditional parameters such as
yield stress, fracture strain, etc. were considered inappropriate, and an
approach was developed using the strain energy density experienced by the
cladding as the key parameter. The strain energy density concept was used to
develop a "critical SED" curve for the evaluation of cladding response in RIA
tests. The critical SED curve was constructed as a function of cladding bulk
hydrogen content using information from a set of mechanical property tests
(axial tensile, ring and burst tests) performed on cladding samples taken from
PWR fuel irradiated to burnup levels in excess of 60 GWd/MTU. The SED
values that were required to cause failure in the tests were calculated and
plotted as a function of cladding (bulk) hydrogen content. Although the
mechanical property data exhibited considerable scatter, it was possible to
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obtain a best estimate fit curve (referred to as the Rashid curve) shown on
Figure 1-a.

The Rashid curve was then applied to the results of the analytical responses
obtained for the set of CABRI tests. (REP Na-1 through 5). The calculated
maximum SED values for the five tests were found to be below their
corresponding Rashid curve critical values, indicating expected survival
(Figure 1-b). It was also noted that at the time of failure of the REP Na-1 test,
its SED was considerably below the range where failure could be expected.
Even taking into account the uncertainty inherent in the Rashid curve
resulting from the scatter in the underlying mechanical test data, the
excessively low failure level of REP Na-1 is clearly inconsistent with cladding
mechanical properties. Failure at such a low SED level can be explained
either by assuming the presence of pre-existing cladding flaws or by an
excessively high level of hydride blistering. Either of these conditions would
make the REP Na-1 test fuel sample "untypical” and "unrepresentative".

B. Evaluation of in-reactor conditions during a hypothetical RIA event

In parallel with the analysis of fuel responses in RIA experiments, another
analytic effort was aimed at determining representative in-reactor power
pulse shapes and magnitudes that could be expected during a hypothetical
control rod drop or rod-ejection event. EPRI's best-estimate CORETRANI!
code system (which consists of a coupled, 3-dimensional transient neutron
kinetics and thermal hydraulics capability) was applied to the analysis of a
sample PWR and a BWR. Actual core fuel loading configurations and cross-
section data were obtained from therespective utilities and the effects of rod
ejection (PWR) and rod drop (BWR) events were calculated. This analysis
which was summarized in an earlier paper!!!! indicated that the results are
strongly dependent on the precision of the analytic model and the extent of
conservatism assumed in determining the initial status of the event. It was
found that three-dimensional best-estimate models yield significantly milder
results than those obtained from more conservative models used in original
licensing analyses. Even with the more conservative initial-status scenario
assumptions, the RIA power pulses were found to reach a magnitude of up to
3 times nominal power over a time interval in excess of 80 ms. Maximum
increases in fuel enthalpy were found to be limited to ~ 20 cal/g for the PWR
and about ~ 30 cal/g for the BWR cases that were analyzed.

III. SENSITIVITY ANALYSIS OF RIA EXPERIMENTS.

Having developed a fuel behavior analytical model for the interpretation of
the RIA experiments, this model was applied to a select set of cases to
determine the extent to which the observed fuel response is affected by its
experimental environment. In particular, the effects of differences between
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the experimental conditions and expected in-reactor conditions were
investigated for cases representative of the CABRI REP-Na series, the NSRR-
HBO series and the SPERT-CDC series of experiments.

The investigations included: (a) the effects of pulse width differences (4 ms
for NSRR, 9 ms for the first four CABRI tests and 17 ms for SPERT CDC-859
were compared to a reference value of 80 ms), and (b) the effects of the coolant
type and condition (room-temperature/pressure water for the NSRR and
SPERT tests and sodium at 280°C and atmospheric pressure for the CABRI
tests compared to a reference condition of water under PWR or BWR
pressure/temperatures).

A. itivity analysis of th BRI tests.

The sensitivity of the CABRI test responses to their experimental
environment was estimated by calculating the responses of a PWR fuel rod of
63 GWd/MTU burnup to a gaussian-shaped 100 cal/g enthalpy pulse. The
pulse width was varied from a minimum of 9.5 ms out to a maximum of 150
ms. The responses for a rod submerged in sodium at 280°C were compared to
those for a rod in 280°C water at a pressure of 15 MPa (PWR conditions). The
calculated maximum rim, pellet center and cladding temperatures for each cf
the cases are compared on Table I. (Since the maxima are reached at different
points in time, the time when each of the values is reached is also shown on
the table.) As would be expected, the fuel temperatures are insensitive to the
coolant conditions and are more strongly influenced by pulse width.
Whereas, the cladding temperatures are influenced by the coolant conditions
and are only marginally impacted by the pulse width.

In addition to temperatures, Table I contains the maximum hoop strains, the
maximum strain energy density (SED) deposited into the cladding during the
total duration of the experiment and the SED at the time when cladding hoop
strain is at a maximum. Since the maximum SED is delivered over a much
longer time (5 to 10 s depending on coolant type) it is the SED at time of
maximum hoop strain which is the critical parameter of concern.
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Pulse Sensitivity Analysis Results
Coolant - Sodium

9.5 msec 40 msec 80 msec 150 msec
Max. Rim Temp. (K) 2668/0.506 sec. | 2306/0.530 sec | 2155/0.57 sec | 2041/0.63 sec
Max. Centerline Temp. (K) | 1832/1.5sec 1834/1.5 sec 1834/1.5 sec 1829/1.5 sec
Max. Clad Temp. (K) 865/0.520sec | 822/0.540sec | 757/0.55 sec 714/0.58 sec
Max. Hoop Strain (%) 1.66/0.508 sec | 1.65/0.585sec | 1.65/0.61 sec 1.58/0.68 sec
Max. SED (MJ/m3) 21.0/5 sec 19.5/5 sec 19.5/5 sec 18.0/5 sec
of max. strain
Pulse Sensitivity Analysis Results
Coolant - Water (PWR Conditions)
9.5 msec 40 msec 80 msec 150 msec
Max. Rim Temp. (K) 2615/0.506 sec { 2283/0.530 sec | 2150/0.57 sec | 2037/0.62 sec
Max. Centerline Temp. (K) | 1838/2.0 sec 1840/2.0 sec 1839/2.0 sec 1838/2.0 sec
Max. Clad Temp. (K) 1242/0.8 sec 1233/0.8 sec 1222/0.8 sec 1212/0.8 sec
Max. Hoop Strain (%) 1.6/0.509 sec | 1.44/0.535sec | 1.34/0.57 sec 1.18/0.63 sec
Max. SED (MJ/m3) 19.0/10 sec 13.8/10 sec 11.8/10 sec 10/10 sec
SED (MJ/m3) at time 16.30.509 sec | 12.7/0.535 sec 11/0.57 sec 9.3/0.63 sec
of max. strain
Table L Sensitivity analysis results for RIA tests conducted in the CABRI

environment

Two features become evident from an examination of the values presented in
Table I

a) The conditions in sodium coolant are more severe than those in PWR
water. Comparing equivalent values calculated for an 80 ms pulse in sodium
and in PWR water, one can note that the cladding remains colder in sodium
(757 K vs. 1222 ), it experiences higher hoop strain (1.65 % vs. 1.35 %) and
higher corresponding SED (16.2 MJ/m3, vs. 11.0 MJ/m3).

b) The sensitivity to pulse width variation is less in sodium than in water.
Widening the pulse from 9.5 ms to 80 ms reduces the SED by only 1.3 MJ/m3
( ~ 7 %) in sodium (from 17.5 to 16.2 MJ/m3) whereas the reduction in water
is 5.8 MJ/m3 (~ 38%)
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Based on a comparison of SED values, it is possible to conclude that:

- 2100 cal/g (9.5 ms) pulse in CABRI is equivalent to a 159 cal/g
(80 ms) pulse in PWR water, and

- widening the pulse from 9.5 ms to 80 ms in CABRI will only
produce 25 % of the benefit that pulse widening would produce
in PWR water.

B. itivity analysis of the NSRR HBO tests.

The concern with the NSRR series of tests is that they are conducted in 25°C
and atmospheric pressure water and involve extremely narrow pulses (4.5
ms). To evaluate the sensitivities of the NSRR HBO test results, the
anticipated responses of a 17 x 17 PWR rod were calculated for three separate
cases. In Case I, the actual HBO-1 and -3 conditions were modeled. Thus the
fuel was assumed to be subjected to a narrow (4.5 ms) gaussian-shaped pulse
resulting in a maximum fuel enthalpy rise of 74 cal/g. The cooling
environment was assumed to be water at 25 °C and atmospheric pressure. In
Case II, the same narrow pulse was assumed to be delivered to a rod cooled by
water at 285°C and 15 MPa coolant pressure (PWR conditions). Finally, for
Case III, the pulse width was increased to 80 ms. The coolant was again water
at PWR conditions.

The results of these calculations are shown on Figures 2-a through 2-d.
Figure 2-a shows the initial power pulse, Figure 2-b shows the calculated
cladding hoop stresses as a function of time, the cladding temperature
distributions at time of failure is given on Figure 2-c, and the SED as a
function of time on Figure 2-d. In these figures, the solid line represents the
results of Case I (i.e. NSRR experimental conditions), and the dashed lines
represent results calculated for Case I (PWR conditions with 4.5 ms pulse).
The calculated maximum hoop stresses and SEDs for the above three cases are
summarized in Table II.

Case Analyzed Max. Hoop Stress SED @ end-of-pulse
(MPa) MJ/m3
Test Capsule (25°C, 4.5 ms) 1100 10.6
PWR Coolant (4.5 ms) 700 8.9
PWR Coolant (80 ms) 490 6.8
Table II. Sensitivity analysis results of RIA experiments conducted in the

NSRR HBO-1 & 3 environment
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From Table II it can be seen that if the power pulse that was used for the
NSRR HBO-1 and -3 tests was delivered to the same rod but in a PWR
environment the resulting maximum cladding stresses and SEDs would be
significantly lower. Furthermore, if the pulse width is increased to the more
representative value of 80 ms, the resulting stresses and SEDs are further
reduced (by a factor of 2.2 for maximum hoop stress and a factor of 1.6 for
SED). Thus one could claim, on the basis of these comparisons, that the
NSRR tests represent conditions that are more severe than those in a PWR by
a factor of 1.6 to 2.2, but even this assessment may be an underestimate as
discussed in the following section.

From Figure 2-b, it is clear that the experimentally determined failure time
corresponds well with the time when the calculated cladding hoop stress is
near its maximum. It can be seen in Figure HI-c that the cladding temperature
at the time of failure is at ~ 25 °C for the external ~ 50 % of the cladding. Only
the inner portion has started to heat up, reaching a maximum of ~300 °C at
the inner surface. This temperature distribution agrees very well with

_ features observed on metallographic samples of the fractured HBO-1 cladding
presented by JAERIZ. These samples show a brittle fracture originating from
the external (cold) surface and propagating inwards. About half-way into the
cladding (when it reaches the warmer regions) the brittle crack is transformed
into a ductile tear.

This response should be evaluated in view of realistic PWR conditions. As
shown on Figure 2-c, the cladding for the realistic case is considerably hotter.
Even the coldest temperatures on the cladding OD are above ~ 300 °C, or as
high as the hottest (innermost surface) temperature of the preceding case. In
HBO-1 the transition from brittle to ductile behavior can be seen to start in
the central region of the cladding at temperatures as low as 50 to 100 °C.
Therefore, it is unlikely that a brittle crack could have initiated on the outside
surface of this rod if it was at 300 °C as it would have been under PWR
conditions.

Thus, in addition to the 1.6 to 2.2 severity factor based on cladding strain or
SED, all observations from NSRR tests that result in fuel failure must be
closely evaluated since the room-temperature environment can induce
responses in high-burnup fuel that are not likely to occur under realistic
PWR conditions.

c. itivity analysis of the SPERT CDC-859 t
The RIA test resulting in the third-lowest energy failure is SPERT CDC-859.
This test involved a BWR rod with pre-existing cladding blisters. The rod was

pulsed in room-temperature, atmospheric pressure water. The pulse
amplitude was 158 cal/g and its width was 17 ms.
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A sensitivity analysis similar to that for NSRR HBO rods was carried out for
the SPERT CDC-859 conditions as well. Again, three cases were analyzed with
Case I representing the actual experimental conditions (25°C water, 158 cal/g,
17 ms pulse). In Case II, the pulse was kept the same but the coolant
conditions were changed to those of a BWR ( 238 °C, 7.5 MPa). In Case III, the
rod was kept under BWR conditions and the pulse width was extended to 80
ms. The calculated results for Case I (solid lines) and Case II (dashed lines)
are shown in Figures 3-a through 3-d. The maximum hoop stress in the
cladding was calculated to be 945 MPa for Case I. Going to BWR coolant
conditions decreased the maximum hoop stress to 628 MPa. Finally, with the
wider pulse and BWR coolant conditions of Case III, the maximum hoop
stress was found to be reduced to 540 MPa. This again represents a substantial
decrease in severity (factor of ~ 1.5) when comparing the load on the cladding
under experimental conditions to those expected under more typical BWR
conditions.

IV. CONCLUSIONS

An evaluation of RIA simulation experiments, some of which resulted in
fuel failure at low enthalpy levels, has been carried out using a reliable
analytic model. The analysis results indicated that the conditions under
which RIA simulation experiments are carried out can have a significant
impact on the observed fuel response. Based on the analytical results, the
experimental conditions used in RIA simulation experiments represent a
more severe situation, from a fuel response point of view, than the one that
would be present in-reactor during an RIA event. Moreover, the analytical
evaluation of certain RIA simulation tests has identified intrinsic
deficiencies in their design and execution which negate their validity as
benchmarks for establishing RIA criteria. In particular, data from tests on
irradiated fuel that resulted in failure should not be utilized since the failure
mechanism in those tests may not be possible under realistic conditions. A
more appropriate failure limit would be based on the upper range of
enthalpies from tests with surviving rods. Values derived from such tests
already include a conservatism factor ranging from 1.6 to 2.0 as demonstrated
by the analytical results.
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POWER EXCURSION ANALYSIS FOR BWRs AT HIGH BURNUP?

David J. Diamond, Lev Neymotin, and Peter Kohut
Brookhaven National Laboratory
Department of Advanced Technology
Upton, NY 11973-5000

ABSTRACT

A study has been undertaken to determine the fuel enthalpy
during a rod drop accident and during two thermal-hydraulic
transients. The objective was to understand the consequences
to high burnup fuel and the sources of uncertainty in the
calculations. The analysis was done with RAMONA-4B, a
computer code that models the neutron kinetics throughout the
core along with the thermal-hydraulics in the core, vessel, and
steamline. The results showed that the maximum fuel
enthalpy in high burnup fuel will be affected by core design,
initial conditions, and modeling assumptions. The important
parameters in each of these categories are discussed in the

paper.

SUMMARY

This study was undertaken for the U. S. Nuclear Regulatory Commission to determine the
fuel enthalpy in high burnup fuel during design-basis events which cause power excursions.
Analysis was done for a rod drop accident (RDA) and transients initiated by main steam
isolation valve (MSIV) closure and recirculation flow controlier failure. The calculations
were done with the RAMONA-4B code which models the core with 3-dimensional neutron
kinetics and multiple parallel coolant channels. The code used a mode! for a BWR/4 with
fuel bundles having burnups up to 30 GWd/t, and for the RDA, the calculations were
repeated with a model with bundle burnups to 60 GWd/t.

The RDA calculations were done assuming initial conditions at zero power with the coolant
70°C subcooled. The control rod pattern was at 50 percent control density, and the
dropped rod had a static worth of 950 pcm. The RDA caused a power excursion that was
initially terminated by fuel temperature (Doppler) feedback. The power remained at
relatively high levels until void feedback and reactor trip reduced the reactivity sufficiently.

The maximum increase in fuel enthalpy in the core was less than 70 cal/g for the medium
burnup core which is low relative to existing acceptance criteria for this event. The
enthalpy rise was determined not only by the dropped rod worth and magnitude of the

"This work was performed under the auspices of the U. S. Nuclear Regulatory Commission.
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feedback but also by the timing of the feedback. With large subcooling, the generation of
void feedback is delayed and the fuel enthalpy continues to rise after the initial increase in
enthalpy due to the power pulse.

The maximum increase in fuel enthalpy was calculated for the bundies surrounding the
dropped rod and then plotted versus the burnup of the node in which the maximum
occurred. The results of the calculations were consistent with the expectation that the
peak fuel enthalpy in any bundle would be a complicated function of the dropped control
rod worth, the distance of the bundle from the dropped rod, and the burnup at that
location. This result was found to be the case for both the medium and high burnup cores
for which the RDA was calculated.

There are several sources of uncertainty in calculations with high burnup fuel. One source
is the “rim” effect which is the extra large peaking of the power distribution at the surface
of the pellet. This increases the uncertainty in reactor physics and heat conduction models
that assume that the energy deposition has a less peaked spatial distribution. Two other
sources of uncertainty are the result of the delayed neutron fraction decreasing with
burnup and the positive moderator temperature feedback increasing with burnup. Since
these effects tend to increase the severity of the event, an RDA calculation for high burnup
fuel will underpredict the fuel enthalpy if the effects are not properly taken into account.
Other sources of uncertainty that are important come from the initial conditions chosen for
the RDA. This includes the initial control rod pattern as well as the initial thermal-hydraulic
conditions. The peaking factor that is used to calculate fuel rod enthalpy from bundle
average enthalpy also is uncertain and is underpredicted when it is obtained from single
bundle calculations.

The two thermal-hydraulic events calculated in the study were selected by reviewing all
events calculated for a Safety Analysis Report. Overpressurization events and the failure
of the recirculation flow controller failure were determined to potentially lead to the highest
fuel enthalpy increase. The calculations of an MSIV closure and a recirculation flow
controller failure showed that the enthalpy increase is small and takes place over a long
time interval relative to the case of an RDA.

INTRODUCTION

Reactivity-initiated accidents and certain design-basis transients lead to power excursions
which are considered acceptable if they meet specified acceptance criteria. For rapid
power excursions, these criteria are based on the energy deposition in the fuel pellet which
is equal to the fuel enthalpy assuming adiabatic conditions. In recent years, experiments
have been performed to examine the behavior of high burnup fuel subjected to power
pulses. Some fuel has failed at energy depositions that are low relative to the acceptance
criteria. Furthermore, other recent studies of high burnup fuel show that property changes,
especially in the cladding and at the surface of the pellet, could make the fuel more
vulnerable to power pulses. These activities have called into question the current
acceptance criteria, and new studies to address this issue have been undertaken by the
light water reactor community throughout the world.
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The U.S. Nuclear Regulatory Commission (NRC) has expressed its concern regarding the
above in two Information Notices that have been issued: (NRC, 1994) and (NRC, 1995).
In addition, the NRC sponsored a research program to improve their understanding of the
situation and to see if regulatory action is needed. This program includes several studies
related to fuel behavior and the study discussed herein on the analysis of power excursions
under transient/accident conditions.

ANALYSIS OF THE BWR ROD DROP ACCIDENT
Description of RAMONA-4B

RAMONA-4B (Wulff, 1984) is a systems transient code for boiling water reactors. The
code uses a 3-dimensional neutron kinetics model coupled with a multichannel, 2-phase
flow model of the thermal-hydraulics in the reactor vessel. The code is designed to analyze
a wide spectrum of BWR core and system transients. The 3-dimensional neutron kinetics
makes the code well-suited for predicting transients and accidents where the spatial core
power variations are expected to be significant.

The reactor core is modeled with multiple parallel coolant channels and a bypass channel.
Each coolant (i.e., thermal-hydraulic) channel is interfaced with one or more fuel bundles.
The reactor power, including decay heat, is calculated in 3-dimensional geometry. The
fission power calculation takes into account control rod movement (including accidental rod
drop and reactor trip) and the feedback throughout the core due to changes in the fuel and
coolant temperatures and steam void fraction. Energy deposited directly into the coolant
and bypass channels is taken into account. Thermal conduction through the fuel pellet, gas
gap, and fuel cladding is modeled to obtain the heat transfer from the fuel to the coolant.

The neutron kinetics model of RAMONA-4B is based on 2-group diffusion theory with six
delayed neutron precursor groups. Simplifications are made in treating the thermal neutron
flux to reduce the formulation to a 1% group, coarse mesh diffusion model in a
3-dimensional rectangular coordinate system. Neutronic boundary conditions are specified
at the axial and radial core periphery.

The thermal-hydraulic calculation in RAMONA-4B is based on a 4-equation, nonequilibrium,
drift-flux model. The four balance equations are conservation of: (1) vapor mass,

(2) mixture mass, (3) mixture momentum, and (4) mixture energy. The thermal-hydraulics
modeling extends outside of the core to the vessel, steamline, and recirculation loop.

BWR Reactor Model

A BWR/4 reactor core was modeled with RAMONA-4B using half-core mirror symmetry.
The model included 382 neutronic channels, where each channel represented a single fuel
bundle. The core model included 100 control rods. The number of calculational nodes in
the vertical direction was 24.

The thermal-hydraulics of the half-core region was modeled using 160 thermal-hydraulic
channels associated with fuel bundies and one bypass channel representing the region
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between the bundles. The majority of the thermal-hydraulic channels were "shared" by
several neutronic channels. The thermal energy released in those several neutronic
channels was collectively deposited into the liquid flowing in that particular thermal-
hydraulic channel. Each of the neutronic channels in three rows of bundles adjacent to the
core's axis of symmetry had a dedicated thermal-hydraulic channel in order to most
accurately represent the thermal-hydraulic reactivity feedback effects (void fraction and
moderator and fuel temperature) following a control rod drop.

Two cores were modeled. One model was for a medium burnup core and represented fuel
bundles with burnups up to a maximum of approximately 30 GWd/t. The cross sections for
this core had been generated using the CASMO code (Ahlin, 1978) for a previous study.

The other model was meant to represent the situation with bundle average burnups up to
60 GWd/t (and, hence, fuel rod burnups of up to approximately 65 GWd/t). Since no data
were available to the authors for actual or planned cores with this burnup, a method was
used which allowed for the medium burnup data to be extrapolated to produce the high
burnup core. New cross sections were generated using the CPM code (Ahlin, 1975). This
core model is only an approximation to an actual core. However, it provides sufficient
information to test certain hypotheses and add to our understanding of high burnup cores.

Initial Conditions for RDA Analysis

The calculation of rod drop accidents was done for both the medium and high burnup core
models. Table 1 contains some of the neutronic and thermal-hydraulic parameters used to
describe initial conditions, plant response, and modeling in RAMONA-4B for these
calculations.

The initial control rod pattern with 50 percent contro!l density, shown in Figure 1, was
chosen for several reasons. The most important was that in a study of limited scope, it
would be too difficult to search through all of the possible patterns to obtain a pattern with
the highest worth dropped control rod or the worst fuel enthalpy increase. BWR reactors
use systems that lead to patterns such as those in the banked position withdrawal
sequence (Paone, 1977). Not only would one have to go through all the patterns possible
using this system but also patterns possible if a single failure criterion was applied. With
the 50 percent control density, control rod worths of up to 950 pcm were calculated along
the axis of symmetry. This highest worth corresponds to rod worths obtained by other
analysts using the banked position withdrawal sequence; and, therefore, it was justifiable
to use for the rod drop analysis.

The initial thermal-hydraulic conditions in the reactor corresponded to cold startup. The
power was 10° of full power, and the core coolant temperature was 30°C. This
represented 70°C subcooling at atmospheric pressure which was assumed to be the
system pressure. This delays the onset of steam generation caused by the RDA and,
therefore, the addition of negative void reactivity feedback which tends to mitigate the
accident. The single-phase coolant decreases the heat transfer to the coolant relative to
the case with 2-phase flow. This has the effect of keeping the fuel temperature (and fuel
enthalpy) higher; and, as with the void reactivity, this is in the direction so as to make the
results more severe, i.e., more limiting. This higher fuel temperature increases the fuel

112



Table 1 Reactor Model Parameters for Medium and High Burnup RDA Cases

Parameter/Condition

Value/Description

Comment .

Fuel bundle maximum
burnup

30/60 Gwd/t

For medium/high
burnup calculations

Reactor power

3.29 kW ("zero" power)

10°® of rated power |

Control rod insertion

Checkerboard; 50% control rod

See Figure 1 "

burnup calculations

pattern density

Fraction of energy 0.04 Total for the in-
deposited directly into channel and bypass
coolant liquid

Delayed neutron fraction 0.006/0.005 For medium/high

Xenon inventory

Fully depleted

Reactor trip setpoint

15% of rated power with 0.2 s
delay

Scram insertion speed

1.2 m/s (3.9 ft/s)

Control rod drop speed

0.94 m/s (3.1 ft/s)

Non-condensible

" System pressure 0.1 MPa
atmosphere
Liquid temperature 30°C 70°C subcooled
Core flow rate 3260 kg/s

25% of rated flow
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Unshaded core cells: control blade withdrawn
Shaded core cells:  control blade inserted

Figure 1 Initial Control Rod Pattern for RDA Analysis
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temperature reactivity feedback which limits the severity of the accident, but this is a
second-order effect. The high subcooling at low initial temperature means that
coolant/moderator temperature reactivity feedback can be important. For a BWR at cold
conditions, the feedback is positive and, therefore, can exacerbate the power excursion.

In most BWRs, the reactor becomes critical when only approximately one-fourth of the
control rods are withdrawn. Hence, cold conditions would correspond to higher control rod
densities than the 50 percent used in this study. At 50 percent control density, higher
temperatures and pressures are expected as the power would have increased from its initial
level at the cold condition. Best-estimate calculations would have to take into account the
change in thermal-hydraulic conditions with changing control rod patterns. The thermal-
hydraulic conditions control the positive moderator feedback, the heat transfer to the
coolant, and the onset of negative void feedback.

The initial conditions for the medium burnup core results in a (high) axial peaking factor of
3.5 at the top of the core-typical of shutdown conditions in a BWR. This axial peaking
tends to increase the rate of reactivity insertion when the rod drops out of the core. This
means that the power increases rapidly while the control rod is still in the top half of the
core,

Results for a Medium Burnup Core

The accident was initiated at time zero with CR #14 (see Figure 1) dropping at a speed of
0.94 m/s (3.1 ft/s). The prompt power excursion started at about one second, as can be
seen in Figure 2, which shows the power during the transient on a logarithmic scale
relative to nominal, or rated, power. The power increases more than six decades which is
typical for this type of RDA.

The figure also shows the position of the control rod which is initially completely inserted.
As can be seen, when the tip of the control rod traveled only three to four feet through the
core, sufficient reactivity had been inserted to cause the power excursion which, in turn,
was terminated by fuel temperature feedback (primarily due to the Doppler effect). This
means that when realistic control patterns are considered in setting up conditions for the
RDA, it is only necessary that the control rod drive mechanism be withdrawn halfway out
of the core in order to set the stage for the assumption that the corresponding blade has
been decoupled and has stuck so that it can later drop to the position of the drive
mechanism.

The reactor power reached a peak value of approximately 2.4 of nominal power at about
1.3 seconds. At that time, the negative Doppler reactivity feedback is large enough so that
the power excursion is terminated. The history of the different reactivity feedback
components is shown in Figure 3 which also shows the power excursion on a linear scale.
This figure shows that the accident can be separated into four major phases. In the first
phase, reactivity is being inserted due to withdrawal of the dropped control rod. The
second phase starts when the power surge is reversed due to fuel temperature (Doppler)
reactivity. The third phase covers the period from the initiation of boiling in the core and
its associated negative reactivity. The fourth phase occurs when the void feedback and
scram become effective enough to completely shut down the core.
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The plot of reactivity effects shows that the control rod worth germane to this event is
approximately 750 pcm. This is 80 percent of the total static worth of the rod and
primarily is the result of the fact that the rod does not withdraw all the way before the
event is terminated. The figure also shows the positive reactivity feedback due to
moderator heatup.

The axial power distribution also changes during the transient, but because it is peaked at
the top of the core initially and the rod is dropping from the top of the core, the axial node
with the peak power remains at the top (node 21 where node 24 is at the top of the core).

Although core-average thermal-hydraulic parameters do not change significantly, the
localized values change dramatically. The coolant temperature rises to saturation and then
boiling begins in the bundles surrounding the dropped rod. This is primarily the result of
direct energy deposition; although after approximately one second, heat transfer across the
cladding also becomes important. At the incipience of boiling, RAMONA-4B predicted flow
oscillations and reversal in the hot channels. This, in turn, led to critical heat flux in a
number of channels.

Boiling introduces negative reactivity and, therefore, could be important in mitigating the
total enthalpy increase. In other situations, with little or no subcooling, boiling could begin
very soon into the transient and reduce the power excursion and the immediate enthalpy
increase. In these situations, there is a burden on the accuracy of the thermal-hydraulics
model being used. Although it is clear that a certain amount of energy deposition in the
coolant leads to boiling, the timing could be important, and current void generation models
are based on experiments that do not mimic the dynamic conditions found during a RDA.

The results of most interest in this study are for fuel enthalpy (defined as the pellet radial
average at any location in the core) as that is the parameter which is currently used to
determine the acceptance limit for the RDA (280 cal/g in the U.S.) and the condition for
fuel failure (170 cal/g in the U.S. for BWRs at low or zero power) for the purpose of
calculating the radiological response. In the past, only the peak fuel enthalpy throughout
the core has been of interest in licensing calculations, i.e., the maximum in both space and
time. However, in the present study, it was of interest to understand the peak during the
event as a function of the burnup of the fuel and that requires knowing the peak enthalpy
in all the nodes in the region around the dropped rod. In the following, bundle-average fuel
enthalpy is considered recognizing that if the results could be transiated to an individual rod
within a bundle, the fuel enthalpy would be higher. In order to know how much higher, one
would have to do detailed calculations for the region surrounding the dropped rod. The
hottest rod in a steady state might have a power 10-30 percent above the bundle average,
but in the transient situation, the peaking could be considerably higher.

Figure 4 shows the maximum fuel bundle enthalpy in three neutronic channels (fuel
bundles) as a function of time. The maximum in time occurs in Channel 27, which is one
of the bundles directly adjacent to the dropped control rod (CR #14 in Figure 1).

Channel 56 is diagonally adjacent to Channel 27, and Channel 89 is one pitch removed
from Channel 27. The predicted enthalpies are for an interval of 15.9 cm (6.3 in)
corresponding to axial node 21which is the node with maximum fission power. The legend
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shows the bundle burnup at the node in the bundle for which the enthalpy is a maximum.
Reactor power history is also shown on the figure.

There are three distinct phases in the enthalpy plots: (1) prompt heatup due to the fission
power excursion, {2) continuing fission power heatup, and (3) shutdown cool-off.
Observation of the enthalpy curves indicates that in this particular calculation, the amount
of prompt heatup is roughly equal to the fission power heatup. This results from the initial
conditions, mainly from the high initial moderator subcooling which delays bulk boiling in
the core--an important factor responsible for shutting down the fission reaction by
introducing large negative void reactivity. A lower initial coolant subcooling would result in
a lower maximum fuel enthalpy reached during the accident. Note that the separation of
the fuel enthalpy increase into the first two phases may become particularly important if
studies of fuel behavior in the future lead to acceptance criteria that are based on both the
initial fuel enthalpy rise and the ultimate value.

The peak fuel enthalpy for this event (see Figure 4) is less than 70 cal/g which is
considerably below the current values of interest from a licensing point of view. However,
for this study, it was of interest to consider the fuel enthalpy as a function of burnup for a
given RDA. Figure 5 shows enthalpy versus burnup not only for the three bundles used to
generate Figure 4 but rather for all 16 bundles (identified by number on the graph) of most
interest surrounding the position of the dropped rod. The figure shows the orientation of
these bundles relative to the dropped rod position of CR #14 which is between bundles 27
and 28. The crosses indicate control rods initially inserted.

These results do not indicate a simple correlation between fuel enthalpy and burnup.
Rather, they suggest that for the given rod worth, the peak fuel enthalpy in a bundle is a
complex function of factors, such as the distance of the bundle from the dropped rod and
the burnup of the fuel. In other cases for different control rod worths, the enthalpy in a
given bundle could be higher or lower depending on the specific circumstances.

This conclusion is probably valid in spite of the fact that there are several other factors
influencing Figure 5--namely, that (1) bundles 30 and 60 are on the core periphery and,
therefore, the power surge is mitigated by the neutron leakage into the reflector and (2) the
bundles with burnups of about 5 GWd/t have reactivities impacted by the burnout of
gadolinium and, therefore, cannot be expected to have the same burnup dependence as
bundles with higher burnups where gadolinium is no longer an important factor.

Results for a Pseudo High Burnup Core

The pseudo high burnup core model was used to calculate the effect of dropping CR #14
from a control rod pattern corresponding to 50 percent control rod density. The power
versus time is shown in Figure 6 on a logarithmic scale. The behavior is similar to that for
the medium burnup case except that the peak power is higher. Although the fuel has a
higher burnup in this case, the reactivity is not necessarily lower. More reactivity is
designed into the fuel so that the reactor can continue to produce power at the higher
burnup. Therefore, it is not surprising that results for the two burnup cases are similar.
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The results for maximum fuel enthalpy versus burnup are shown in Figure 7 for the bundles
surrounding the position of the dropped rod. Again, there is no clear correlation between
burnup and enthalpy, and the conclusions discussed above seem to apply here as well,

i.e., that the enthalpy in any node depends on control rod worth, distance from the rod,
and also on burnup. In this figure and in Figure 5 for the medium burnup core, only the
axial node with the peak enthalpy has been considered for a given bundle. Since the
bundle burnup will be higher at nodes that are closer to the center of the core, if these
additional nodes were added to the plot, they would show points at higher burnup and
lower fuel enthalpy relative to each of the points on the present plot. This would tend to
create more points on the graph to the right and down from existing points. However, the
nodes further away from the center (e.g., nodes 23 and 24) would have lower enthalpy and
lower burnup adding points to the left and down from the existing points. These additional
axial points would, therefore, not be expected to reveal any trends and would not negate
the possibility of relatively high enthalpy in a high burnup node if it were close to a high
worth dropped control rod.

Sources of Uncertainty in RDA Analysis

There are two general sources of uncertainty: (1) the methodology and (2) the
assumptions used to define the reactor state. The methodology consists of the computer
models and the values of the neutronic and thermal-hydraulic parameters that are used in
those models. The validation of computer codes for application to the rod drop accident
has always been a difficult matter. Since there have never been any rod drop accidents in
a BWR, no data exists to directly assess the uncertainty in the calculated fuel enthalpy
during a rod drop accident. Instead, the approach in the past has been to generalily validate
the computer codes and then to use a conservative approach to determine the margin to
the acceptance limits for the rod drop accident. The conservative approach biases the
assumptions used to define the reactor state so that the calculated peak fuel enthalpy is
maximized.

Although this has been an adequate practice in the past, it will be important in the future to
provide an estimate of uncertainty if either the margin between expected fuel failure and
calculated fuel enthalpy becomes much smaller than is currently the case or if calculations
are done using a best-estimate approach rather than a conservative approach. It will then
be important to know the sources of important uncertainties within the models and what
impact these have on the uncertainty in fuel enthalpy in a given bundle.

One source of uncertainty is due to the "rim" effect in high burnup fuel. In general, the
power distribution through a pellet is peaked at the surface due to self-shielding. This
causes the plutonium concentration to grow at the surface. This effect accelerates with
time so that the power and the plutonium distributions become highly peaked in a small
region at the rim [see, for example, {Lassmann, 1994)]. Reactor physics models that
generate cross sections make assumptions about the temperature and power distributions
across the pellet. With the rim effect, these assumptions may not be as valid, and the
uncertainty in results may increase. In addition, the uncertainty may increase due to the
need to include more actinides in the models.



The change in composition with burnup influences the thermal properties of the pellet. The
rim effect introduces a spatial distribution of properties that may become important.
Furthermore, the uncertainty in calculations may increase with heat conduction models that
do not account for the peaked spatial distribution of energy deposition in the pellet.

Two physics properties that may become more important with high burnup are the effect of
the delayed neutron fraction (B) and moderator temperature feedback. The power
excursion during an RDA is made worse when the delayed neutron fraction becomes
smaller. The delayed neutron fraction decreases with burnup, and the ideal model would
allow for the spatial distribution of B to account for the burnup throughout the core.

The moderator temperature feedback is positive when the moderator is relatively cold. The
effect is made worse if there is significant subcooling. Again, the effect becomes stronger
with burnup, i.e., it is more important to model the effect for high burnup cores. This
effect was somewhat quantified by redoing the calculation of the RDA for the medium
burnup core with no moderator temperature feedback. The elimination of moderator
temperature feedback had no significant effect on the initial power pulse and fuel enthalpy
increase, but it did decrease the maximum enthalpy by approximately 5 cal/g. Since the
moderator temperature reactivity coefficient is linear in the burnup range from 22 GWd/t
(the burnup of the node with maximum enthalpy) to a high burnup value of 66 GWd/t, it is
reasonable to expect that the effect may be on the order of three times as large or 15 cal/g
for high burnup fuel. If the amount of subcooling is less than the value of 70°C used in
this study, then the effect is reduced.

Several other sources of uncertainty have been discussed above in the context of the
assumptions used to model the initial conditions. The assumed initial control rod pattern
(and the core design) determines the rod worth. The assumed initial thermal-hydraulic
conditions determine the moderator feedback and the timing of negative void feedback. In
a best-estimate calculation, it is necessary to take into account the withdrawal sequence
being used at a particular plant, the possibility of an error in that withdrawal, the presence
of out-of-service rods, and the thermal-hydraulic conditions which correspond to a
particular time during the withdrawal sequence. It is difficult to find a single worst initial
condition because the highest worth rod may not lead to the most limiting fuel enthalpy if
the acceptance criterion is based on burnup. Nevertheless, it should be possible to identify
the leading contenders for worst initial condition so that only a few of the hundreds of
theoretically possible accident situations would have to be calculated.

Another source of uncertainty is the bundle power peaking factor which is used to
calculate maximum fuel rod enthalpy given the maximum bundie-average fuel enthalpy at a
particular axial position. It is necessary to use this factor because most transient analysis
is done with computer codes that model the bundle as an homogenized region. The
peaking factor is an approximate means of accounting for the power distribution in the
bundle and is straightforward to use to calculate the maximum fuel enthalpy in the bundle.
Typically, this peaking factor is taken from a single-bundle calculation which assumes an
infinite array of uncontrolled bundles. This does not account for the actual environment of
the bundle which might sustain a large power gradient due to the particular control rod
pattern. In order to account for the local power peaking more accurately, it is possible to
either use a transient calculation with a model for fuel rod power reconstruction, or a
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supplemental steady-state calculation of rod-by-rod power that accounts for the actual
reactor control rod configuration during the RDA.

ANALYSIS OF THERMAL-HYDRAULIC TRANSIENTS

Calculations were carried out with the medium burnup model for a transient initiated by
closure of the main steam isolation valves (MSIVs). The transient started from full power
with all rods withdrawn. The MSIVs took four seconds to close. The event was calculated
for the first five seconds following the beginning of MSIV closure. By the end of this
period, the reactor was scrammed and was cooling down.

The MSIV closure causes pressure to increase and reach the level of the safety/relief valve
setpoints, thus reversing the system pressure surge. The pressure rise is responsible for a
decrease in void fraction and an increase in fission power. The void fraction keeps
decreasing even after the pressure surge is over because of a decrease in thermal power.
The control rods start to move into the core at approximately 1.1 seconds, and the
recirculation pump trips on a high system pressure signal at about 3.4 seconds. The
transient is driven by two competing feedbacks: void and scram. The moderator and fuel
temperature (Doppler) effects are of minor importance in this transient.

Figure 8 shows the calculated history of maximum fuel enthalpy in the core. The peak
increase over the duration of the transient is approximately 13 cal/g. The graph also shows
the maximum and average fuel temperature during the transient.

The failure of the recirculation flow controller is the transient with the potential for causing
the highest fuel enthalpy increase. This transient is caused by an increase in flow rate
leading to the insertion of positive void reactivity when the void fraction decreases. In
order to have a large increase in flow rate, it is necessary to start this transient from a flow
rate considerably below nominal conditions. The starting point was, therefore, at a power
68 percent of nominal and a flow 50 percent of nominal. All control rods were out of the
core simulating moving down a line of constant control rod density on the power-flow map
from the operating condition corresponding to full power. Although there are various
procedures defining the reactor trip setpoint on high neutron flux depending on the flow
rate, the setpoint in the present calculation was a conservative 120 percent of rated
power.

The core inlet flow history emulated the transient conditions found in a BWR/4 Safety
Analysis Report. One of the two recirculation pumps was ramped to rated level from the
initial conditions. At the end of the transient (2 s), the core inlet flow rate was
approximately 70 percent of nominal.

As the core inlet flow increased, the core void fraction dropped leading to positive void
reactivity insertion. At 1.35 seconds, negative reactivity due to scram, together with the
negative fuel temperature reactivity, starts to reverse the power surge. Figure 9 shows
that the maximum fuel enthalpy during this transient starts at 47.5 cal/g and increases
approximately 3 cal/g. However, the initial enthalpy at the location where it is a maximum
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during the transient was approximately 20 percent less than the maximum. Hence, the
increase in fuel enthalpy during this event is approximately 12 cal/g, which is comparable
to that found for the overpressurization transient considered above.
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ABSTRACT

The fuels and materials testing programmes carried out at the OECD Halden Reactor Project are
aimed at providing data in support of a mechanistic understanding of phenomena, especially as
related to high burnup fuel. The investigations are focused on identifying long term property
changes, and irradiation techniques and instrumentation have been developed over the years which
enable to assess fuel behaviour and properties in-pile.

The fuel-cladding gap has an influence on both thermal and mechanical behaviour. Improved gap
conductance due to gap closure at high exposure is observed even in the case of a strong
contamination with released fission gas. On the other hand, pellet-cladding mechanical interaction,
which is measured with cladding elongation detectors and diameter gauges, is re-established after
a phase with less interaction and is increasing. These developments are exemplified with data
showing changes of fuel temperature, hydraulic diameter and cladding elongation with burnup.

Fuel swelling and cladding primary and secondary creep have been successfully measured in-pile.
They provide data for, e.g., the possible cladding lift-off to be accounted for at high burnup.

Fuel conductivity degradation is observed as a gradual temperature increase with burnup. This
affects stored heat, fission gas release and temperature dependent fuel behaviour in general.

The Halden Project's data base on fission gas release shows that the phenomenon is associated with
an accumulation of gas atoms at the grain boundaries to a critical concentration before appreciable
release occurs. This is accompanied by an increase of the surface-to-volume ratio measured in-pile
in gas flow experiments. A typical observation at high burnup is also that a burst release of fission
gas may occur during a power decrease.

Gas flow and pressure equilibration experiments have shown that axial communication is severely
restricted at high burnup. Therefore gas in fuel cracks and the gap cannot easily escape to the
plena, and fill gas flow from the plena to a ballooning spot may be impeded.
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1. INTRODUCTION

Safe and economic nuclear power generation requires a fundamental knowledge of fuel
behaviour in different situations. The research programmes carried out at the OECD
Halden Reactor Project have for more than thirty years addressed areas of particular
interest to the nuclear community and provided significant contributions to the
understanding of LWR fuel behaviour. From the beginning, fuel performance and
reliability investigations were supported by the development and perfection of in-core rod
instruments. The measurement capabilities are expanded through development of
experimental rig and loop systems where reactor fuel and material can be tested under
light water reactor conditions, including prototypic PWR and BWR water chemistries.

Fuels testing at the Halden Project has for a number of years focused on implications of
extended burnup operation schemes aimed at an improved fuel cycle economy. The
experimental programmes are therefore set up to identify long term property changes with
an impact on performance and safety. The data generated in the Halden Project fuels
testing programmes originate from in-pile sensors which allow to assess

¢ fuel centre temperature and thermal property changes as function of burnup;
e fission gas release as function of power, operational mode and burnup;

¢ fuel swelling as affected by solid and gaseous fission products;

o pellet - cladding interaction manifested by axial and diametral deformations.

Investigations of fuel performance parameters, especially at high burnup, have to deal
with a number of experimental problems, i.e. the time required for burnup accumulation,
the demand on instrumentation to function reliably for the long time of in-core service, and
the need for a separation of an increasing number of phenomena. The Halden Project has
developed and applied techniques which make it possible to obtain reliable data for all
relevant burnups, from beginning-of-life to ultra high exposure reaching 100 MWd/kgUO,.
Among these are rod designs simulating high burnup effects such as closed gap and fill gas
contamination with fission gas, accelerated burnup accumulation, and the re-
instrumentation of pre-irradiated fuel segments [1, 2].

The irradiation of instrumented fuel rods can be carried out in specialised rigs according
to test objectives, e.g. long term base irradiation, diameter measurements or ramps and
overpower testing. The gas flow rig allows the exchange of fuel rod fill gas during operation
which makes it possible to determine gas communication properties as well as the gap
thermal resistance and its influence on fuel temperatures. It is also possible to analyse
swept out fission products for assessment of structural changes and fission gas release.
This is an important experimental technique for the high burnup programmes currently
being executed.

The paper presents in-core data and findings on effects which relate to behaviour of high
burnup fuel. The results, which encompass both thermal and mechanical data from the
Halden Project’s experimental programme, can be used for fuel behaviour model
development and verification and safety analyses.
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2. PELLET - CLADDING GAP

Standard fuel designs employ a gap between pellet and cladding of about 2% of the pellet
diameter (150 - 250 pm) to accommodate thermal expansion and fuel swelling. A good
knowledge of gap size and its change with burnup is essential for prediction of both
thermal and mechanical behaviour. An underestimation of gap conductance at high
burnup will lead to overprediction of fuel temperatures (stored energy) and fission gas
release and may thus severely impact safety assessments.

Gap closure due to fuel swelling

The closing of the gap with burnup can be observed in many ways. A particular technique
is the determination of the “hydraulic diameter” from the flow of gas (0.5 - 1.0 V/min)
through the gap, driven by a pressure difference of 20 - 60 bar. Fig. 1 shows the
development with burnup averaged for three rods of identical design (200 pm as fabricated
diametral gap). After an initial drop, the decrease follows solid fission products fuel
swelling. At high burnup, the gap seems to approach a minimum value, indicating that
pellet-cladding contact restricts a further diameter increase; rather, the fuel may comply
with closing cracks and creep. The gap at power is closed at about 30 kW/m at a burnup of
50 MWd/kg UO,.
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Influence on thermal behaviour and change with burnup

The determination of gap conductance at high burnup is affected with uncertainties which
accumulate throughout irradiation. The problem can be alleviated by using - for
experimental purposes - rod designs with small gaps (simulated gap closure) and Xe fill
gas (simulated fission gas release). This has been applied in a large number of fuel tests at
the Halden Project. A summary of the influence of gap size and fill gas type on fuel centre
temperature determined in this way is shown in Fig. 2. The data represent the starting
conditions where the gap size is not yet changed and uncertain due to fuel densification.
As-fabricated diametral gaps ranged from 50 to 230 pm for Xe filled rods and 50 to 400 pm
for He filled rods.
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Fig. 2: Typical fuel centre temperatures in
He/Xe filled rods. Differences disappear

with tightly closed gap.

It is of interest to note that the temperature
difference between helium and xenon filled
rods disappears at small initial gaps which
are strongly closed at power. This implies
that gap conductance is dominated by solid-
solid contact conductance in this situation.
Consequently, a gap conductance model
should not retain a minimum separation
between pellet and cladding due to rough-
ness and waviness in the case of very hard
contact. A similar conclusion was reached in
[3, 4]. Also results recently obtained with
high burnup fuel confirm this point.

The improved gap conductance as a
consequence of gap closure due to fuel
swelling can also be observed in-pile as
function of burnup. An example is given in
Fig. 3, again for a Xe filled rod where
improved gap conductance supersedes fuel
conductivity degradation, resulting in an
overall temperature decrease after the
initial densification phase.

1800

1600+

1400+

12004

1000+

Fuel Temperature, °c

800+

o
-
e
-

| JDANE SENNL NSt SuNN SN SN B v = myas S

&

600

O-

10

15 20 25 30
Local bum-up, MWd/kgUO,,

Fig. 3: Fuel centre temperatures at 25 k€W/m in a Xe filled rod with 100 pm as fabricated
gap. The gap conductance improvement due to gap closure outweighs fuel conductivity
degradation. ‘
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Mechanical interaction

Pellet-clad mechanical interaction (PCMI) can be measured in-pile in two ways: with a
diameter gauge moving along the length of a rod, and with a cladding elongation detector.
Since axial elongation can be measured more easily and frequently than diametral
deformation, the data should not be neglected. However, the difficulties of modelling axial
PCMI are recognised; they are probably the main reason why only few codes try to include

the effect in a non-simplistic way.

Cladding elongation can also provide information on diametral deformation. The close
relation between hoop strain and axial strain, both in terms of magnitude and relaxation
behaviour, has been shown with Halden Project data comparing elongation and diameter
changes obtained in-pile for the same rod [5].

CLADDING ELONGATION AT DIFFERENT BURNUPS
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Cladding elongation of BWR fuel rods and

change of interaction onset with burnup

The development of axial interaction with
burnup for four similar rods (active length
768mm, pellet diameter 12.59mm,
diametral gap 170pm) is shown in Fig. 4.
It is a common experience that axial
interaction during the first rise to power is
strong and decreases during the following
cycles. This can be attributed to random
eccentric stacking of the pellets which are
pushed to more central positions in
contact with the cladding [6]. It should be
noted that thermal expansion is not
sufficient to close the gap at start-up (not
even with fuel swelling at end of life, 34
MWd/kgUO,), thus conventional models
based on concentric geometry would not
calculate any interaction, obviously at
variance with the experimental evidence.

It is apparent that the onset of interaction
(defined as point of deviation from free
thermal expansion) moves to lower power
with increasing burnup. There is also a
change in curve shape to a more abrupt
transition from free thermal expansion to
expansion following fuel elongation.
However, the interaction remained small
in the examples because power in general
did not exceed previously reached levels.
As already discussed with the hydraulic
diameter measurements, a kind of balance
between fuel swelling and creep caused by
contact forces seemed to have evolved.
Since there is no gap left between fuel and
cladding at power, a transient will lead to
cladding load from the beginning.



3. DEGRADATION OF UO, THERMAL CONDUCTIVITY

Most fuel properties and phenomena are temperature dependent. An accurate description
of the temperature distribution in a fuel rod is therefore required before other effects can
be quantitatively defined. Conductivity degradation of UO4 has been manifested both with
simulated and in-reactor burnup [2, 7, 8, 9] and is now generally accepted as an important
phenomenon to be considered in modelling of high burnup fuel behaviour. There is a
general consensus that the effect is due to increased phonon scattering caused by the
accumulation of fission products. The Halden Project’s fuel testing programme contains a
number of experiments where temperature measurements allow the conductivity
degradation to be inferred. In general, increasing temperatures are observed in such tests,
but the effect may be partly covered by improved gap conductance due to fuel swelling and
gap closure (ref. Fig. 3). The temperature evolution in a dedicated test irradiated to very
high burnup is shown in Fig. 5. The evaluation of this and other experiments points to a
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Fig. 5: Measured temperature increase due to fuel thermal conductivity degradation.

degradation factor of about b=3 (K:m/kW per MWd/kgUOj) in the UO; conductivity term
Aphonon = (@ + b-burnup + ¢ Ty, It should be noted that the constant “b” also accounts for
other irradiation dependent effects which may have an influence on conductivity,
i.e.microcracking, Frenkel defects and the formation of small fission gas bubbles. The
constant “b” is therefore larger than obtained from out-of-pile tests with simulated burnup
adding only solid fission products.
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Together with gap conductance, the =55
UO, thermal conductivity has an ({m} Temperature decay of
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fuel can be obtained from the
temperature decay following a reactor
scram. An example is shown in Fig. 6
for a BWR type rod at three different
burnups. An increase of the time
constant due to  conductivity
degradation (no fission gas release) is
apparent.
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Fig. 6: Temperature decrease in BWR fuel after
scrams at different burnups

4. FISSION GAS RELEASE

The release of fission gas from UQ, fuel continues to be a subject of considerable interest.
At high burnup, the release may lead to rod overpressure and become a life-limiting factor.
The influence on fuel temperatures and stored energy via gap conductance has direct
consequences for the assessment of core reliability and safety during normal operation and
transients.

A possible enhancement of fission gas release with burnup has been reported in several
publications [10, 11], but evidence for behaviour more “as expected” to burnups up to 50
MWd/kg UO, has also been presented {2, 12]. An enhancement can be associated with two
effects: the formation of a porous rim with increasing athermal release, and higher fuel
temperatures due to poorer conductivity of the rim as well as a general UO, conductivity
degradation.

Fission gas release model

Fission gas release has been investigated extensively at the Halden Project using rods
instrumented with pressure transducers and fuel centre thermocouples. A well known
result from theses studies is the discovery of a temperature threshold for the onset of
appreciable release (> 1%), [13]. The original empirical correlation covered burnups to 30
MWd/kg UO, and could later be explained with the formation of bubbles on the grain
boundaries (e.g. [14]) and their interlinkage to a tunnel network providing a release path
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to the open surface (the structural change is apparent as an increase of the fuel surface-
to-volume ratio measured in gas flow experiments [7]). Using a Booth diffusion model
together with a storage of gas at the grain boundaries up to a concentration limit of 5x101%/
cm? before release occurs, the empirical threshold could be well reproduced (for details of
the model see [15]).
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Fig. 7: Fission gas release after exceeding the release threshold temperature. Temperatures
increase due to changed gap conductance.

The release threshold rule is quite accurate; see example shown in Fig. 7. The fuel rod was
of short length (14 cm) with a thermocouple inserted such that a good knowledge of fuel
temperature was available for the entire length. Release onset can be seen with its effect
on temperature at around 27 MWd/kg UO, when the threshold was reached or exceeded
for the first time. The temperature data reflect the gap contamination with fission gas in
two respects: a) a temperature increase as seen from the curve of data normalised to a
constant power of 25 kW/m, and b) a change of the shape of temperature-versus-power
curves from slightly positive to negative curvature which is a characteristic difference
between He and Xe filled rods. (This can also be used to distinguish between temperature
increase due to conductivity degradation and due to fission gas release. The increase up to
27 MWd/kg UOQ, can be explained with the degradation coefficient indicated above.)

Release enhancement

The release model takes into account known effects with an influence on fuel temperatures
such as conductivity degradation and gap closure, either by directly using measured
temperatures or by applying best estimate correlations from the Halden Project’s
experimental programme. A release enhancement may therefore be defined as due to
effects not accounted for by the model and apparent as a definite deviation from
predictions.

The model described above has been applied to many experiments from the Halden reactor
and gives good agreement with measurements especially when temperatures are known

134



(the fuel temperature is otherwise a major source of uncertainty due to the exponential
dependence of the diffusion coefficient). An example is shown in Fig. 8; it can be seen that
fission gas release as inferred from pressure measurements is well followed by the model
to a burnup of 56 MWd/kg UO,. During the last part of irradiation, a deviation becomes
apparent which may be due to an effect not accounted for by the model. Although a
pronounced rim development does not occur in the Halden reactor, it should be noted that
the peak burnup (axial, radial) measured in MWd/kgU has reached about 70 at the point
of deviation. This number is now regarded as the lower limit for rim structure formation.

w 3
= 200 um GAP Fig. 8:
= 254 Fissi
2 ission gas release as measured
520 with in-core pressure transducer
8 = and predicted by the model. The
4 0 deviation at high burnup may be
i due to a release enhancement
5 effect not accounted for by the
= o model.
40
=
22
K]
«

24 28 32 35 40 44 48 52 56 60 64 68 72 76 80
Burnup (MWd/kgUQ,)

Another application of the release model is shown in Fig. 9. Fission gas release (about 2%)
is calculated for a period with high temperatures early in life, followed by little further
release as also shown by the pressure measurements. A definite change of slope of the
pressure versus burnup curve occurs at about 58 MWd/kg UO,. The release continues
despite decreasing temperatures during the last part of irradiation.

The total release as deduced from the pressure change is still small in this case (about 4%),
and an appreciable amount of fission gas must be stored on the grain boundaries.
Especially at lower temperatures, the gas atoms will remain segregated and lead to a grain
boundary embrittlement. It can be expected that this has a bearing on transient fuel
behaviour. The same may be true for not yet interlinked bubbles on the grain boundaries.

Burst release during power decrease

Steps of pressure increase coinciding with reactor shut-downs can be noted in the high
burnup part of Fig. 10, see indication at 656 MWd/kgUOQ,. This is detailed in Fig. 10 where
pressure is shown as function of rod power for a period of start-up, 12 days at power and
shut-down. The entire pressure increase occurs during power decrease and is finished at
10 kW/m. This behaviour has also been observed in other experiments and is associated
with the propensity of the fuel to release fission gas together with a small residual gap due
to fuel swelling and/or thermal expansion. Both effects increase with increasing burnup.

It can be assumed that the gas was released to the interlinkage network of gain boundary
bubbles during the steady state period, but could not escape to the gap and the plenum.
With decreasing power, old and new cracks open and allow the gas to escape. This
accumulation of fission gas already at high pressure may have an influence on transient
behaviour (increased mechanical load) when a transient starts from high power.
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5. CLADDING CREEP REVERSAL (ROD OVERPRESSURE)

Fission gas release at high burnup may result in the rod pressure exceeding the coolant
pressure. A creep-out of the cladding may then open the fuel-cladding gap and lead to
increasing fuel temperatures and further, increased fission gas release. In order to assess
the consequences to fuel integrity, the creep characteristics of cladding material must be
known.

Cladding creep data at high fluence in the presence of neutron flux were produced in the
Halden reactor under representative LWR conditions in a diameter measurement rig. A
gas line connected to the cladding tube enabled to change the rod inner pressure. In this
way, several stress reversals were produced, and the cladding creep was measured in-pile
by a diameter gauge with a relative precision of +2 pm. The test matrix encompassed both
BWR and PWR tubes.

Unlike PIE which only provides a
single point, the results obtained
show in a unique manner the
development from primary to
secondary creep. A typical reaction
to stress reversal is shown in Fig. 11.
BWR cladding material pre-
irradiated to a fast neutron fluence
of 6x10%! n/em? (> 1 MeV) was used
in this case. These data are used by
Halden Project participants for
modelling the creep-out behaviour
at high burnup as consequence of
rod overpressure. A complementary
test, in which a pre-irradiated PWR
rod equipped with a fuel centreline A A ADIAM. GAUGE UP
thermocouple will be subjected to -251 © & ©DIAM. GAUSE DOWN |
rod overpressure, is in preparation 0 ' , .
for execution in 1996. The objective 1600 200 oW s ® +80
is to determine the pressure beyond

which fuel temperature will increase Fig. 11: Measured in-pile diameter increase for a
as a consequence of clad creep-out. BWR cladding tube subjected to stress reversal.
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6. GAS TRANSPORT THROUGH THE GAP

The data on hydraulic diameter measurements, cladding elongation and fission gas
release presented in the previous sections have given evidence for a closed gap at high
burnup. Gas transport through the gap is severely restricted in this case. Pressure
equilibration experiments have shown that flow driven by a pressure difference of 30 bar
may be as low as 60 cm%/h, decreasing approximately with AP2. An example is shown in
Fig. 12. This information is relevant for assessment of situations where gas transport
(diffusion or driven by a pressure difference) plays a role, e.g. mixing of released fission gas
with the gas in the plenum, ballooning during a LOCA, secondary fuel failure degradation
and, possibly during RIA, the pressure exerted by gas heated up in the rim.
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New High Burnup Fuel Models for NRC's Licensing Audit Code, FRAPCON
D.D. Lanning, C.E. Beyer, and C.L. Painter

Pacific Northwest Laboratory
Richland, Washington

1.0 INTRODUCTION

Fuel behavior models have recently been updated within the U.S. Nuclear
Regulatory Commission steady-state FRAPCON code used for auditing of fuel
vendor/utility codes and analyses. These modeling updates have concentrated
on providing a best estimate prediction of steady-state fuel behavior up to
the maximum burnup levels of current data (60 to 65 GWd/MTU rod-average). A
decade has passed since these models were last updated. Currently, some U.S.
utilities and fuel vendors are requesting approval for rod-average burnups
greater than 60 GWd/MTU; however, until these recent updates the NRC did not
have valid fuel performance models at these higher burnup levels.

Pacific Northwest Laboratory (PNL) has reviewed 15 separate effects models
within the FRAPCON fuel performance code (References 1 and 2) and identified
nine models that needed updating for improved prediction of fuel behavior at
high burnup Tevels. The six separate effects models not updated were the
cladding thermal properties, cladding thermal expansion, cladding creepdown,
fuel specific heat, fuel thermal expansion and open gap conductance.
Comparison of these models to the currently available data indicates that
these models still adequately predict the data within data uncertainties. The
nine models identified as needing improvement for predicting high-burnup
behavior are fission gas release (FGR), fuel thermal conductivity (accounting
for both high burnup effects and burnable poison additions), fuel swelling,
fuel relocation, radial power distribution, fuel-cladding contact gap
conductance, cladding corrosion, cladding mechanical properties and cladding
axial growth. Each of the updated models will be described in the following
sections and the model predictions will be compared to currently available
high burnup data.

FISSION GAS RELEASE MODEL

The original FRAPCON code (References 1 and 2) had six FGR models. A1l of
these models have been removed except the ANS 5.4 model (Reference 3) because
they under predicted high burnup FGR data. The ANS 5.4 model was retained for
two reasons: 1) it provides a reasonably good prediction of high burnup
steady-state FGR data and 2) it is an industry standard for steady-state FGR
predictions. However, the ANS 5.4 model does have two limitations: 1) it is
based on simple diffusion (does not account for gas resolution or grain
boundary gas storage), and 2) it under predicts FGR for fuel subjected to
power ramps. The under prediction of FGR during ramping occurs because the
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diffusion constant in the ANS 5.4 model is too low to allow any significant
diffusion for power ramps lasting 12 to 48 hours.

A modified version of the Forsberg-Massih FGR model (Reference 5) has been
developed to supplement the ANS 5.4 model because it allows for diffusion from
a spherical grain like the original Booth model but also aliows for storage of
the gas on the grain boundaries as bubbles and resolution of the bubbles back
into the matrix. This model does not allow FGR to occur until the grain
boundary becomes saturated with bubbles, i.e., a particular gas concentration
needs-to be achieved at the grain boundary. Several modifications were
necessary to the original Forberg-Massih model because it under predicted the
high burnup steady-state and power ramp FGR data. In order to get a good
prediction of both high burnup steady-state and power ramp FGR data
(References 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15) the following modifications
were made to the original Forsberg-Massih model:

1) Only the mid-temperature form of the Forsberg-Massih diffusion
constant is used and the activation energy is increased by a
factor of 1.27.

2) The pre-exponential constant of the diffusion coefficient is
increased by a factor of 10 and the diffusion coefficient is
multiplied by a burnup enhancement factor of 100®"™-%/1% yhere
BURN = GWd/MTU. A maximum value of 2 x 10* is allowed for this
factor.

3) The partitioning of the gas arriving at the grain boundary, into
that which remains at the boundary and that which is resolved back
into the matrix, is simplified using the following equations at
the end of each time step.

AG,, = ToF *AG, = gas on grain boundary (1)
AG ) .
AG, = T3 gas resolved back into fuel matrix (2)
Where: F = resolution parameter
AG,, = amount of gas that diffuses to grain boundary during

time step
This simple relationship allows the resolution, F, to be more easily estimated

in the fit to the FGR data and also get an acceptable partition between
resolved and grain boundary gas.
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The changes to the Forsberg-Massih model increased the diffusion coefficient
to allow the predicted FGR to reach an equilibrium rate faster when fuel
temperatures increase in order to agree with the FGR power ramp data. This
also required an increase in the resolution parameter to retard the predicted
FGR for fuel at steady-state operating temperatures. The burnup enhancement
factor on the diffusion coefficient was necessary in order to get good
predictions of both low and high burnup FGR data.

The activation energy, pre-exponential burnup enhancement factor, and the
resolution parameters were estimated from a non-linear regression fit of the
basic Forsberg-Massih formulation to both steady-state and power ramp FGR
data. Non-linear regression techniques allow regression coefficients to be
estimated from highly nonlinear models such as the Forsberg-Massih model based
on finding those combinations of coefficients that result in the minimum of
the sum-of-squares residuals, i.e., best fit to the data.

Comparisons of the predictions from the modified model to low and high burnup
FGR steady-state data and power-ramp data are presented in Figures 1 and 2.
The measured and predicted values of FGR are shown to be reasonably close in
Figure 1. An analysis of the residuals (difference between prediction and
data) presented in Figure 2 demonstrates that there is no bias between the
model predictions and data as a function of burnup. The model predictions of
the power ramp data have more variability (a standard deviation of 8% FGR)
tha? the predictions of the steady-state data (a standard deviation of <5%
FGR).

FUEL THERMAL CONDUCTIVITY

The original FRAPCON model for fuel thermal conductivity has been modified to
include both degradation due to burnup and gadolinia effects. Both of these
effects similarly alter the basic atom structure of the U0, and, therefore,
similarly alter the phonon heat transfer term of the FRAPCON model.

The original model under predicted fuel temperatures at high burnups because
of no thermal conductivity degradation at high burnups. The burnup
degradation is due to the buildup of fission products with burnup that
distorts the U0, atomic structure thus retarding phonon heat transfer. The
effect is relatively small at Tow burnups and high fuel temperatures

(> 1300°C) and was not easily determined until recent in-reactor experiments
have measured fuel centerline data at burnups greater than 35 GWd/MTU
(References 16 and 17). These experiments have demonstrated that the measured
temperature difference between the fuel centerline and coolant is increasing
slowly with burnup at a constant linear heat generation rate (LHGR) by about
8% per 10 GWd/MTU at low temperatures (< 900°C). This estimate has a standard
deviation of approximately 1.2% per 10 GWd/MTU (absolute).

Thermal conductivity measurements have also been performed on fuel with
simulated fission products (mixture of 11 rare earth oxides in the Urania



matrix) to simulated burnups of 0, 3, and 8 atom percent (Reference 18).
Lucuta (Reference 18) also proposed a burnup dependent phonon heat transfer
term based on his thermal conductivity measurements that results in a thermal
conductivity reduction of approximately 6% per 10 GWd/MTU at low temperatures
(< 900°C). Lucuta's uncertainty in his out-of-reactor measurements resulted
in a standard deviation of approximately 0.4% per 10 GWd/MTU (absolute). If
measurement uncertainties are included, the out-of-reactor and in-reactor
values for thermal conductivity degradation of 6 and 8% per 10 GWd/MTU
respectively are relatively close. The Lucuta burnup dependent phonon term
has been selected for use with the FRAPCON thermal conductivity equation
because it is easily incorporated in the FRAPCON formulation as demonstrated
below in Equation 3. The burnup and temperature dependence predicted by this
model is shown in Figure 3.

The use of burnable poisons (principally gadolinia, Gd,0,) in U0, has increased
significantly in LWR cores with the increase in fuel burnups. The addition of
gadolinia to the fuel has a similar degrading effect on phonon heat transfer
as do the fission products. Massih, et al. (Reference 19) have developed a
gadolinia dependent phonon term similar to the burnup dependent phonon term
proposed by Lucuta that is also easily incorporated into the FRAPCON thermal
conductivity equation as shown below (the burnup and gadolinia terms are
underlined):

c ,
Ko .;= = *P+C
Fuel D % (A+B*TEMP+0.016*C *P*b+0.01159*C *P*qg) e

Lucuta et al. Massih et al.

(3)

Where: Keey = Fuel thermal conductivity
v = Phonon contribution to specific heat
P = Porosity correcting for thermal expansion
Dy = Correction for thermal expansion
A = 0.339
B = 6.867E-2
TEMP = Modified temperature, K
b = Burnup in atom % (of initial heavy metal atoms)
g = Gadolinia content, wt. %
C. = Electronic term

This revised model has been compared to other models and thermal conductivity
measurements on samples having gadolinia contents ranging from 0 to 10 wt%
from three different sources (References 20, 21 and 22) and shows reasonably
good prediction above 300°C as demonstrated in Figure 4 for 8.5 wt% gadolinia.
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FUEL SWELLING

The original FRAPCON fuel swelling model included a solid fission product
component and a significant gaseous swelling component when fuel temperatures
exceeded 1250°C.

Solid fission product swelling is due to the buildup of rare earth fission
products in the fuel with progressive burnup decreasing the fuel density and
increasing the fuel volume. The current swelling rate (AV/V per unit burnup)
in FRAPCON is 0.67% AV/V per 10 GWd/MTU. Fuel density measurements have been
made from commercially irradiated fuel with pellet burnups ranging from 20 to
70 GWd/MTU and these data (References 23, 24, 25, and 26) are represented in
Figure 5 in terms of fuel volume change. A linear regression analysis of
these data provides a constant swelling rate of 0.77% AV/V per 10 GWd/MTU
(solid line in Figure 5). This revised solid fission product swelling rate
has been included in FRAPCON.

The original gaseous swelling component in FRAPCON was based on swelling from
unrestrained fuel that is atypical of the constrained nature of commercial
light-water reactor (LWR) fuel. Experimental irradiations of boiling-water
reactor (BWR) type fuel rod designs near peak LWR fuel operating conditions
have shown that gaseous swelling is not significant. This is best illustrated
in Figure 6 where fuel swelling is predicted as a function of burnup for Rod 1
of IFA-432 from the Halden reactor using the original solid and gaseous
swelling model in FRAPCON and compared to the measured fuel swelling in this
rod (Reference 27). As illustrated the original FRAPCON model significantly
over predicted swelling on this rod because significant portions of the fuel
were at temperatures greater than 1250°C that activated the gaseous swelling
model. The revised FRAPCON swelling model adequately predicts the swelling in
this rod. Comparisons of the original FRAPCON model to swelling data from
four other experimental rods with fuel temperatures greater than 1250°C have
also shown similar over predictions in gaseous swelling. Therefore, the
gaseous swelling model in FRAPCON has been removed.

FUEL RELOCATION AND CRACKING

The original FRAPCON code had several different fuel relocation and cracking
models associated with each of the mechanical models in the code: FRACAS-1
(non-deformable pelilet) and FRACAS-2 (deformable pellet). The FRACAS-1 model
in the currently revised FRAPCON uses only one fuel relocation model
(Reference 28) that: a) is a function of burnup and LHGR as illustrated in
Figure 7, and b) assumes solid-pellet thermal conductivity. Solid-pellet
thermal conductivity is used for two reasons: 1) it maximizes fuel stored
energy for the LOCA calculation, and 2) the crack patterns in the fuel,
particularly early-in-life, are primarily radially orientated and do not
retard the heat flow. The FRACAS-1 model will principally be used for best-
estimate thermal and fission gas release calculations.
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The FRACAS-2 model will continue to use the existing fuel relocation and fuel
cracking models. The FRACAS-2 model will be used to predict best-estimate
mechanical behavior of fuel rods experiencing 1oad follow or power ramping
conditions. :

RADIAL POWER

The original FRAPCON code used the RADAR model (Reference 29) for predicting
fuel radial power distribution as a function of fuel burnup. This model
provided a reasonably good prediction of the plutonium buildup at the fuel
surface due to U*® resonance neutron captures and radial power distribution
when fuel burnups were less than 40 GWd/MTU. However, as fuel burnup
increases, RADAR under predicts the plutonium buildup and resulting power
peaking at the fuel surface.

The TUBRNP model by K. Lassmann (Reference 30) improves the original RADAR
model by modifying the parameters for the plutonium distribution function and
accounting for the plutonium isotopes and their cross sections explicitly.
This model results in a more edge-peaked radial power profile for high burnup
fuel, as illustrated in Figure 8. This model also compares well with detailed
neutronics calculations at 50 GWd/MTU performed by Matsamura and Kameyama
(Reference 31) as illustrated in Reference 30 and presented here as Figure 9,
and with detailed electron microprobe (EPMA) scans for neodymium (fission
product concentration used as a measure of fuel burnup).

FUEL-CLADDING CONTACT GAP CONDUCTANCE

The original FRAPCON code calculated gap conductance when the fuel-to-cladding
gap is closed using a modification of the Mikic-Todreas model (Reference 32)
as proposed in Reference 33. This model under predicts fuel-cladding contact
conductance.

The NRC sponsored a research program (Reference 34) to examine fuel-cladding
contact conductance on typical U0,-Zircaloy compacts with various surface and
contact pressures typical for LWR fuel rods. Experimentally measured contact
conductances from U0, and Zircaloy samples representative of LWR fuel surface
conditions are provided in Figure 10 (Reference 34). The upper bound
conductance data (solid triangles) are from U0, samples with a relatively
smooth surface while the lower bound conductance data (open squares) are from
fuel samples with a relatively wavy (coarse) surface, representing the
possible variability in fuel surface conditions. A comparison of the original
FRAPCON contact conductance model predictions compared to these data (Figure
10) shows an under prediction of even the lower bound data when contact
pressures exceed 7 MPa. This model has been modified to increase the contact
conductance by a factor of 2 when interface pressures exceed 7 Mpa. The solid
line in Figure 10 represents the recent modification to the FRAPCON model and
shows a slight over prediction of the lower bound data. This new modified
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model may still result in a small degree of conservatism in contact
conductance for some fuel but the impact on fuel temperatures will be small.

PWR CLADDING CORROSION

The original FRAPCON PWR cladding corrosion model significantly under
predicted corrosion when fuel burnups exceeded 30 GWd/MTU. A corrosion model
proposed by Garzarolli et al (Reference 35) has been incorporated into FRAPCON
because it provided the best prediction among other published models reviewed
in this project when compared to a variety of high burnup corrosion data from
different PWRs as demonstrated in Figure 11. The model also compares well to
corrosion data measured along the axial Tength of a high burnup rod (Figure
12) whereas the original FRAPCON model significantly under predicts corrosion
in this same rod. The Garzarolli corrosion model includes a pre-transition
oxidation and a flux enhanced post-transition oxidation dependence. The
cladding interface temperature is calculated for each time step using an
assumed thermal conductivity for the Zircaloy-oxide and the oxide thickness.

Cladding corrosion also results in the retention of some hydrogen in the
cladding from the reaction

Ir + 2H,0 = Zr0, + 2H,.

The retained hydrogen precipitates out as zirconium hydride platelets when the
hydrogen level exceeds the solubility 1imit in Zircaloy (about 80 ppm at
operating temperatures). Hydriding strengthens the cladding but it also
decreases cladding ductility and, therefore, is important in determining
cladding mechanical properties. Hydrogen pickup fraction as a function of
oxide thickness from three different reactors (References 23, 24, 25, and 26)
demonstrates that the fraction is relatively constant at approximately 0.15
even though the data scatters between 0.12 and 0.22 (Figure 13).

CLADDING MECHANICAL PROPERTIES

The original Zircaloy cladding yield and tensile strength models in FRAPCON
over predict recent measured data from tensile test specimens of high burnup
cladding (fast fluence between 5 to 12 x 10% n/m?) (Figures 14 and 15). The
cladding test specimens also had oxide thicknesses between 4 to 100 um and
hydrogen levels between 10 and 720 ppm. The tensile tests were typically
performed at a strain rate of 8 x 10°/sec and temperatures between 300° and
400°cC.

Fast neutron fluence and waterside corrosion both lead to changes in the
mechanical properties of Zircaloy cladding with increasing burnup. The fast
neutron fluence increases yield and tensile strength, and decreases cladding
ductility due to intrinsic cladding damage (displacement of atoms). The
fluence effect on ductility appears to saturate when a fluence of 4 x 10% n/m
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is accumulated (i.e., at lTocal burnups exceeding approximately 20 GWd/MTU).
The effects of waterside corrosion and the concomitant accumulation of
hydrides in the cladding appear to dominate further changes in mechanical
properties when the excess hydrogen concentration (i.e., the hydrogen in
excess of the solubility limit at operating temperature) exceeds approximately
200 ppm. This typically occurs at local burnups in excess of 40 GWd/MTU. The
original FRAPCON mechanical property models do not account for the effects of
hydrides at high burnups.

The FRAPCON mechanical models were modified to account for the effects of
hydriding at high burnups. Comparisons of the revised yield and tensile
strength models to measured tensile data (References 7, 23, 24, 25, and 26)
are shown in Figures 16 and 17, respectively.

A comparison of the revised uniform strain model to measured data is shown in
Figure 18. The decrease in uniform strain due to excess hydrogen is
illustrated in Figure 19. This data suggests that the decrease in cladding
uniform strain capability to less than 1% uniform strain may result in
decreased failure thresholds for power ramped rods when excess hydrogen levels
exceed 400 ppm.

CLADDING AXIAL GROWTH

The original FRAPCON model has been found to under predict axial growth of
high burnup PWR fuel cladding. The axial growth model proposed by Franklin
(36) has been adopted and compares well with PWR fuel cladding data (Figure 20
and also compares well with BWR data when the growth rate is decreased by 0.5
(Figure 21). Therefore, the original Franklin axial growth model was modified
for BWR applications by decreasing the growth rate by 0.5. The PWR axial fuel
cladding data comes from five different reactors (References 6, 24, 25, 37,
and 38) and rod-average fast fluences up to 9 x 10%/m’. The BWR data comes
fro? two BWR reactors (References 12 and 39) and fast fluences up to 10 x 10%
n/me.

2.0 SUMMARY

Nine separate effects fuel performance models in FRAPCON have been updated.
These updated models have compared well to data from rods having rod-average
fuel burnups up to 62 GWd/MTU (peak pellet burnups up to 70 GWd/MTU) and
fluences up to 12 x 10%® n/m’* . These models have recently been incorporated
into FRAPCON and the code is currently being assessed against integral thermal
and fission gas release data.
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GIRAFFE TEST RESULTS SUMMARY
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Kawasaki, Japan

ABSTRACT

A passive system can provide engineered safety features enhancing safety
system reliability and plant simplicity. Toshiba has conducted the test
program to demonstrate the feasibility of the SBWR passive safety system
using a full-height, integral system test facility GIRAFFE. The test facility
GIRAFFE models the SBWR in full height to correctly present the gravity
driving head forces with a 1/400 volume scale. The GIRAFFE test
program includes the certification tests of the passive containment cooling
system (PCCS) to remove the post-accident decay heat and the gravity
driven cooling system (GDCS) to replenish the reactor coolant inventory
during a LOCA. The test results have confirmed the PCCS and GDCS
design and in addition, have demonstrated the operation of the PCCS with
the presence of a lighter-than-steam noncondensable as well as with the
presence of a heavier-than-steam noncondensable.

The GIRAFFE test program has also provided the database to qualify a
best estimate thermal-hydraulic computer code TRAC. The post test
analysis results have shown that TRAC can accurately predict the PCCS
heat removal performance and the containment pressure response to a
LOCA.

This paper summarizes the GIRAFFE test results to investigate post-
LOCA PCCS heat removal performance and post-test analysis using
TRAC.
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1. INTRODUCTION

A passive safety system is an approach to improve plant safety for advanced nuclear
reactors. The passive containment cooling system (PCCS) is adopted in the Simplified
Boiling Water Reactor (SBWR) design(l), its purpose being to remove the decay heat
following a loss of coolant accident (LOCA) without any electric power supply. The
PCCS is automatically placed in operation when the containment pressure rises due to
mass and energy input through a break pipe and it does not require even a valve operation
to start the heat removal function. Consequently the PCCS offers high reliability of
functioning, due to no valve operation being required. In addition, the PCCS is expected
to suppress the containment pressure in case of a severe accident as well as in a LOCA,
and prevent containment failure, without venting gases in the containment to the
atmosphere.

Toshiba has taken the lead in the thermal-hydraulic research of the PCCS and has
carried out an experimental program as well as analytical work to develop the PCCS.
Based on these experimental and analytical studies, the mechanism of the passive heat
removal has been clarified and the PCCS heat removal performance following a LOCA
has been assessed. In addition, the test results have demonstrated the operation of the
PCCS with the presence of a lighter-than-steam noncondensable.

2. PASSIVE SAFETY SYSTEM DESIGN SUMMARY

The SBWR passive safety system consists of depressurization valves (DPVs), the
gravity driven cooling system (GDCS), the equalizing line (EQL) and the PCCS, as
shown in Fig. 1. The GDCS injects the emergency core cooling water into the reactor
pressure vessel (RPV) by gravity, in the case of a LOCA, and the DPVs promote the
GDCS injection by depressurizing the reactor vessel. Long-term reactor core coverage,
following a LOCA, is achieved by the EQL, which allows the flow of suppression pool
(SP) water into the RPV.

The decay heat removal following a reactor isolation or a LOCA is achieved by the
isolation'condenser (IC) and/or the PCCS. The PCCS consists of a steam supply line, a
vertical tube single path heat exchanger in a large water pool, a condensate drain line and
a noncondensable vent line (PCC vent line). During a LOCA, high pressure steam flows
from the RPV to the drywell (D/W) and causes a pressure rise in the D/W. The resultant
pressure difference between the D/W and the suppression chamber (S/C) drives the
steam-noncondensable mixture in the D/W. into the PCCS heat exchanger through the
steam supply line. The condensate drains to the GDCS pool through the condensate drain
line by the gravitation force, and the noncondensable is vented to the S/C through the
PCC vent line. No power-actuated active devices are required for the PCCS to function.
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The large water pool is located outside the drywell and serves as a heat sink for
reactor decay heat. The water pool retains a sufficient amount of water to remove the
decay heat from the reactor shutdown for three days, ‘the 3-day walk-away period'.

3. PROGRAM OVERVIEW

Table 1 shows the timetable of the GIRAFFE test program performed in Toshiba.
The program has focused on the thermal-hydraulic area for demonstrating the feasibility
of the passive safety system and the tests have covered the major phenomena encountered
during the period from late blowdown phase (prior to GDCS injection) to PCCS dominant
phase.

A full-height, integral system test facility, "GIRAFFE" (Gravity-Driven Integral
Full-Height Test for Passive Heat Removal) has been constructed to investigate the basic
heat removal performance of the PCC heat exchanger and various thermal-hydraulic
phenomena in the pressure containment vessel following a LOCA. GIRAFFE models the
SBWR in full-height to correctly represent the gravity head driving forces. The GIRAFFE
testing program includes two types of separate effect tests (basic heat transfer test and
noncondensable gas venting test) and the system response tests which focus mainly on the
post-accident PCCS heat removal performance and on the post-LOCA GDCS
performance.

From the thermal hydraulic viewpoint, a key phenomenon to determine the PCCS
heat removal performance is steam condensation in the presence of a noncondensable in
the PCC heat exchanger. In the first instance, separate effect heat transfer tests have been
conducted in GIRAFFE to investigate the degradation of the steam condensation heat
transfer caused by the noncondensable. The test results showed that the heat transfer
degradation in the PCC heat exchanger tubes is slightly milder than the Sparrow's
analysis for forced convection condensation.

The basic characteristics of noncondensable gas venting to the suppression chamber
were demonstrated following the separate effect heat transfer tests. Tests have also been
conducted which include changing the PCC vent line submergence.

The noncondensable mass and distribution in the containment volume following a
LOCA determines the amount of noncondensable absorbed into the PCC heat exchanger.
The noncondensable mass and distribution in the containment space is affected by break
location, emergency coolant injection (for instance, the GDCS injection), or leakage
between the drywell and the suppression chamber. DBA (design basis accident) LOCA
scenarios were simulated to investigate the IC and the PCCS performance following a
LOCA in the PCCS system response test Phase 2. The effect of the break pipe location on
the PCCS performance have been also investigated. From these system response test
results, it has been clarified that the PCCS is capable of suppressing the containment
pressure below the design limit in DBA break cases, although the PCCS heat removal
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performance changes depending on the break locations. The effect of the GDCS or the
suppression pool water injection via EQL into the reactor pressure vessel and the leakage
effect on the PCCS heat removal performance, mentioned above, were also examined.

In the PCCS system response tests Phase 3, lighter-than-steam gas effect on the post-
accident PCCS performance has been investigated. Helium gas was used to simulate
hydrogen gas which can be generated by radiolysis or metal-water reaction during a
severe accident. The test results have demonstrated the operation of the PCCS in the
presence of helium gas as well as in the presence of a heavier-than-steam noncondensable
although the characteristics of helium gas accumulation in the PCC tube is completely
different from that of nitrogen gas. It is considered from the test results that the PCCS can
suppress the containment pressure even in a severe accident and prevent containment
failure without venting gases to the environment.

The GDCS performance demonstration tests have been also conducted addressing
potential systems interaction effect during the late blowdown and early GDCS phase of a
LOCA. The tests simulated a DBA (a GDCS drain line break or a RPV bottom drain line
break) for the GDCS design. From the test results it is seen that the GDCS coolant
injection is smoothly accomplished and the core region is covered by two-phase mixture
during the entire transient. No adverse systems interaction were discovered in the tests.

Thus the GIRAFFE test program has demonstrated the post-accident passive safety
systems performance, which are, the GDCS performance to replenish the RPV coolant
inventory, and the PCCS performance to remove the long-term decay heat following a
LOCA and possibly even in a severe accident.

The program has also provided the database to establish the analysis model to
evaluate the PCCS heat removal performance. Based on the GIRAFFE basic heat transfer
test results, the steam condensation heat transfer models in the presence of
noncondensable in the PCCS heat exchanger and in the containment air space have been
incorporated into TRAC. The applicability of the TRAC model to a PCCS performance
analysis has been qualified against the PCC system response tests conducted in
GIRAFFE. The post-test analysis results show that TRAC can accurately predict the

PCCS heat removal performance and the containment pressure response following a
LOCA.

4. GIRAFFE TEST PROGRAM

4.1 GIRAFFE Test Facility(2)

The front view and the schematic diagram of GIRAFFE are shown in photo 1.
GIRAFFE consists of separate component vessels for the PCCS pool, RPV, S/C, D/W
and GDCS pool. The design criterion for the GIRAFFE test facility was to make the long
term PCV pressure transient be identical to a reference passive plant, SBWR, in real time.
Since for the long post-LOCA transients most flow paths are driven primarily by
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gravitational forces, GIRAFFE has been constructed on a 1:1 height scale to the SBWR
design. The scale of the test facility is 1/400 in volume and the height is 30 m.

The passive containment cooler (PCC) unit consists of a steam box, heat transfer
tubes and a water box, as shown in Fig. 2. PCC has three heat transfer tubes, which have
dimensions of 0.051m outer diameter, 0.046m inner diameter, and 2.4 m length for all
tests conducted in the PCCS system response test Phase 2 and 1.8 m for lighter-than-
steam gas tests and systems interaction tests, corresponding to 1/400 scaled volume.
Dimensions of the heat transfer tube, the clearance between adjacent tubes and the
secondary side flow cross-sectional area per tube are in full-scale of the original SBWR
design. In the PCCS pool a chimney contains the PCC, which separates the boiling region
around the PCC from the subcooled water outside. The pool water circulates along the
chimney and boils off to the atmosphere. The effective water volume is the 1/400 scaled
SBWR volume which is sufficient to remove decay heat for three days by the evaporation
of water.

To reduce the heat loss from the vessels, electrical heaters are wrapped around
the S/C, GDCS pool and the D/W walls. Flange portions are fully insulated. The
remaining heat loss from the vessels is mainly from RPV and is compensated by
increasing the heater power of the channel in the RPV.

4.2  Basic Heat Transfer Test (2)

The heat removal degradation due to nitrogen, inside the PCCS heat exchanger
tube under the forced convective flow conditions, was measured as the first step of the
test program. Table 2 summarizes the test conditions. These conditions have been
determined from the TRAC analysis result for the SBWR and correspond to the long-term
post-LOCA conditions (10),

As the reference case, pure steam condensation behavior in the heat exchanger
was steadily measured, which was found to be close to the laminar condensation on a
vertical plate with negligible shear at liquid-steam interface and included the wave effect
at the liquid film surface. Figure 3 shows the steam condensation degradation obtained in
the GIRAFEFE test as a function of the nitrogen partial pressure fraction, compared with
Sparrow's analysis (11). The overall degradation coefficient indicates the amount of
degradation of the condensate drainage flow rate when compared to the rate for a case
with pure steam. The local degradation coefficient represents the amount of degradation
of the heat flux measured at a location 0.05m downstream of the heat exchanger tube
inlet. Sparrow's analysis results show the steam condensation degradation for both
stagnant and convective air conditions on a horizontal plate at 0.1 MPa with wall
subcooling 11K.

The GIRAFFE degradation coefficients were much milder than Sparrow's
analysis result for the stagnant condition due to the steam flow effect. It should be noted
that the extent of degradation obtained in the GIRAFFE test was similar to Sparrow's
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analysis result for the convective condition and was slightly milder. This was probably
due to the higher pressure in the GIRAFFE test than that in Sparrow's analysis.

The overall degradation coefficient shows considerably good agreement with the
local value because most of the steam was condensed within the upper portion of the tube
where the gas mixture flow was not fully developed. The larger difference between the
local and overall degradation coefficient which was observed for higher nitrogen partial
pressure was due to the difference in the effective heat transfer area.

4.3  Nitrogen Venting Test 3

The mechanism of nitrogen transfer from the D/W to the S/C, which includes the
venting behavior from PCC unit to S/C was investigated. Initial test conditions are
summarized in Table 3, which corresponds to the typical long-term post-LOCA condition
in the SBWR. GDCS injection was not included in this test. In the pre-test procedure,
each component vessel was isolated by closing the connecting valves and the initial
conditions were established. Following the pre-test procedure, the connecting valves were
opened and the PCV long-term post-LOCA behavior was simulated. The RPV heater
power simulating the reactor decay heat was held constant in this test in order to simplify
the situation. Figure 4 shows the submergence of the PCC vent line and main LOCA vent
in the S/C.

The major parameters measured in the test are shown in Figs. 5 through 8. Since
the vapor temperature is the saturation steam temperature, a low vapor temperature
indicates a high nitrogen concentration.

When the test started, steam came from the RPV to the D/W, which was
produced by the RPV heater power, and the D/W pressure rose. The steam mixed with the
nitrogen in the D/W and the steam-nitrogen mixture entered the PCC unit, which was
indicated by a sudden decrease in the PCC tube inner surface temperature as shown at
point A in Fig. 5. As the D/W pressure increased (point B in Fig. 6), the water level in the
PCC vent line was falling (point C in Fig. 7). After 800 seconds, the pressure difference
between the D/W and the S/C became large enough to clear the PCC vent line and vent
the nitrogen to the S/C. In the nitrogen venting period, the nitrogen in the D/W was
gradually transferred to the S/C via the PCCS, as indicated by the sudden temperature rise
measured in the D/W (points A, B and C in Fig. 8). Most nitrogen in the D/W was
transferred by 7,500 seconds and nearly pure steam was provided afterward to the PCC
unit, which is suggested by the temperature rise in the PCC tube inner surface temperature
(Fig. 5). The PCC heat removal performance, therefore, improved and the D/W pressure

decreased. Thus, the test results clearly explain the characteristics of the PCCS nitrogen
venting to the S/C.
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44  PCCS System Response Test Phase 2 (5, 7, 8, 13)

Following the separate effect tests, integral system tests have been performed to
investigate the PCCS heat removal performance following a LOCA and to provide the
database for the analytical model verification. In this paper, a main steam line break
(MSLB) simulation test, a RPV bottom drain line break (DLB) simulation test and a
GDCS drain line break (GDCSLB) simulation test have been described. Table 4
summarizes the initial conditions for these tests, corresponding to one-hour after the
LOCAs, which were determined from TRAC analysis for SBWR(4: 6). The RPV heater
power was controlled to fit the May-Witt decay heat curve. The tests ran for
approximately 8 hours.

a) Main steam line break (MSLB) test

Figures 9 through 12 show the major system parameter transients. The D/W
pressure increased and took its maximum at about 14,000 seconds and then decreased
gradually. The maximum pressure was about 0.26 MPa, which was well below the design
pressure (0.48 MPa).

Before about 10,000 seconds, the PCC vent water level was cleared, and the
noncondensable gas in the D/W had been transferred to the S/C via the PCC vent line, as
shown in Fig. 10. Due to the continuous GDCS injection to the RPV, the RPV water level
increased and reached the DPV elevation. Consequently the RPV water spilled to the
D/W via the DPV. The spilled water caused mixing in the D/W, since the noncondensable
gas distribution in the D/W tends to be uniform, and the additional mixing increased the
noncondensable transfer from the D/W to the PCC and S/C.

The noncondensable behavior, stated above, is demonstrated by Figs. 11 and 12.
Before roughly 10,000 seconds, most of the noncondensable in the D/W was transferred
and the axial vapor temperature distribution in the D/W tended to become a uniform
distribution, as shown in Fig. 12. The vapor temperature shown in Fig. 11 also indicates
the noncondensable accumulation in the bottom region of the tubes before 10,000
seconds.

The GDCS injection terminated at about 9,000 seconds and it caused a
temporary increase in D/W pressure rise since the vapor generation in the RPV increased.
The PCCS absorbed almost pure steam afterward as shown in Fig. 11, and therefore the
PCCS heat removal rate improved. This resulted in the gradual depressurization in the
D/W.

b) RPV bottom drain line break (DLB) test

The PCV pressure transient and the vapor temperature transient in the D/W are
shown in Figs. 13 and 14. The overall pressure transient behavior is similar to that in the
MSLB test since the major phenomena observed in the MSLB also occurs in the DLB.
That is, the noncondensable transfer by steam flow and the mixing effect of the DPV
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spill-over flow, the temporary D/W pressure rise caused by the GDCS termination and the
gradual nitrogen gas accumulation in the annulus and bottom D/W. The initial nitrogen
inventory in the D/W is, however, slightly less than that in the MSLB and therefore the
peak D/W pressure is also smaller. The peak D/W pressure is about 0.24 MPa, which is
within the design limit by a sufficient margin as in the case of the MSLB test.

¢) GDCS line break (GDCSLB) test

Figures 15 and 16 illustrate the pressure transient and the vapor temperature in
the D/W. In the GDCS line break case, the GDCS termination occurred earlier in the
transient and there is no spill-over flow- via the DPV. Hence, in the GDCSLB case, the
pressure transient becomes flat and the pressure rise is milder, compared with the MSLB
case. The peak D/W pressure of 0.24 MPa occurred at about 11,000 seconds. It is
considered that nitrogen in the D/W is transferred to the S/C by the steam flow via the
DPV and the steam flow generated by the break flow. It appears, however, from the
temperature transient measured in the annulus D/W that the upward steam flow generated
by the break flow may be so small that most nitrogen in the annulus D/W is not
transferred to the S/C since the temperature suggested the accumulation of nitrogen in the
annulus D/W.

d) Other cases

In the GIRAFFE test program, some potential issues, which may degrade the
PCCS heat removal rate, have been investigated. In the later stage of LOCA blowdown
phase, temperature stratification is formed in the S/P. The PCCS vents uncondensed
steam to the hot temperature stratification layer in the S/P, while the PCCS heat removal
rate is not large enough to condense all the steam to the PCC units. This may promote the
temperature stratification and raise the S/C pressure.

If the leakage between D/W and S/C is considered, steam-noncondensable
mixture in D/W directly flows into S/C. The steam through the leakage can raise the S/C
pressure without being condensed by the PCCS and the S/P water. The leakage flow
affects the noncondensable distribution in the PCV and the PCCS heat removal
performance.

These issues have been fully investigated in the GIRAFFE tests and presented in
references (7, 8). It has been shown that the peak PCV pressure is suppressed well below
the design pressure even if these issues are taken into account.

From these test results, it can be concluded that the PCCS can suppress the

containment pressure well below the design pressure regardless of the break pipe and
some potential issues which affect the PCCS heat removal performance.
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4.5  PCCS System Response Test Phase 3 with Lighter-than-steam Gas (14)

Even in a severe accident case, the PCCS is expected to suppress the
containment pressure and prevent gas venting from the containment to the environment.
As the first step to demonstrate the PCCS heat removal performance during a severe
accident, the effect of a lighter-than-steam gas on the PCCS performance has been
investigated in the PCCS system response test Phase 3. Helium gas was used to simulate
hydrogen gas which can be generated by radiolysis or metal-water reaction in a severe
accident.

The initial condition of the test was the same as that in the MSLB shown in
Table 4, except that the noncondensable initially filled in the D/W was replaced by
helium gas. Comparing with the MSLB test result using nitrogen gas, the effect of the
helium gas can be understood. The test ran for approximately 30 hours.

The PCV pressure response is shown in Fig. 17. Although the pressure transient
before GDCS termination (about 9000 seconds) and the peak D/W pressure are very
similar to those obtained in the MSLB test with nitrogen gas, the pressure becomes flat
after the GDCS termination while the pressure in the nitrogen case decreases after the
timing. After the GDCS injection stops and there is no more mixing effect of the spilled
water, nitrogen gas in the lower portion of D/W shows the tendency to accumulate as
pointed out in the nitrogen case (see Figs 11 and 12). The PCC therefore absorbs almost
pure steam from the D/W afterward. On the other hand, in the helium gas case, the
annulus and lower D/W region continuously supplies the helium to the PCCS for the
entire test duration as shown in Fig. 18. It is considered that the difference in the gas
behavior is caused by the difference in the gas density.

The bulk vapor temperature in the PCC tube in the helium gas case is completely
different from that in the nitrogen gas case, as illustrated by the comparison between Fig.
11 and Fig. 19. Due to the continuous gas supply to the PCC tube, the gas accumulation
(vapor temperature decrease from the saturation temperature) is observed even after the
GDCS termination. In addition, the helium 8as tends to accumulate in the upper portion
of the tube preferably in the long-term quasi-steady state condition.

In spite of these differences in the noncondensable behavior, the D/W peak
pressure in the helium case is very similar to that in the nitrogen case. In the helium gas
case, the gas in the PCC tube is vented intermittently to the S/C through the PCC vent line
as shown in Fig. 20. Hence, the D/W pressure is kept almost constant in the long-term
transient. In other words, the accumulation of the noncondensable in the helium gas case
is determined such that the PCC heat removal rate matches the heat input

From the test result, it is considered that the PCCS can be a effective system
even in a severe accident to remove the decay heat and maintain the integrity of the
containment vessel. It is indispensable, however, to take the effect of both hydrogen and
aerosol into account in order to demonstrate the feasibility.
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5. GIRAFFE POST-TEST ANALYSIS (15)

The PCCS heat removal performance is affected by thermal-hydraulic behavior
in the PCV, especially the noncondensable behavior, following a LOCA. The PCCS
performance analysis model, therefore, needs to be qualified against system response
tests with wide break spectra, which simulate accident scenarios in the whole
containment system. In this section, the TRAC post-test analyses for the major GIRAFFE
tests stated in section 4.4 are summarized.

In the TRAC post-test analysis, the GIRAFFE main component vessels, RPV,
S/C, D/W, GDCS pool and PCCS pool are modeled using a 3-dimensional component,
VESSEL component having three radial rings, one azimuthal sector and twelve axial
levels and a one-dimensional component as shown in Fig. 21. The RPV occupies Levels
1 through 7 in Ring 1. The S/C is modeled with eight fluid cells, Levels 1 through 4 in
Rings 2 and 3. The upper portion of D/W is simulated with the VESSEL cells, Levels 6
and 7 in Ring 3, and the middle and bottom region of the D/W (annulus D/W) is modeled
with a one-dimensional component, PIPE component. Levels 8 through 12 in Rings 1 and
2 represent the PCCS pool and the chimney wall which separates the boiling region
around the PCC from the subcooled water outside exists between Rings 1 and 2. This
modeling makes it possible to simulate the natural circulation along the chimney. The
GDCS pool is modeled with Levels 8 through 12 in Ring 3. The level tracking model is
applied in all these component vessels to simulate the water level transients in these
vessels. The PCC unit, the related piping and the other piping connecting the main
vessels are modeled using one-dimensional components. The channel, the chimney
region above the channel and the guide tube-bypass regions in the RPV are also modeled.

Heat loss from each component vessel to the ambient is modeled by specifying
an outside wall heat transfer coefficient determined from the GIRAFFE system heat loss
data. The measured values of the piping flow resistance are input to the analytical model.
The circulation flow in the S/P is limited by specifying the flow resistance in the S/P to
simulate the temperature stratification in the S/P.

Regarding the steam condensation heat transfer model in the presence of the
noncondensable, two models have been applied depending on the vapor velocity. Inside
the PCCS heat exchanger, Uehara correlation(12) has been applied to calculate the pure
steam condensation heat transfer coefficient and the GIRAFFE data shown in section 4.2
has been used for the degradation coefficient. Uehara correlation is an empirical
correlation which includes the effect of wavy pattern at the liquid film surface between
laminar and turbulent regions. At the D/W inside wall, Nusselt film condensation model
and Sparrow's stagnant model have been used, since the vapor velocity in the D/W vessel
is very small compared with that in the PCCS heat exchanger.

Figures 22 and 23 show the TRAC prediction for the D/W and the S/C pressure

responses to the MSLB, and D/W vapor temperature transient which should be compared

174



with Figs. 9 and 12. The TRAC calculation showed a good agreement for the overall
pressure response and the D/W temperature transient. The pressure rise before 2,000
seconds which is mainly caused by the break flow and the DPV flow was well predicted.
Between 2,000 and 10,000 seconds, TRAC predicted the pressurization in the PCV,
which was due to the nitrogen transfer from the D/W to the S/C caused by the spilled
water via the DPV, which is indicated by the temperature rise in the annulus D/W during
the period. The temporary pressure rise around 10,000 seconds caused by the GDCS flow
termination was also predicted. Although the depressurization rate in the D/W after
13,000 seconds was slightly underestimated, the peak D/W pressure agreed well with the
GIRAFFE result. The S/C pressure was maintained constant after 13,000 seconds, also as
in the GIRAFFE test. From the comparison, it was shown that the TRAC model can
predict the major phenomena in the PCV and the PCCS heat removal performance in the
MSLB. ‘

The D/W and S/C pressure responses to the DLB and the GDCSLB are shown in
Figs. 24 and 25, which should be compared with Figs. 13 and 15. It can be said that the
overall transient are well predicted. From these results, it can be concluded that the TRAC
model can accurately predict the major phenomena occurring in the PCV, and the PCCS
heat removal rate following the LOCAs.

6. CONCLUSIONS

The passive containment cooling system provides engineered safety features
which enhance system reliability and plant simplicity. The GIRAFFE testing program
results have demonstrated that the PCCS has the capability to remove sufficient heat to
suppress the post-LOCA containment pressure well below the design limit. In addition, it
is shown that the PCCS can work even in the presence of the lighter-than-steam gas. This
suggests the capability to maintain the integrity of the containment vessel even in a severe
accident by the PCCS without releasing the gas to the environment.

The GIRAFFE program has provided the data base to qualify the TRAC model
to predict the PCCS performance. The post test analysis has shown that the TRAC model
can accurately predict the major post-LOCA phenomena occurring in the containment and
the PCCS performance.
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ABBREVIATION

DPV Depressurization Valve

D/W Drywell

EQL Equalizing Line

GIRAFFE Gravity-Driven Integral Full-Height Test for Passive Heat Removal
GDCS Gravity Driven Cooling System

IC Isolation Condenser (IC)

LOCA Loss of Coolant Accident

PCC Passive Containment Cooler

PCCS Passive Containment Cooling System
PCV Primary Containment Vessel

RPV Reactor Pressure Vessel

SBWR Simplified Boiling Water Reactor
S/C Suppression Chamber

S/P Suppression Pool

V/B Vacuum Breaker
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Table 1 GIRAFFE Test Program

1989 | 1990 | 1991 [ 1992 | 1993 |1994 |1995

GIRAFFE manufacturing ——

Separate effect test Phase 1, Stap 1 -
PCCS basic heat transfer tost
Separate effact test Phase 1, Step 2 -
Nitrogen venting test
YC systom response test -
Phase 1, Step 3

Test facility update —
PCCS system responss test Phase 2 E——

PCCS system response test Phase 3
Lighter-than-steam gas tests ——

Systems interaction tests -

Table 2 Test Conditions for Basic Heat Transfer Tests (Phase 1, Step 1)

Total pressure 0.2 - 0.4 MPa
Nitrogen inlet partial

pressure fraction (PN2/PTotal) 0.0-0.10

Steam inlet flow rate 0.02 - 0.04 Kg/sec

Table 3 Initial Test Conditions for Nitrogen Venting Test (Phase 1, Step 2)

D/W total pressure 0.314 MPa
D/W nitrogen partial pressure 0.016 MPa
D/W gas temperature 406 K
S/C total pressure 0.301 MPa
S/C nitrogen partial pressure 0.278 MPa
S/C temperature 336K
S/C water level 5.55m
RPV pressure 0.314 MPa
RPV temperature 407K
PCCS pool temperature 373K

178



Table 4 Initial Test Conditions for MSLB, DLB and GDCSLB Tests

(Phase 2 Tests)
MSLB GDCSLB __DLB
D/W total pressure (MPa) 0.192 0.186 0.197
D/W nitrogen partial
pressure fraction 0.281 0.210 0.091
D/W gas temperature (K) 381 383 389
D/W water level (m) 0.0 0.24 0.32
S/C total pressure (MPa) 0.174 0.187 0.199
S/C nitrogen partial pressure (MPa)  0.164 0.177 0.190
S/C temperature (K) 326 325 324
S/C water level (m) 55 5.5 5.5
RPV pressure (MPa) 0.193 0.186 0.197
RPV temperature (K) 392 390 393
GDCS pool water level (m) 2.8 1.0 2.2
GDCS pool temperature (K) 350 344 348
PCCS pool temperature (K) 373 373 373
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ABSTRACT

The Department of Nuclear Engineering at Oregon State University (OSU)
is performing a series of confirmatory tests for the U.S. Nuclear Regulatory
Commission. These tests are being conducted in the Advanced Plant
Experiment (APEX) facility which is a 1/4 length scale and 1/192 volume
scale integral system simulation of the Westinghouse Advanced Passive
600 MWe (AP600) plant. The purpose of the testing program is to examine
AP600 passive safety system performance, particularly during long term
cooling. Thus far, OSU has successfully performed ten integral system
tests for the NRC. This paper presents a description of the APEX facility
and summarizes the important results of the NRC test program at OSU.

1. INTRODUCTION

The AP600 is an advanced reactor design, developed by Westinghouse, which relies on passive systems for
safety injection and long term cooling of the core. Title 10 Part 50.46 of the Code of Federal Regulations
requires that the computer codes used to evaluate the performance of these new passive safety systems be
benchmarked against applicable experimental data. To this end, the Department of Energy (DOE) and
Westinghouse Electric Corporation cooperated on the construction of an integral test facility that models the
AP600 design. The facility, called the Advanced Plant Experiment (APEX), was build at Oregon State
University (OSU).
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Westinghouse performed a series of experiments in APEX as part of its experimental program in support of
AP600 design certification. The NRC subsequently contracted with OSU to run a series of experiments
following the completion by Westinghouse of its experimental program.

The facility is designed around a basic concept: study the passive safety features of the AP600 under natural
circulation and depressurization conditions. The facility scaling objectives were to: identify important
processes; establish the priorities for preserving important processes; obtain the similarity groups that should
be preserved between the facility and the full-scale prototype for these processes; establish the priorities for
preserving the similarity groups to assure that important processes have been identified and addressed;
provide specifications for test facility designs; and quantify the biases due to distortions. The facility design
and testing program takes account of the following:

A spectrum of transients are possible, i... small break LOCAs in various locations (e.g. P cold leg,
C cold leg, hot leg, PBL line DVI line) orientations (top, side, bottom), SGTR(s), large breaks,
secondary side breaks, transients, etc.;

» The AP600 system has multiple loops capable of competing flow and interactions i.e. PRHR loop,
two CMT loops, two primary loops, ADS 1-3 loop, two ADS4 loops;

o The AP600 system has multiple components acting as mass and energy sources and sinks. Mass
sources include CMTs, accumulators, IRWST, sump, non-safety systems while mass sinks include
the break, ADS 1-3, ADS4a and ADS4b. Energy sources: core, structures, steam generators. Energy
sinks consist of the break, ADS 1-3, ADS4s, steam generators, CMTs, and the PRHR.

In general, the purpose of the NRC test program is to assess the margin of safety afforded by the AP600
design and to benchmark the NRC assessment code RELAP5/MOD3. This paper presents a description of
the APEX facility and the key results obtained thus far from the NRC test program at OSU.

2. APEXFACILITY DESCRIPTION

The facility scaling basis is described in Reference 1. This report describes the comprehensive scaling
methodology used to design a scaled test facility representative of the AP600 at 1:4 height and 1:192 volume
scale. The report provides a ranking of the important AP600 phenomena, the dimensionless groups that
should be preserved in the test facility and the critical geometric attributes of the scaled facility. Most facility
dimensions follow from three basic decisions: (1) 1:4 height; (2) 1:6.9 diameter scale; and (3) pressure scale
(400 psi). For gravity driven systems, a 1:2 time scale is the natural consequence of selecting a 1:4 height
scale. This time scale was preserved for all of the important transport processes.

APEX accurately models the details of the AP600 geometry including the primary system, the passive safety

systems, and parts of the non-safety grade CVCS and RNS. The interconnecting pipe routings are also
duplicated in the model. Reference 2 provides a detailed description of APEX.
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2.1 Primary System

The APEX primary system includes the following components:

A RPYV that models the upper and lower reactor internals, the core barrel, the downcomer, and the
core, Connections for the hot and cold legs and DVI lines are provided. The RPV houses 48 electric
heater rods each having a 1 inch (2.54 cm) diameter and a heated length of 36 inches (91.44 cm).
The maximum core power is 600 kW.

Reactor coolant loop piping that models two primary loops, each consisting of one hot leg and two
cold legs. Break spool pieces have been installed on the hot and cold legs, the DVI line, and the
CMT-PBL to simulate pipe breaks. The discharge from these valves vent to the BAMS to separate
and measure break flow rates.

Two SGs, one on each loop, each having tube and shell dimensions scaled to simulate a
Westinghouse Delta-75 SG.

Four RCPs, two attached to the lower channel head of each SG.

A Pressurizer with internal heaters capable of controlling pressure and minimizing pressure spikes
in the RCS.

2.2 Passive Safety System

The APEX facility includes the following passive safety systems:

Two CMT’s each having a pressure balance line that connects the CMT head to the cold leg. Each
CMT also has an injection line that permits draining of the CMT into one of two DVI lines
connected to the reactor downcomer. Check valves and isolation valves have been included.

An ADS system that includes three valves off the top of the pressurizer. The flow from ADS 1-3
is directed to a sparger that vents directly into the IRWST. The ADS 1-3 flow nozzles are sized to
represent two-trains of ADS 1-3 in the AP600. Fourth stage ADS is modeled by a single valve
located off the top of each hot leg. The ADS 4 flow nozzles are sized to model two trains of ADS 4
on each hot leg in the AP600. Failure of the ADS 1-4 valves can be simulated by installing different
flow nozzles.

Two Accumulators pressurized with nitrogen to provide safety injection during depressurization
events. Each accumulators has an injection line that connects to one of two DVI lines. Check valves
and isolation valves have been included.

An IRWST having two injection lines that connect to each DVI line. The IRWST is capable of being

pressurized to 80 psia to simulate containment backpressure. Return lines to the DVI lines are
provided to represent containment sump recirculation lines.
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» A PRHR heat exchanger located inside the IRWST. The PRHR is driven by natural circulation. It

draws liquid from one hot leg, rejects heat to the IRWST liquid, and returns cooled liquid into the
lower channel head of one SG.

Figures 1 and 2 present schematics of the APEX Test Facility.

Figure 1. Layout of the APEX Test Facility Figure 2. Line Diagram of APEX Test Facility

2.3 Break and ADS Measurement System

The BAMS is used to measure two-phase flows from breaks and the ADS measurement system. The
two-phase flow is directed to a separator where the flow is separated into liquid and vapor. The liquid flow
is measured and directed to the appropriate tank (IRWST or Primary Sump). The vapor flow is measured
and vented from the test facility. Vapor flow from ADS 1-3 is directed into the IRWST. Electrical strip
heaters are used to maintain boundary conditions at approximately 200°F. The system is capable of being
pressurized to 80 psia to simulate containment backpressure.

The BAMS contains the following components:

» A Primary and Secondary Sump - Simulates the containment compartment volumes below the
normal floodup elevation. The Primary and Secondary Sumps are connected with a line at a level
simulating the curve overflow level in the AP600. The liquid overflow from the IRWST is also
collected in the Secondary Sump. Both tanks are capable of being pressurized to 80 psia to simulate
containment backpressure. Return lines to the DVI are connected to the Primary Sump to represent
the containment sump recirculation lines.
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Four Moisture Separators - Three ADS separators and one break separator sized based on maximum
expected flowrates. Separation is primarily accomplished by the use of gravity and a swirl vane
moisture separator element. Each separator is provided with a loop seal line on the liquid discharge
to ensure vapor flow does not bypass the separator.

Containment Sump Return System - Heated water from a hold-up tank is pumped into the Primary
Sump and the IRWST at a mass flow rate equivalent to the mass flow rate of the vented steam. This
heated liquid simulates the flow of condensate from the steam vented into the containment building.
This steam would be condensed and drain into the IRWST or the containment (primary) sump.

2.4 Instrumentation

A detailed list of all of the instruments and their locations is provided in Appendix A. APEX includes the
following types of instruments:

Thermocouples (TF/TFM/TH/TW) are used to measure fluid temperatures. They are also used to
measure the temperature distribution in the CMT walls and core heater rods. Premium grade
thermocouples have been used and connected to the DAS through controlled purity thermocouple
wire.

Magnetic Flowmeters (FMM) are used to measure all single-phase liquid flow rates.

Pressure Transducers (PT) are used to measure the static pressures within the various tanks and
piping.

Differential Pressure (DP) transducers are used to measure liquid levels in various tanks and piping.
They are also used to determine pressure drops.

Vortex Flowmeters (FVM) are used to measure all steam flow rates.

Heat Flux Meters (HFM) are used to measure heat loss from individual tanks and components.
Heated Phase Switches (HPSs) are used to determine the fluid phase at various points inside system
piping. Each HPS consist of three measurements: 1) fluid temperature, 2) T between the fluid and

the heater, and 3) a relative heat transfer coefficient.

Load Cells (LC) are used to measure the weight of liquid inside the IRWST, the Primary Sump, and
the Secondary Sump.

Ambient air temperature and barometric pressure are also recorded. All of the instruments are monitored
and recorded by the DAS. Additionally, a sequence-of-events program is used to monitor various pumps
and valves in the test facility.
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3. NRC APEX TEST MATRIX

The NRC APEX test matrix primarily focused on Small Break Loss-of-Coolant-Accidents (SBLOCA). The
following summarizes the NRC tests being conducted during the first year of the contract. The tests fall into
five categories:

1. Design basis accident scenarios intended to provide counterpart to ROSA for very small breaks and
transients not covered by the Westinghouse test program.

2. Beyond design basis accident scenarios which are also counterpart to ROSA tests.

3. Tests to examine scaling issues associated with depressurization from the Westinghouse program.
4. Tests intended to help understand the data from the Westinghouse program.

5. PIRT driven tests.

Table 1 lists the tests performed thus far in 1995.

NRC-1 is a one inch cold leg break with failures of all ADS stages 1, 2, and 3 valves to open. Both of the
fourth stage ADS trains are fully functional. This is beyond design basis and is counterpart to ROSA test
AP-CL-05. The objective was to determine the effect that reduced ADS capability has on the system's ability
to depressurize to IRWST injection. The ROSA test stayed at high pressure for an extended period of time.
This extended period at high pressure was important since all of the Westinghouse tests were larger breaks,
i.e. the break alone was sufficient to remove decay heat. Therefore, limited information was available from
OSU on extended PRHR natural circulation, CMT recirculation and heatup, and thermal stratification in the
primary system.

NRC-2 is a station blackout and is counterpart to ROSA test AP-SB-01. The purpose is to evaluate the long
term PRHR performance including heatup of the IRWST to saturation. The test evaluates ADS performance
when the discharge is to a saturated pool. The IRWST injection begins with the IRWST at saturated
conditions so the period of subcooling of the primary system is not present. The test has an extended
duration at high pressure.

NRC-3 is a two inch cold leg break which duplicates Westinghouse test SB1. The purpose was to remove
a check valve in the sump exit, which is an artifact of the facility, to determine its effect on oscillations
during the long term cooling phase. The test met its objectives and we were able to conclusively prove that
the oscillation prior to sump injection was a facility artifact.

NRC-4 is also a two inch cold leg break repeat of SB1. The purpose was to bypass the break separator,
which is an artifact of the facility, to determine its effect on oscillations during the long term cooling phase.
Suspicion was directed at the break separator from an examination of the Westinghouse data, however, a
mechanistic explanation to connect the two was never found. The test met its objective, showing that the
oscillation upon return to saturation was not a result of the break separator. In the meantime a mechanism
for the oscillation was developed and explored in NRC12.
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Table 1

NRC Tests Performed
NRC TEST DESCRIPTION TEST

NRC-3 2" Break, Bottom of Cold Leg #3 with Long Term Cooling without Check | 2-6-95
Valve CSS-912

NRC-4 2" Break, Bottom of Cold Leg #3 with Long Term Cooling and Direct 2-13-95
Discharge to the Primary Sump

NRC-1 1" Break, Bottom of Cold Leg #3 with Failure of ADS Valves 1-3 to 3-16-95
Open. ROSA Counterpart Test AP-CL-05.

NRC-11 2" Break, Bottom of Cold Leg #3 with Modified ADS 1-3 Logic and No 5-25-95
CMT Refill

NRC-7 1" Break, Bottom of Cold Leg #3 with Modified ADS 1-3 Logic and No 6-8-95
Nitrogen Injection

NRC-6 1" Break, Bottom of Cold Leg #3 with Full Pressure ADS Blowdown and 6-29-95
no ADS 4 Failures (Transient in Progress Simulation)

NRC-14 1" Break, Bottom of Cold Leg #3 with Full Pressure ADS Blowdown and 7-19-95
a Single ADS 4 Failure (Transient in Progress Simulation)

NRC-12 1" Break, Bottom of Cold Leg #4 with Modified ADS 1-3 Logic 7-27-95

NRC-5 2" Break, Bottom of Cold Leg #3 without CMT Refill 8-21-95

NRC-10 1" Break, Bottom of Cold Leg #3 with Failure of 3/4 ADS 4 Valves 8-24-95

NRC-13 Parametric Study of Flow, Pressure and Level Oscillations at Return to 10-19-95
Saturation Conditions

NRC-5 is a one-half inch cold leg break and is counterpart to ROSA test AP-CL-04. The purpose is to
explore CMT and PRHR natural circulation during extended operation at high pressure characteristic of very
small breaks, similar to NRC1 and NRC2. A break of this size is smaller than was considered by the
Westinghouse testing.

NRC-6 is a one inch cold leg break at full pressure and is similar to ROSA test AP-CL-03 with the exception
that both ADS4 are fully functional and ADS 1-3 are sized at nominal flow areas rather than minimum flow
areas. The purpose is to operate the OSU facility at full pressure using initial conditions determined by AP-
CL-03. In this test, ADS] actuated at 3400 seconds at a pressure of 420 psig. Thus it is possible to operate
OSU near full pressure rather than as a scaled pressure facility and initialize the conditions to be
representative of ROSA at 3400s. This test avoided pressure scaling and provides a different representation
of the ADS phase of the transient than the other tests which were based entirely on scaled pressure.

NRC-7 was a one inch cold leg break without nitrogen injection. This is counterpart to Westinghouse SB23.
The purpose was to determine the effect of noncondensables on late depressurization and long term cooling,



particularly with regard to PRHR operation and CMT refilling, as well as the possibility to refill other
volumes in the absence of noncondensables. As such, it is directed at understanding of phenomenology.
It provides information on nitrogen effects, which are identified in the PIRT.

NRC-8 is a one inch cold leg break with failure of CMT drain valves to open. This is beyond design basis
and is counterpart to a planned ROSA test. ADS is manually actuated after a time delay. The purpose is to
determine the inventory history and ADS depressurization with reduced coolant injection.

NRC-9 is a loss of feedwater with failure of PRHR and is beyond design basis and counterpart to a planned
ROSA test. The purpose is to explore system performance in the absence of a principal safety system and
to determine CMT performance during extended operation at pressures up to the safety valve setpoint.

NRC-10 is a one inch cold leg break with failure of 3/4 ADS4 valves to open. This is beyond design basis
and counterpart to 2 ROSA test. It is intended to extend the region examined in Westinghouse test SB7.
That test had 2/4 ADS4 valves failed and the data showed a significant decrease in the margin to depressurize
to allow IRWST injection. On the other hand, it is believed that failure of 4/4 ADS4 valves to open could
prevent IRWST injection. This test determines the design margin for one of the most important aspects of
the AP600 design, namely the ability to depressurize to allow IRWST injection.

NRC-11 is a two inch cold leg break with rescaled ADS1-3. Examination of the Westinghouse test data
revealed that ADS1-3 was overscaled for late phase depressurization. The sizing of ADS1-3 was reduced
to obtain better scaling.

NRC-12 was a two inch cold leg break in the PRHR side of the plant. This was the first test with the break
on this side. The break drained away the cold returning fluid from the PRHR. The resuits can be compared
to see the effect of break location. The test was run without CMT refill. During the oscillation upon return
to saturation, the break was closed at the point in the oscillation when ADS4 flow was at a minimum. The
ADS4 flow proceeded through a normal increase in flow, through a maxima, and then settled out
immediately at an expected nominal value. When the break was reopened, the oscillation did not reestablish
itself.

NRC-13 is a parametric study of the flow, pressure and liquid level oscillations that occur during IRWST
liquid injection while the core is at saturated fluid conditions.

NRC-14 is a one inch cold leg break at full pressure similar to ROSA test AP-CL-03 with the exception that
the ADS 1-3 flow areas are set to their nominal values rather than their minimum values. This test also
assumes that 1 of 4 of the ADS 4 valves fails to open. This test avoided pressure scaling and provides a
different representation of the ADS phase of the transient than the other tests which were based entirely on
scaled pressure.

NRC-15 is a one inch cold leg break at full pressure. It is the counterpart to ROSA test AP-CL-03. This test
assumes that 1of 4 of the ADS 4 valves fails to open. This test avoided pressure scaling and provides a
different representation of the ADS phase of the transient than the other tests which were based entirely on
scaled pressure.
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4. APEX RESULTS

This section briefly summarizes the results obtained thus far from the NRC test program at OSU. In general,
the NRC test program at OSU has:

a. Demonstrated APEX test repeatability.

b. Identified and eliminated some sources of non-prototypical behavior caused by APEX facility
distortion or measurement systems.

c. Developed APEX counterpart tests for comparisons to other test facilities.
d. Identified phenomena applicable to AP600.
e. Provided data for purposes of benchmarking the NRC's assessment code RELAP5/MOD3.

4.1 APEX Test Repeatability

Figure 3 presents the pressure history for NRC-3, which is typical of an AP600 two-inch cold leg break
simulation. The transient can be divided into the following phases:

Subcooled Blowdown
Saturation Natural Circulation
ADS Operation (ADS 1-4)
IRWST Injection

Sump Recirculation Cooling

Test NRC-3 (Reference 3), performed on February 6, 1995 was a repeat of the Westinghouse two-inch break
simulation (SB-1) performed on June 1, 1994. As shown in Figures 4 through 6, these two tests showed
essentially identical results. The minor differences in the test results could be directly attributed to slight
differences in initial conditions or improvements to the facility which shall be discussed in the next section.

In general, APEX provides very repeatable results for simulations of AP600 breaks larger than two-inches
in diameter. NRC-3, NRC-4 and NRC-11 all demonstrate the excellent repeatability of an AP600 two-inch
cold leg break simulation. (Reference 4,5)

For simulations of AP600 breaks smaller than one-inch, the variability of the CMT draining process, inherent
to gravity draining under flashing conditions, becomes more significant. Because ADS actuation is
dependent on CMT liquid volume, this variability in CMT draining affects the timing of ADS-1 actuation.
Subsequent to ADS operation, the system follows the same repeatable event trajectory. The CMT draining
phenomena will be the topic of additional study.
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4.2 APEX Phenomena and Applicability to AP600
The following phenomena of interest have been observed in the APEX facility:

a. Spurious ADS-4 liquid flow oscillations were observed just prior to the onset of long term
recirculation cooling.

b. CMT refill was observed subsequent to ADS actuation.
¢. CMT asymmetric draining.

d. Low frequency (approximately two minute cycle) oscillations were observed in the DVI flow, the
ADS-4 liquid flow, the system pressure, and the reactor vessel liquid level during the IRWST
injection phase.

e. Cold leg thermal stratification.
f. Water hammer (low pressure events)
g. Core uncovering (beyond design basis transient)

A concerted effort has been made to determine if these speciﬁcwphenomena could occur in the full scale
AP600 plant. One has been found to be an artifact of the test design. The remainder appear to be feasible
phenomena for the AP600 although the event magnitudes are influenced by the effect of scale.

4.2.1 Spurious ADS-4 Liquid Flow Oscillations

Spurious liquid flow oscillations were observed late in the transient, just prior to the transition to the sump
recirculation mode of cooling. This is shown in Figure 7. A review of the data revealed that the pressure in
the BAMS and the sump were different by 0.3 psi during this portion of the transient. NRC-3 was performed
to assess the effect of this pressure difference on the system behavior. For NRC-3, the internals of check
valve CSS-912 were removed. This permitted the sump and BAMS pressures to fully equalize. As shown
in Figure 8, removal of the check valve internals resulted in an improvement in the BAMS flow measurement
and eliminated the spurious ADS-4 liquid flow oscillations.

4.2.2 CMT Refill

For most tests performed in APEX, it was observed that the CMTs would refill subsequent to their initial
draining following ADS actuation. This resulted in a temporary decrease in reactor vessel liquid level and
therefore was cited as a phenomena of interest to the AP600. This is shown in Figure 9. Figure 10 shows
the CMT level as a function of time. The CMTs refill after the system reaches low pressure because of the
vacuum produced in the CMTs due to steam condensation. The refill occurs quickly as water is drawn up
through the CMT-PBL into the CMTs. However, because the APEX is 1/4 height, it has been determined
that CMT refill is not likely to occur in the AP600 because it would require a much greater vacuum to draw
water through the CMT-PBL and the condensation process would be limited because external containment
temperatures would be elevated during transient conditions. Partial CMT refills can occur at earlier in the
transient. No conditions have been observed where CMT refill has resulted in uncovering the core of liquid.
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42,3 CMT Asymmetric Draining

Test NRC-1 (Reference 6) was a beyond design basis counterpart test to ROSA AP-CL-05. It simulated a
one-inch cold leg break with failure of all of the ADS 1-3 valves to open on demand. A comparison of NRC-
1 to AP-CL-05 revealed significant differences in the CMT draining process because of loop geometry. The
APEX facility exhibits asymmetric CMT draining which leads to rapid draining of one of the CMTs and
early actuation of ADS4. A brief period of liquid holdup in CMT-01 was observed in NRC-1. However,
because the ROSA AP600 facility uses a common CMT-PBL, asymmetric CMT draining was not observed
in AP-CL-05 test and the CMT draining was significantly delayed. Because the APEX CMT-PBL geometry
has been preserved, it is expected that AP600 CMT draining would also be asymmetric leading to an earlier
ADS 4 actuation.

4.2.4 Flow, Pressure and Liquid Level Oscillations

Figure 11 shows a set of flow oscillations observed in NRC-3 that occurs after IRWST injection begins.
These flow oscillations are associated with system pressure and level oscillations which occur at the same
frequency. The onset of these oscillations occurs when the core goes from a subcooled state to a saturated
state. Initially it was thought that these oscillations might be induced by holdup in the break flow separators
and sump. NRC-4 was designed to test this theory. In test NRC-4, the break separator was bypassed and the
flow was piped directly to the primary sump. Test NRC-4 produced identical the same results as NRC-3
demonstrating that the break separator was functioning in a "transparent” manner as designed. It is expected
that such oscillations could occur in the AP600. However, the nature of the oscillation mechanisim limits
the magnitude of the liquid level oscillations to a region above the top of the hot leg. Therefore uncovering
the core of liquid due to this phenomena is not possible.

4.2.5 Cold Leg Fluid Thermal Stratification

All of the tests exhibit fluid thermal stratification in the cold legs during different phases of the SBLOCA.
The bottom of the cold leg will typically approach theDVI fluid temperature whereas the top of the cold leg
will approach the saturation temperature at system pressure. This phenomenon has also been observed in
the ROSA AP600 tests and would be present in the full scale AP600. Figure 12 shows the fluid thermal
stratification in cold leg number 4 for test NRC-7.

4.2.6 Condensation Induced Water Hammer

Test NRC-7 (Reference 7) simulated a one-inch AP600 cold leg break. For this test, however, nitrogen
carryover from the accumulators was prevented. After the system achieved ambient pressure, a condensation
waterhammer event occurred. Because the system was at ambient pressure, it was expected that the peak
overpressure from the event was not sufficient to damage piping. An inspection of the facility confirmed that
there was no facility damage. The test result agrees with studies that show that the presence of
noncondensibles inhibits condensation processes thus reducing the likelihood of a condensation water
hammer event.
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4.2.7 Core Uncovering

None of the design basis accidents simulated thus far have resulted in uncovering the core of liquid. Test
NRC-10 was a beyond design basis accident scenario which assumed that three of the four ADS4 valves
failed to open on demand. As a result, system depressurization was significantly delayed. This delayed the
onset of IRWST injection thus permitting boiloff of core liquid. Test NRC-10 exhibited a temperature
excursion due to the uncovering of the top of the core heaters.

This phenomenon is not expected to occur in the full height AP600. The reduced height scale of APEX
results in a delay in the onset of the IRWST injection because of the reduced head available to inject against
system pressure. Test NRC-10 indicates that the AP600 could reach systems pressures below the head
required for IRWST injection in the full height AP600 prior to the liquid level reaching the top of the core;
thus preventing core uncovering. NRC-10 is a counterpart test to a ROSA test which supports the conclusion
that failure of 3 of 4 ADS4 valves would not cause the core to uncover of liquid.

5. CONCLUSIONS

The NRC test program at Oregon State University has been used to assess a variety of thermal hydraulic
conditions for the AP600 design. This includes design basis and beyond design basis accidents that can be
used to assess the safety margin afforded by the AP600 design. All of the data has been transmitted to the
Idaho National Laboratory for inclusion in the NRC database and comparison to the RELAP5/MOD?3
computer code.

Several phenomena of interest have been observed during the course of testing. These phenomena have been
assessed to determine their applicability to the AP600. One of these phenomena was conclusively shown
to be an artifact of the experiment design. Removal of check valve internals on the BAMS resulted in
eliminating the spurious oscillations in ADS 4 liquid flow occuring just prior to long term recirculation.

CMT refill was observed in APEX tests. It is expected that partial CMT refills could occur at higher system
pressure earlier in transients. However, because the APEX is 1/4 height, it has been determined that CMT
refill is not likely to occur in the AP600 at low pressure because it would require a much greater vacuum to
draw water through the CMT-PBL and condensation in the CMTs would be limited because external
containment temperatures would be elevated during transient conditions.

Test NRC-1 examined the AP600 response to a one-inch break with failure of all ADS 1-3 valves. Unlike
the ROSA AP600 counterpart test, asymmetric CMT draining was observed in APEX test NRC-1. Because
the geometry of the APEX CMT-PBL has been preserved, it is expected that the AP600 will exhibit
asymmetric draining behavior leading to early ADS 4 actuation for these conditions.

Oscillations in system pressure, DVI flow, core liquid level and ADS 4 liquid flow have been observed
during IRWST injection when the core exit reaches the saturation temperature. This phenomena is expected

to occur in the AP600 for certain break sizes. The minimum depression in core liquid level due to the
oscillations is physically confined to the top of the hot leg.
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Thermal stratification of the cold leg fluid was observed in the APEX tests. This phenomenon is expected
to occur in the AP600 and has also been observed in ROSA counterpart tests.

Condensation water hammer has been observed at low pressure conditions in APEX. Preventing nitrogen
carryover from the accumulators appears to enhance the likelihood of condensation waterhammer late in the
transient. This phenomena is applicable to the AP600.

None of the design basis tests performed thus far resulted in uncovering the core. The only test performed
for NRC that exhibited core uncovering is NRC-10. NRC-10 was a beyond design basis test that simulated
a one inch break with failure of 3 of 4 ADS 4 valves. Core uncovering is not expected to occur in the AP600
because of the additional head available for IRWST injection in the full height plant.
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ABSTRACT

The objective of the PUMA integral test program is to obtain confirmatory test data
for the SBWR Developed by the General Electric-Nuclear Energy Company. The pro-
gram was initiated in July 1993 under the sponsorship of the NRC. The SBWR has a
simplified coolant circulation system and a passive emergency cooling system. The
engineered safety systems and safety-grade systems in the SBWR are: (1) the
Automatic Depressurization System (ADS), (2) the Gravity-Driven Cooling System
(GDCS), (3) the Passive Containment Cooling System (PCCS), (4) the Isolation Con-
denser Systems (ICS), and (5) the Pressure Suppression Pool (SP). The GDCS and
PCCS are new designs unique to the SBWR and do not exist in operating BWRs. The
ICS is similar to those in some operating BWRs. The PCCS is designed for low-
pressure operation for the containment cooling, but the ICS is capable of high pressure
operation as well to cool the reactor pressure vessel. The PUMA design was completed
based on an extensive scaling analysis. The PUMA facility having 1/4 height and 1/400
volume scales is constructed. Various facility characterization tests and instrumenta-
tion and data acquisition system checks are performed presently. The facility accep-
tance test will be performed in November and integral tests will be initiated.

1. INTRODUCTION

The General Electric Nuclear Energy Company (GE) has developed a new boiling water
reactor called the Simplified Boiling Water Reactor (SBWR) [1]. Major differences between
the current Boiling Water Reactors (BWRs) and the SBWR are in the simplification of the
coolant circulation system and the implementation of passive emergency cooling systems.
There are no recirculation pumps to drive the coolant in the vessel of the SBWR. The emer-
gency core cooling and containment cooling systems do not have active pump-injected flows.

There are several engineered safety systems and safety-grade systems in the SBWR which
are directly related to the relevant issues and objectives of the present program: 1) the
Automatic Depressurization System (ADS), 2) the Gravity-Driven Cooling System (GDCS), 3)



the Passive Containment Cooling System (PCCS), 4) the Isolation Condenser Systems (ICS),
and 5) the Pressure Suppression Pool (SP). The GDCS and PCCS are new designs unique to
the SBWR and do not exist in operating BWR’s. The ICS is similar to those in some operating
BWRs. Both the GDCS and PCCS are designed for low-pressure operation (less than 1.03
MPa or 150 psia), but the ICS is capable of high pressure operation as well (up to 7.58 MPa or
1100 psia).

The ADS system becomes active at a prescribed vessel condition and depressurizes the
reactor vessel so that the gravity driven cooling systems can be activated. The goal of these
safety systems is to maintain sufficient core cooling by preventing core uncovery and dryout of
the fuel pins.

The performance of these safety systems under a loss of coolant accident (LOCA) and
other important transients is a major concern. Since the emergency cooling systems are driven
by the gravitational head, interactions between the ADS, GDCS, PCCS and other auxiliary sys-
tems are important. The emergency cooling systems depend not only on the gravitational head
but also on the relative static pressure differences between the vessel, drywell and wetwell
(suppression pool). The safety systems and various natural circulation phenomena encountered
after the initial vessel depressurization in the SBWR are somewhat different from the systems
and phenomena studied by the nuclear community in existing commercial nuclear reactors.

General Electric has performed tests to assess the GDCS performance in a low pressure
full-height GIST facility with a volume scale of 1/508 [2]. Results of this study have demon-
strated the feasibility of the GDCS concept. The GIST facility was scaled from an older
SBWR design in which the GDCS pools were combined with the SP. The PCCS was absent in
the GIST facility, hence parallel operation of the GDCS and PCCS was not observed in the
GIST experiments. GE has also performed tests to assess the PCCS performance in the low-
pressure, full height Toshiba GIRAFFE facility in Japan with a volume scale of 1/400 [3]. The
GIRAFFE tests provided data to help model the prototypic SBWR PCCS units, and demon-
strated the feasibility of the noncondensible venting concept. However, the GIRAFFE facility
was scaled from an older SBWR design, and it did not investigate GDCS injection in the
vessel. .

The new PANDA facility in Switzerland is a low-pressure, full-height facility with a
volume scale of 1/25 [4]. The main focus of the PANDA facility is on PCCS performance and
containment phenomena in a relatively large-scalé facility so that three-dimensional effects can
be assessed. However, the PANDA facility is not designed for assessing GDCS injection into
the vessel. Although GE has performed experimental and analytical studies for the PCCS and
GDCS systems and associated phenomena, the U.S. Nuclear Regulatory Commission (NRC)
has identified a need to develop additional independent confirmatory data from a well-scaled
integral test facility built to reproduce major thermal-hydraulic phenomena at relatively low
pressure (< 1.03 MPa or 150 psia) [5]. Purdue University was awarded a research contract,
"Confirmatory Integral System Testing for GE SBWR Design,” to design, construct and
operate PUMA (Purdue University Multi-dimensional Integral Test Assembly) to obtain
integral test data.
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The major objectives of the PUMA program are to:

1. provide integral data to NRC for the assessment of the RELAPS5 code for SBWR applica-
tions,

2. assess the integral performance of the GDCS and PCCS systems, and
3. assess SBWR phenomena important to LOCAs and other transients.

The focus of the PUMA integral test program is the reproduction of the important
phenomena expected in the SBWR for use in the assessment of the RELAPS code. The objec-
tive of the scaling method is to provide a facility design that will reproduce those phenomena
which occur during both the later stages of depressurization of the SBWR pressure vessel and
during the functioning of the gravity-driven safety systems. A corollary objective of the scal-
ing will be to preserve, to the extent necessary and possible, the sequence and interrelation of
the key phenomena. In this way, comprehensive data which can be related to prototypical con-
ditions will be provided for assessing the code models.

The particular focus of the integral experiments is to obtain data on the performance and
interaction of the GDCS and PCCS, particularly as related to the maintenance of the coolant
level in the RPV, containment integrity, maintenance of natural circulation, possible
occurrence of two-phase natural circulation instabilities, the effect of noncondensible gases on
PCCS performance and potential impact on the core cooling and the drywell pressure. Data
will also be obtained regarding system interaction between the GDCS, PCCS, auxiliary cooling
systems, possible water hammer occurrence during GDCS injection, feedwater injection, and
ICS condensate draining into the vessel.

The data collected will provide qualitative as well as quantitative tests of the code models
and overall predictive capability of RELAPS. In this way, the uncertainty associated with the
calculation of the safety margins predicted to exist for design-basis accidents can be
comprehensively assessed by the NRC using the code scaling and uncertainty analysis metho-
dology established several years ago.

2. SCALING METHOD

2.1 General Consideration

Since it is not feasible to build and test a full power prototypical system, a scaled integral
test facility is needed. The integral test facility scaling method should provide a rational basis
by which to scale-up the integral model test results to the prototype conditions. Therefore, it is
necessary to have a rational scaling method that establishes the interrelationship between the
important physical variables associated with mass, force and energy of the prototypical system
and the model. In view of this, a well balanced and justifiable scaling approach has been
developed for the design of the SBWR integral test facility. For this task a three level scaling
approach is used. This three level scaling approach consists of, (1) integral scaling, (2) boun-
dary flow scaling, and (3) local phenomena scaling. The integral scaling is derived from the
integral response functions for major variables in single and two-phase flow. This scaling



insures that both the steady state and dynamic conditions are simulated. It also determines the
geometrical requirements and time scale. The integral scaling results in the simulation of all
the major thermal-hydraulic parameters. The boundary flow scaling simulates the mass and
energy inventory of each component and flow among these components. The third level scaling
is used to insure that key local phenomena can be reasonably scaled. Even under the global
simulation of flow, mass and energy, various local phenomena which affect the constitutive
relations should be addressed through this third level of scaling. Local phenomena scaling have
been carried out in detail. After some distortions in local phenomena and geometry are
identified, the impact of the distortions on the integral thermal-hydraulic response of the model
facility are evaluated. This three level scaling approach is shown in the Fig. 1.

The scaling criteria for a natural circulation loop under single-phase and two-phase flow
conditions have been developed by Ishii, et al. [7-9]. The criteria includes the effects of fluid
properties, so one can also apply them for reduced-pressure system scaling. For single-phase
flow conditions, continuity, integral momentum and the energy equations in one-dimensional
area averaged forms are used. First, relevant scales for the basic parameters are determined,
then the similarity groups are obtained from the conservation equations and boundary condi-
tions. The heat transfer between the fluid and structure can be included in the analysis by using
the energy equation from the structure. It should be noted that the simulation of a long, large
pipe section by a small scale model may encounter some difficulties if the prototype system
does not have a reasonably large loss coefficient in addition to the wall frictional loss.

For a two-phase natural circulation system, similarity groups have been developed from a
perturbation analysis based on the one-dimensional drift flux model. The set of mass, momen-
tum and energy equations are integrated along the loop, and the transfer functions between the
inlet perturbation and various variables are obtained. The scaling parameters developed from
the integral transfer functions represent the whole-system similarity conditions, and are appli-
cable to transient thermal-hydraulic phenomena.

The scaling approach that has been used for the design of many existing US-NRC thermal-
hydraulic research facilities is summarized in [10]. The so-called "full pressure full-height
method" was used for most of these facilities. The scaling approach recommended by the
NRC, based on the experience accumulated from extensive LOCA studies in scaled integral
test facilities, is summarized in a comprehensive paper by Boucher, et al. [11]. The present
scaling method is an extension of the previously developed scaling approach by Ishii, et al. [7-
9] and consists of three levels of scaling detail. First, integral scaling methods are applied to
the system circulation paths. Second, component boundary flow scaling considerations are
applied in order to preserve integral mass and energy inventory. Third, scaling criteria are
developed that preserve the similarity of local phenomena such as choking, condensation and
bubble rise time. These levels of scaling detail are described below.

2.1 Integral System Scaling (1st Level)

It is necessary to have the single-phase flow similarity requirements as a ready reference,
since they are needed for a component filled with single phase and also they are needed to
simulate the single-phase to two-phase flow transition. The system consists of a thermal
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energy source, energy sink and connecting piping system between components. For a natural
circulation loop under single-phase flow conditions the similarity parameters are obtained from
the integral effects of the local balance equations (continuity, momentum and energy) along the
entire loop.

The fluid continuity, integral momentum, and energy equations in one-dimensional, area-
averaged forms are used along with the appropriate boundary conditions and the solid energy
equation. From the dimensionless forms of these equations, important groups characterizing
geometric, kinematic, dynamic and energetic similarity parameters are derived.

If similarity is to be achieved between processes observed in the prototype and in a model,
it is necessary to satisfy the following requirements:
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where subscript i designates a particular component and R denotes the ratio of a value of the
model to that of the prototype.
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The reference velocity, u,, and temperature difference, AT, are obtained from the steady-
state solution. If the heated section is taken as the representative section, these characteristic
parameters are expressed as follows:
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where the subscript o and so refer to the core flow area and heated surface area, respectively.

For two-phase flow systems, the small perturbation technique and integral response func-
tion have been used by Ishii and Kataoka [7] to develop similarity criteria. The important
dimensionless groups that characterize the kinematic, dynamic and energetic fields are given as
follows:
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This phase change number has recently been renamed as the Zuber number, Nz, in recogni-
tion of Zuber’s significant contribution to the field.
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where Vg, hyg, hgyp, and x are the drift velocity of the vapor phase, heat of evaporation, sub-
cooling and quality, respectively. In addition to the above-defined physical similarity groups,
several geometric similarity groups such as (;/,) and (a;/a,) are obtained.

The Froude, friction and orifice numbers, together with the time ratio and thermal inertia
groups, have their standard significance. Subcooling, Zuber and drift-flux numbers are associ-
ated with the two-phase flow systems. Their physical significance is discussed in detail else-
where [7-9].

Eqgs. (12) through (19) represent relationships between the dimensionless groups and the
generalized variables of a two-phase flow system. The dimensionless groups must be equal in
the prototype and model if the similarity requirements are to be satisfied. Hence, the following
conditions result:

(Nz)r=1, Ngwp)r =1, N )r =1, Ng)r =1

(Tir=1, Np)r =1, Ng)p=1,and Np)r =1 . (20)

Excluding the friction, orifice and drift-flux number similarities from the set of similarity
requirements and solving the remaining equations, one obtains the following similarity
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requirements:

(uo)r = (o)K? (21)
_ | hegPs
(hsup)r = [ Ap ]R (22)
PePghss | . d. | PsCps _12
@0 )R = [ Ap ] (S)R [Pfcpf]R(IOR) (23)

The velocity scale shows that, in contrast to the case of single-phase flow scaling, the time
scale for a two-phase flow system is not an independent parameter. From Eq. (30), the time
scale in two-phase flow is uniquely established. Thus,

lo

TR = [—] =(l,)K? (24)
R

Up

This implies that if the axial length is reduced in the model, then the time scale is shifted in the
two-phase flow natural circulation loops. In such a case, the time events are accelerated (or
shortened) in the scaled-down model by a factor of (I ,g)'? over the prototype.

2.2 Mass and Energy Inventory and Boundary Flow Scaling (2nd Level)

For integral experiments, accurate simulation of the mass and energy inventory is essential.
This requires a separate scaling criteria for the system boundary flows such as the break flow
and various ECCS injection flows. Denoting the total volume by V and the mean density by
<p>, the coolant mass inventory balance equation can be written in a dimensionless form that
applies to both the model and the prototype system as

* *

-z l'hout (24)

dt*
where
= t/(ly/u,) (25)

and
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*
and 1, = (l,/u,) for either the prototype or the model. The definition for mg, can be given
similarly. For equal model and prototype pressure simulation, (pgy)r = (Pout/P)r is Simply
unity. Hence, the simulation of the boundary flow requires

u
dout Uout =1 @7
B Y |p

This is a similarity condition for the flow area and velocity combined. Therefore, it is not
necessary at discharge points to satisfy the independent conditions for area and flow given by
the scaling criteria for circulating flow, which must be satisfied by the other components of the
loop. The form of the discharge scaling criterion is very convenient from the standpoint of
practical implementation. For example, the break flow velocity, u,y, can not be independently
controlled if choking occurs. In the case of choking, Mach number similarity is maintained.
Thus, for an equal-pressure system the break flow is prototypic in the sense that (uyy)r =1,
whereas the basic scaling (u,)g = (,)¥? and the criterion given in Eq. (27) predict that the
break flow area should be scaled according to

Ain

— | = 172
[ao ]R (or) (28)

which would result in a reduction of the break flow area beyond the geometrical scale used for
the loop flows.

Energy Inventory and Energy Flow Scaling

From the control volume balance, the energy inventory is given in non-dimensional form
by

x

dE * * . * * - * *
dt* =q —-w + zmin hijp —Z Mgy how 29
where
* . 't p. . .
Min hip = iy hip ——— ~ (=) (—) (—) () (30)
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In view of Eq. (30), for a full pressure simulation, i.e. (h,)g = 1, it is necessary to require

(hip)r = 1 (31)

This physically implies that the inflow or outflow should have a prototypic enthalpy. The
above dimensionless energy equation also shows that the initial energy inventory should be
scaled by the volume ratio.

2.3 Pressure Scaling

The work scope and program objectives of the PUMA are focused on the low-pressure
region of operation following the initial depressurization of the vessel. This implies that the
prototype pressure maximum is about 150 psi (or 1 MPa). In considering the pressure scaling
of the integral test facility, two effects should be evaluated separately. These are:

1. System pressure level, which affects all the thermal-hydraulic properties of the liquid,
vapor and phase changes.

2. Individual component or inter-component pressure distributions.

Considering the pressure scaling in these two separate effects is somewhat analogous to the
well-known Boussinesq assumption. The prototypic pressure is taken as the system pressure
scaling base. Hence, the system pressure and all other fluid properties are considered to be pro-
totypic. This will greatly simplify the scaling procedures. Thus, we have the global pressure
scaling given by pr =1

Under the above prototypic system pressure scaling, the thermodynamic and transport pro-
perties at every component are considered prototypic. However, the pressure distribution in
each component may not be prototypic. It should be noted that the pressure distribution within
a component or between components can be the controlling factor in determining the flow by
forced convection or natural circulation. This aspect of the pressure effect in a reduced-height
system should be considered separately. At the initial blowdown phase of a LOCA or other
transient, the major intercomponent flow occurs due to the initial pressure difference between
the reactor pressure vessel and the containment. For this initial phase, the pressure difference
between these two components should be prototypic at the same elevation,
(Ap;)r = 1atZg = Iy, where the subscripts i and j stand for the reactor vessel and contain-
ment, respectively.

However, in the case of natural circulation-dominated flow, such as the reactor vessel inter-
nal circulation, GDCS injection or PCCS venting, the hydrostatic head is the essential driving
force. For this case, the differential pressure is scaled by the reduced height scaling. Hence,
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Apr = Ir (at AZg = Ig) (32)

For PUMA, the initial differential pressure scaling is set by the initialization process with
isolated components. At the later stages of accident simulation, most of the significant liquid
flows between components are driven by the hydrostatic head. These flows are accurately
simulated by using proper height scaling of all major elements and components based on
AZg = lg, which implies the complete axial geometrical similarity. This condition, together
with the void distribution simulation based on the integral scaling, insures that the differential
pressure is scaled by the reduced height scaling.

2.4 Height Scaling

Under the prototypic pressure simulation, the system geometry can be determined from the
integral system scaling and the boundary flow scaling discussed above. The dynamic scaling
requirements for a two-phase flow system are given by Egs. (12-19). In general it is difficult to
match all these similarity criteria for a scaled down system, so a careful evaluation of each of
these requirements should be made.

In considering the dynamics of the system, two conditions should be considered separately.
The first is on the quasi-steady flow simulation and the second is the dynamic response of the
system, including the inertia effect. It is clear that the Froude number and friction number
scale the dynamic response. When the inertia forces are not important, only the balance
between the frictional resistance and gravitational force should be considered. This can be
achieved by taking the product of these two numbers. Thus, natural circulation number is
defined as

friction inertia
Noo = NeNee = [ interia ] [gravity head] (33)

This equation can be extended to include the minor loss coefficient as

Nnc = (Nf + NO)NFr (34)

Using kinematic and energy similarities, a less restrictive requirement, (Nf+Ny)g = 1, is
obtained for an approximate dynamic similarity between the inertia term and flow resistance.
The advantage of this requirement relative to the two independent requirements of (Ng)gr = 1
and (N, )r = 1 is significant. Under a homogeneous flow assumption, the above less restrictive
requirement can be approximated by
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2
Ne +No)g = [%+K] [31] =1 35)
R

aiR

By using the geometrical similarity criteria, (a,/2;)r=1, it follows that

fl
ikl =1 (36)
[d ]R

These two scaling criteria apply to the gravity driven flow. A careful analysis of Eq. (36)
clearly indicates the great advantage of using the reduced-height system for a given volume
scale in satisfying the dynamic similarity criteria. By reducing the flow area, the hydraulic

diameter is reduced by dg = \/zg , except at bundle sections such as the core. For most small
integral test facilities, it is necessary to have /g >dg in order to maintain a reasonably large
axial height so that the naturally existing two-phase level fluctuations do not adversely affect
various transient phenomena. In general, the ratio of the first friction term itself is always
larger than unity. However, by reducing the height of a facility, this ratio can be made closer
to unity by increasing dg for a fixed value of vg. The second significant point is that the minor
loss coefficient is an easy parameter to adjust through small design modifications in such a way
that Kg < 1 to compensate for increased friction. Hence by properly modifying the K value,
Eq. (36) can be achieved.

In view of the above and the cost consideration, the volume scale of 1/400 and the height
scale of 1/4 appear to be most desirable for the PUMA. This implies the general area ratio of
1/100, and the transverse length ratio of 1/10.

2.5 Local Phenomena Scaling (3rd Level)

Although the global scaling criteria satisfy the system response similarity, the local
phenomena may not be satisfied. Hence it is important to study the local phenomena scaling in
detail. In the local phenomena (1) reactor vessel flow dynamics and instability scaling, (2)
choked flow case, (3) unchoked flow case, (4) relative velocity and flow regime, (5) critical
heat flux scaling (CHF), (6) flashing in the chimney, (7) condensation in suppression pool, (8)
vent phenomena in suppression pool, (9) mixing in stratified fluid volumes, (10) natural circu-
lation, (11) heat source and sink, (12) PCCS venting into suppression pool, (13) condensation
in PCCS condensers, (14) stratification in the drywell, and (15) stratification in the suppression
pool are considered. The scaling of these phenomena are considered in detail and appropriate
scaling criteria and design implementations are discussed in Ref. [12].

3. SCALE OF THE PUMA FACILITY

To determine the overall size of the proposed facility, it is necessary to consider four essen-
tial factors; (1) the need to scale relations to the existing facility, (2) the need to compensate for
the shortcomings of existing facilities or complement the overall data base, (3) the need for a
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stand-alone justifiable rationale for the choice of ag and lg, and (4) the overall impact on the
total cost.

For the PUMA facility, the above factors have been examined in detail. Based on these con-
siderations, a quarter height and 1/400 volume scale have been chosen as the most desirable
design. The existing or under-construction integral facilities for the SBWR are all full height.
The GE GIST facility [2] is a low pressure, full-height facility, thus Ig = 1 and ag = 1/400.
The GIRAFFE facility [3] in Japan has Ig =1 and ag = 1/400. The planned PANDA facility
[4] has Ig =1 and ag = 1/25. The aspect ratio, Ig/dg, for these facilities are 22.5, 20 and 5,
respectively. In view of the overall cost and the volume scale of these facilities, a new facility
at the volume scale of about 1/400 appears to be optimum. This will match the mass and
inventory of the GIST and GIRAFEFE facilities.

Since the existing facilities are all full-height, the impact of the actual total height on vari-
ous phenomena can be evaluated sufficiently. However, the existing facilities fall into the
category of thin and tall systems, which have some major shortcomings. The present quarter-
height system with the volume scale of 1/400 has the advantage of well-matched gravity to
frictional forces. Furthermore, due-to relatively large cross-sectional areas, the important
phenomena of two or three dimensional flow in the drywell and suppression pool and voiding
patterns and flow regimes in the core and chimney can be better simulated. This is considered
to be particularly important for assessing the effects of two or three dimensional flow circula-
tions and various instabilities such as manometer oscillation, density wave instability, geyser-
ing and flashing-induced cyclic phenomena on the natural circulation cooling and stability of
the GDCS.

4. PUMA DESIGN AND CONSTRUCTIION

The PUMA project was initiated on July 26, 1993. The preliminary scientific design was
reviewed by the NRC on November 29, 1993. The NRC approved the design of the PUMA on
April 6, 1994 after extensive review by the NRC staff, BNL and INEL. The engineering
design of the facility was approved on August 15, 1994 and the construction was initiated. On
March 31, 1995 the basic loop construction was completed and the leak tests were performed
on April 11, 1995. The first functional test was performed after required minimum instrumen-
tations were installed. Several malfunctions of components were found and these were fixed.
The second functional test was performed successfully. The installation of all the instrumenta-
tions, wiring, data acquisitions systems and control room took approximately six months after
the completion of the loops. The system characterization tests were initiated in August and are
presently underway together with the checking of the data acquisition systems.

The schematic of the PUMA facility is shown in Figure 1. The facility includes models for
all the major components of SBWR safety and non-safety systems that are important to the
transient response to a postulated LOCA and other transients. Thus it includes the reactor pres-
sure vessel, drywell, suppression pool, GDCS, ICS, PCCS, and auxiliary system like feed water
line, CRD line and RWCU/SDC.
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The present scaled model cannot represent all detailed geometrical features of the SBWR.
The model design was based on a number of considerations. First, the requirements of global
scaling were met. Then, important phenomena were identified and scaled for local scaling. In
some cases, both global and local scaling cannot be satisfied simultaneously. In such cases, the
requirement on global scaling was kept intact and certain compromises on local scaling were
made. In addition to scaling considerations, hardware components were evaluated for ease of
construction, operation and cost. - Certain geometrical features in the model for some com-
ponents were thus distorted in PUMA. Details on these distortions and their impact on the loop
thermal-hydraulics have been discussed in [12].

From the scaling analysis, the various scaling criteria for the PUMA were obtained. The
most fundamental groups are for the geometry, power, time and flow. These are given below.

vg = 1/400 , ag = 1/100 , dg = 1/10 and Ig = 1/4
qr = 1/200

=12, u =12

From these criteria the reactor pressure vessel was scaled and the PUMA RPV dimensions
were obtained. The total height is 613 cm, ID 60 cm, volume 1.76 m3. The material is stain-
less steel 405 to comply with the ASME boiler code. The PUMA core power has a capacity of
400 kW through a total of 38 heater rods which are grouped into three power regions. The
schematic of the RPV is given in Fig. 4. It has an annulus downcomer, three rings of heater
rod arrays with 6 for the inner ring, 12 for the middle ring and 20 for the outer ring. There are
two bypass regions in the core. The chimney is divided into two axial sections as in the
SBWR. The lower section consists of nine flow channels of equal flow area. The details of the
design are given in the design report [12].

The PUMA has three GDCS tank volumes, three PCCS condensers, and three ICS con-
densers. The drywell has a total height of 6.75 m and the volume of each section in the drywell
is properly scaled. The suppression pool has a total height of 2.8 m and diameter of 2.8 m.
The automatic depressurization system is simplified to two SRVs and four DPVs. Two of the
DPVs are located in the main steam lines.

The PUMA has approximately 400 instruments that will provide detailed measurements of
the mass and energy inventory in each vessel, various flows between components, pressure,
pressure drop, temperature, void fraction, gas concentration and heat transfer.

5. Test Matrix

The facility acceptance test is planned for November 1995. Upon a successful acceptance
test, the integral tests will be initiated. The first year test matrix is divided into phase 1 consist-
ing of 15 tests and phase 2 consisting of 9 tests.
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The phase 1 test matrix includes several main steam line break LOCAs, bottom drain line
break LOCAs, GDCD line break LOCAs, loss of feedwater, feedwater line break LOCA and
several PANDA and GIRAFFE counterpart tests.

The phase 2 test matrix includes two helium tests, several bottom drain line break LOCAs
with reduced safety system functions and a station blackout scenario.

6. Conclusions

The scaling method, scientific design, engineering design and construction of the PUMA
facility for the SBWR integral tests are discussed in detail. The facility is based on the applica-
tion of a three-level scaling method which incorporates both the top-down and bottom-up scal-
ing approaches in systematic manner. In the integral scaling (i.e.: level one), the steady-state
and dynamic characteristics of circulating flow within each component are simulated. The
level two scaling based on the control volume balances of mass and energy insures that the
mass and energy inventories and inter-components flow of mass and energy are simulated. The
level three scaling examines the scaling of various local phenomena which affects the transfer
mechanisms and constitutive laws.

The resulting design is a 1/4 height 1/400 volume scaled test facility, where all the major
safety and non-safety thermal-hydraulic components of the SBWR are simulated. The power is
scaled by 1/200 and the test facility is operated at the prototypic pressure. However, the
PUMA is focused on the various transients following the initial stage of the blow down which
brings the RPV pressure to about 150 psi. The facility has the capability to simulate various
LOCAs and other transients important to the safety analysis of the SBWR. It can simulate both
the GDCS action phase and later the PCCS dominated phase in consistent manner.
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Nomenclature

< PR

=Y

~rm=m“mgommmu

m,M

Flow area scale
Cross-sectional area [m2]
Biot number

Specific heat [J/kg-C]
Diameter [m]

Energy [J]

Total pressure loss coefficient
Friction factor, friction

Mass velocity [kg-m/s?]
Grashof number

Gravitational acceleration [m/sz]
Superficial velocity [m/s]
Height [m]

Enthalpy [J/kg]

Minor loss coefficient

Axial length scale

Length [m]

Mass [kg]

Mass flow rate [kg/s]
Number

Drift flux number

Froude number

Friction number

Flashing phase change number
Natural circulation number
Orifice number

Phase change number (= Zuber number)
Subcooling number

Thermal inertia ratio

Nusselt number

Zuber number

Pressure [Pa]

Power [W]

Heat flux [W/m?]

Heat source number
Richardson number

Modified Stanton number
Time {s]

Temperature [°C]



Time ratio number

u Velocity [m/s]

Ug Internal energy of liquid
v,V Volume [m3]

Vi Drift velocity [m/s]

w Work [J]

X Quality

Z Distance [m]

Greek Symbols

B Volumetric thermal expansion coefficient K]
o Conduction depth [m]

A Difference

o,  Thermal diffusivity [m?/s]
a Void fraction

p  Density [kg/m’]

T Time Constant [s]
Subscripts

e Exit

f Fluid

g Gas

i ith component

in Inlet

m Model

0 Reference point/component
out Outlet

p Prototype

R Ratio

S Surface, solid
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INTEGRAL SCALING
TOP DOWN SCALING

| I

INTEGRAL SYSTEM SCALING CONTROL VOLUME SCALING
RESPONSE FUNCTION SCALING

Loor MASS INVENTORY
PRESSURE DROP ENERGY INVENTORY
NATURAL CIRCULATION BOUNDARY FLOW
FLOW  SATISFIES MASS, MOMENTUM AND
MASS DISTRIBUTION ENERGY CONSERVATION PRINCIPLE
ENERGY DISTRIBUTION o RELATIONS FOR
o SATISFIES SINGLE PHASE ANO ENERGY SCAUNG
TWO -PHASE FLOW SCALING MASS SCALNG
CRITERA PRESSURE SCALING
© SATISFIES MASS AND ENERGY BOUNADRY FLOW SCALING
CONSERVATION PRINCIPLE

AWRMWWW_L

BOTTOM UP SCALING

REACTOR VESSEL FLOW DYNAMICS AND INSTABILITY
BREAK AND ADS FLOW SCALUING

SCALING FOR FLOWS DRIVEN BY HEAD
RELATIVE VELOCITY AND FLOW REGIME
CRITICAL HEAT FLUX SCALING (CHF)
FLASHING IN CHIMNEY

CONDENSATION IN SUPPRESSION POOL
VENT PHENOMENA IN SUPPRESSION POOL
MDAING IN STRATIFIED FLUID VOLUMES
NATURAL CIRCULATION

HEAT SOURCE AND SINK

PCCS VENTING INTO SUPPRESSION POOL
CONDENSATION IN PCCS CONDENSERS
STRATIFICATION IN THE SUPPRESSION POOL

SCALING CRITERIA

SINGLE PHASE SCALING NUMBERS TWO PHASE SCALING NUMBERS
AAL LENGTH SCALING NO. PHASE CHANGE NO. (ZUBER NO.)
FLOW AREA SCALING NO. SUBCOOUNG NO.
RICHARDSON NO. FROUDE NO.
FRICTION NO. DRIFT FLUX NO.
BIOT NO. TIME RATIO NO.
MODIFIED STANTON NO. THERMAL INERTIA NO.
TIME RATIO NO. FRICTION NO.
HEAT SOURCE NO. ORIFICE NO.

VARIOUS LOCAL PHENOMENA SCALING CRITERIA

SCIENTIFIC DESIGN

N

ENGINEERING DESIGN |~

SCALING DISTORTIONS

Fig. 1 Schematic Diagram for PUMA Scaling Procedure
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Fig. 4 Schematics of PUMA Reactor Pressure Vessel Internals
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The PANDA Tests for SBWR Certification

G. Varadi, J. Dreier, Th. Bandurski,
O. Fischer, M. Huggenberger, S. Lomperski, and G. Yadigaroglu

Thermal Hydraulics Laboratory
Paul Scherrer Institute (PSI), CH-5232 Villigen PSI, Switzerland

Abstract

The ALPHA project is centered around the experimental and analytical investigation of
the long-term decay heat removal from the containments of the next generation of
"passive" ALWRs. The project includes integral system tests in the large-scale (1:25 in
volume) PANDA facility as well as several other series of tests and supporting analytical
work. The first series of experiments to be conducted in PANDA have become a
required experimental element in the certification process for the General Electric
Simplified Boiling Water Reactor (SBWR).

The PANDA general experimental philosophy, facility design, scaling, and
instrumentation are described. Steady-state PCCS condenser performance tests and
extensive facility characterization tests were already conducted. The transient system
behavior tests are underway; preliminary results from the first transient test M3 are
reviewed.

1 Introduction: The ALPHA Project and PANDA

In 1991, the Paul Scherrer Institute (PSI) in Switzerland, initiated the ALPHA project for
the experimental and analytical investigation of the long-term decay heat removal from
the containment of the next generation of “passive" ALWRSs; the effects of aerosols on
containment performance are also considered. The dynamic containment response of

main affiliation: Swiss Federal Institute of Technology (ETH), CH-8092 Zurich, Switzerland
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such systems, as well as containment phenomena, are investigated. The ALPHA
project includes integral system tests in the large-scale (1:25 in volume) PANDA facility;
the smaller-scale separate-effects LINX series of tests related to various passive
containment mixing, stratification, and condensation phenomena in the presence of
non-condensable gases; the AIDA tests on the behavior of aerosols in Passive
Containment Cooling Systems (PCCS); and supporting analytical work. The project has
been, so far, mainly directed to the investigation of the General Electric (GE) Simplified
Boiling Water Reactor (SBWR) PCCS and related phenomena.

The PANDA integral-test results discussed here were initially expected to bring only
confirmatory information for the certification of the SBWR by the United States Nuclear
Regulatory Commission (US NRC). Recent developments have made the first series of
experiments to be conducted in PANDA a required experimental element in the
certification process; thus, the tests are now performed according to the NQA-1 Quality
Assurance procedure.

The SBWR confirmatory research and later the certification effort have been conducted
in collaboration with a large international team. The closest PSI partners in this team
have been the Electric Power Research Institute (EPRI), the General Electric Company
(GE) and the University of California-Berkeley (UCB) in the US, the Netherlands Energy
Research Foundation (ECN) and KEMA in the Netherlands, the Toshiba Corporation in
Japan, the Instituto de Investigaciones Eléctricas (llE) in Mexico, and the ltalian
national utility ENEL, as well as ENEA, Ansaldo, and SIET in Italy.

Elements of the SBWR international program closely linked to the ALPHA project are:

¢ Single-tube condensation experiments at UCB (Vierow and Schrock, 1991; Kuhn et
al.,1995) and at MIT (Siddique et al., 1993).

e The smaller scale (1:400) integral test facility GIRAFFE, operated by Toshiba
(Yokobori et al., 1991).

o The full-scale PCCS condenser qualification PANTHERS experiments performed by
SIET in ltaly (Botti et al., 1994).

Tests in all major PSI facilities started in 1995. The very first series of PANDA
experiments conducted at the beginning of 1995 were steady-state PCCS condenser
performance tests, as counterpart tests to those conducted at the PANTHERS and
GIRAFFE facilities. Extensive facility- characterization tests were completed in July
1995: the facility leak rates, heat losses, as well as the pressure-drop—flow-rate
characteristics of the various lines were obtained. These are needed for the accurate
description of the facility in computations. The first transient system behavior test was
conducted in early October 1995 and the remaining series of transient tests intended
for SBWR certification are underway and should be completed at about the end of
1995.

In addition to the large-scale PANDA tests, small-scale experiments and numerous
analyses were conducted at PSI to better understand basic phenomena and SBWR
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system behavior, to provide preliminary data for the development of computational
models, etc.

2 The PANDA Large-Scale Facility

The PANDA general experimental philosophy, facility design, scaling, and
measurement concepts were defined in early 1991 (Coddington et al., 1992). At that
time it was decided to design a large-scale facility capable of simulating SBWR
behavior during the long-term (or PCCS-cooling) phase of the postulated Loss-of-
Coolant Accident (LOCA). The tests cover the LOCA phase that starts typically one
hour after scram. They are intended to investigate mainly any three-dimensional effects
that may be present during this phase. Thus, in relation to the SBWR certification effort,
the PANDA transient test objectives are to demonstrate that:

» Containment performance is similar in a larger-scale, multidimensional system to
that previously demonstrated with the smaller-scale GIRAFFE tests.

* Any non-uniform distributions in the containment do not create significant adverse
effects.

e There are no adverse effects associated with multi-unit PCCS operation and
interactions with other reactor systems.

e The tests also extend the data base available for code qualification and serve to
further validate the system code TRACG (Andersen et al., 1993).

2.1 Conceptual Design

Early during the conceptual design phase of the facility, it was recognized that it was
neither possible nor desirable to preserve exact geometrical similarity between the
SBWR containment volumes and the experimental facility (Coddington et al., 1992), in
spite of the fact that multidimensional containment phenomena such as mixing of gases
(steam and noncondensables) and natural circulation between compartments may
depend on the particular geometry of the containment building. Any attempt to
reproduce the complex geometry of the SBWR in the PANDA facility would have been
futile; the various phenomena taking place in the containment are complex and simple
linear geometric scaling would have rather produced serious scaling distortions.

The various containment volumes were instead represented by interconnected simple
cylindrical vessels. The general philosophy followed in designing the experimental
facility was to allow any multidimensional effects to take place by dividing the main
containment compartments (Drywell and Suppression Chamber) in two to allow for
spatial distribution effects to manifest themselves. A variety of well-controlled boundary
conditions (e.g., imbalances) can be imposed during the experiments, to study the
various phenomena under well-established conditions, and in certain cases establish
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an envelope for the behavior of the system. Carefully conducted “parametric” or
sensitivity experiments can also provide more valuable data for code qualification, than
attempts to simulate geometrically, but to a necessarily limited degree, the rather
complex reactor system. Boundary conditions and the interconnections between
containment volumes and their behavior can be controlled to study various system
scenarios and alternative accident paths.

Following this general philosophy, the SBWR Reactor Pressure Vessel (RPV) and the
Gravity-Driven Cooling System (GDCS) pools are represented each by one vessel. The
Drywell (DW) and Suppression Chamber (SC or Wetwell) are represented both by two
separate, interconnected vessels (Figures 1 and 2). The RPV contains a 1.5 MW
electrical heat source. The electric “core” geometry and the heat rod dimensions are
not intended to match those of the SBWR reactor core; they merely provide the
necessary amount of heat to the RPV. The RPV internals (chimney height, etc.) also
resemble those of the SBWR. The parameters of importance for global system
behavior, namely, the RPV water inventory and water level are accurately scaled.

25m

v a— PCC Pool _IC Pool

W w. ‘

Scaling:
Height 1:1
Volume 1:25
Power 1:1 -

E | 4

Figure 1 Schematic lllustration of the SBWR and of the PANDA Facility (at the same
scale)
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There is a total of three PCCS condensers representing the corresponding three units
in the SBWR and a single Isolation Condenser System (ICS) condenser representing
two of the three corresponding SBWR units. (The two SBWR ICS condenser units
correspond to the 2x50 % design value of the cooling capacity; the third ICS condenser
is an extra 50 % redundant unit.) The condensers are connected to the two DW
vessels, as shown in Figure 3. The fact that there are three PCC units and only two DW
volumes allows some degree of asymmetric behavior or creates flows between the two
DWs, even with equal flow areas from the RPV to the two DW volumes. The details of
the system and its scaling rationale are described by Huggenberger (1991), and
Coddington et al. (1992). Figure 3 shows details of the piping interconnecting the
various volumes.

2.2 Scaling of the PANDA Facility

In relation to scaling, both “"top-down" and "bottom-up" (Zuber, 1991) scaling
considerations and criteria were developed. General, "top-down," scaling criteria are
derived by considering the processes controlling the state of classes of containment
sub-systems (e.g., containment volumes, pipes, etc.). Close examination of specific
phenomena or system components (e.g., thermal plumes, vents, etc.) leads to "bottom-
up" scaling rules.

A rigorous scaling study (Yadigaroglu, 1994) describes the sdaling rationale and scaling
details of the PANDA facility. Additional work (Coddington and Andreani, 1995;
Andreani and Tokuhiro, 1995) covers certain particular aspects of scaling.

2.2.1 Top-Down Scaling

Generic scaling criteria for thermal-hydraulic facilities, such as those proposed by Ishii
and Kataoka (1983) are not specific to the combined thermodynamic and thermal-
hydraulic phenomena taking place inside containments. Thus, specific scaling criteria
for the design of facilities simulating the dynamic operation of BWR containments such
as PANDA were derived. ‘

The SBWR containment is particularly complex and thermo-hydraulically coupled to the
primary system. In addition to the usual BWR pressure suppression system and its
various components, such as the main vents, one must now also consider the
operation of the particular PCCS system and its components. According to the “top-
down” approach, general scaling criteria were derived by considering the processes
(rate of pressurization, heat and mass transfers) controlling the state of classes of
containment subsystems (e.g., containment volumes, pipes, etc.).

In essence, mass and energy transfers take place between containment volumes
through their junctions. Heat may also be exchanged between volumes by conduction
through the structures connecting them. These exchanges lead to changes in the
thermodynamic condition of the various volumes; this, in particular, leads to changes of
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the volume pressures. The junction flows (flows between volumes) are driven by the
pressure differences between volumes. Thus, the thermodynamic behavior of the
system (essentially, its pressure history) is linked to its thermal-hydraulic behavior (the
flows of mass and energy between volumes).

Prototypical fluids under prototypical thermodynamic conditions are used in PANDA,;
the nitrogen filling initially the containment is, however, replaced by air - the difference
is of no importance. The fact that the fluids are expected to be in similar thermodynamic
states and have similar composition in the prototype and the model, can be used to
simplify the analysis and scaling of the facility.

The top-down scaling study confirmed the validity of the (familiar) scaling of all the
following variables with the "system scale," R:

(power),, = (volume), = (horizontal area in volume). = (mass flow rate),
= (heat transfer areas), = R

where the subscript R denotes the ratio between the corresponding scales of prototype
and model. The system scale R can be defined as the ratio of prototype to test facility
power input. For PANDA, R = 25.

in the BWRs, and particularly during the PCCS-cooling phase of the LOCA considered
here, the important pressure drops and the corresponding junction flows are controlled
by the submergence depth of vents in the Pressure Suppression Pool or by hydrostatic
pressure differences between interconnected liquid volumes (e.g., the RPV and GDCS
pool liquid spaces). The analyses of these processes justify the choice of 1:1 scaling for
the vertical heights in general and for the submergence depths in particular
(Yadigaroglu, 1994).

The pressure evolution resulting from the thermodynamics of the system and the
pressure drops between volumes must clearly scale in an identical fashion. Considering
the fact that prototypical fluids are used, this requirement links the properties of the fluid
(in particular the latent heat and the specific volumes of water and steam) to the
pressure differences between volumes (and to water levels or submergence depths of
vents), resulting in 1:1 scaling for pressure drops. Thus, the above considerations resuit
in:

1:1 scaling for pressure differences, elevations, levels, and submergences

This scaling rule determines the pipe diameters, lengths, and hydraulic resistances,
and indirectly dictates the transit times between volumes. These transit times should, in
principle, have the same (1:1) time scale as the time constants controlling the filling or
pressurization rates of system volumes. This matching cannot be perfect, but the
distortion is shown to be negligible, since the transit times are much shorter than the
volume filling or pressurization times.

For the types of transients taking place in the SBWR, the average pressure drops
between containment volumes are not expected to be dominated by inertial effects
(very rapid changes in flow rates). Thus, the inertial characteristics of the piping (i.e.,
the lengths of piping and the velocities in these pipes), do not have to be scaled
exactly. Usually (and fortunately), the total pressure drops in the piping are dominated
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by local losses, so that the total pressure drops in the scaled facilities and in the
prototype can be matched by introducing adequate local orifice losses.

2.2.2 Scaling of Specific Phenomena - Bottom-Up Approach

Close examination of the specific phenomena governing the operation of certain
system components (e.g., vents immersed in the Pressure Suppression Pool of the
SBWR) led to "bottom-up" scaling rules. Bottom-up scaling (Yadigaroglu, 1994) was
applied for phenomena and facility components that were selected as being of
particular importance by a Phenomena lIdentification and Ranking Table (PIRT)
exercise. These include the scaling of thermal plumes, mixing and stratification
phenomena in the Pressure Suppression Pool, as well as in the Drywell volume, of heat
and mass transfers at liquid-gas interfaces, of the heat capacity of containment
structures, etc. Of particular importance is also the scaling of the various vents
discharging mixtures of steam and noncondensable gases into the Pressure
Suppression Pool. The importance of heat losses was considered in detail and the
facility was very heavily insulated to minimize losses.

Heat and mass transfer in the PCCS and ICS condensers must also be properly scaled.
Condensation in the presence of noncondensables inside the tubes is perfectly scaled
since the PANDA condenser tubes have prototypical dimensions and are expected to
work under prototypical conditions. Heat transfer on the secondary, pool side may be
affected by natural circulation in the pool. Although the PANDA PCCS and ICS pools
have smaller scaled surface areas than the SBWR pools, water can be added during
the experiments in a controlled manner to compensate for the smaller water inventory.

In summary, the PANDA model is essentially a 1:25 "vertical slice" of the SBWR. The
heat capacity and heat losses of the experimental facility cannot be made to match
those of the SBWR. This issue can be addressed, however, during data reduction by an
accurate system heat balance based on measurements and heat loss calibrations.

3 Instrumentation and Data Acquisition

The facility is heavily instrumented with some 600 sensors for temperature, pressure,
pressure difference, level or void fraction, flow rate, gas (oxygen or air) concentration,
electrical power, valve position, and conductivity (presence of phase) measurements.
Thus, the instrumentation includes, beyond the classical instruments, also non-
condensable fraction (oxygen) sensors, phase detectors, ‘floating thermocouples”
measuring the surface temperature of pools, etc.

A very large number of thermocouples measure not only fluid temperatures, but also
facility component temperatures (vessel and pipe wall temperatures); these are used to
obtain accurate heat balances and to estimate the heat losses from the various facility
components.
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The data acquisition system can sample and store all instrumentation channel readings
continuously with a frequency of 0.5 Hz and for short periods of time with a "burst”
frequency of 5 Hz. The facility is operated and controlled remotely and interactively by a
computer-screen-based system. Very few operator interventions need to take place
during the tests.

4 Preconditioning: Establishment of the Proper Initial Conditions for the Tests

The PANDA facility is equipped with auxiliary air and water supply systems for
preconditioning the contents of the various system components. In particular with

1. An auxiliary air supply system (connected to the top of each vessel), used to
pressurize any vessel.

2. A demineralized water supply system (that can be connected to the RPV and to the
auxiliary water system), used to initially fill any system volume.

3. An auxiliary water system connectable to top and bottom filling ports in all vessels
and pools. The system includes cooling and heating capability; for heating, heat is
drawn from the RPV via a heat exchanger. Draining ports are also provided in all
vessels and pools.

4. An auxiliary steam system: steam from the RPV can be directed to any vessel for
preheating its structure or its gas space.

5. An auxiliary vent system that can be connected to any vessel; the system includes a
pressure or temperature controlled vent valve.

Systems 4 and 5 in combination can be used for venting vessels (to establish, for
example a pure-steam atmosphere). Directing the water supplied by the auxiliary water
system to either the top or the bottom filling port of a vessel allows the establishment of

both stratified and well-mixed initial conditions in its water space at the beginning of the
tests.

According to typical preconditioning procedures, before test initiation, the various
containment volumes are isolated, filled with the required fluids, and heated using heat
from the RPV via a preconditioning-system heat exchanger. When the required initial
conditions are reached, the vessel connections are opened and the test begins.
Experience from the first tests has shown that the specified initial conditions can be
matched very precisely (e.g., for temperatures within less than * 2 K).
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5 Steady-State PCCS Condenser Qualification Tests

The very first series of PANDA experiments conducted at the beginning of 1995 were
steady-state PCCS condenser performance tests, as counterpart tests to certain tests
conducted at the PANTHERS and GIRAFFE facilities. In this first series of tests, the
effect of noncondensables on the condenser performance was investigated. Thus, the
tests were conducted mostly at constant steam flow rate and variable noncondensable
mass fraction.

For these tests, one of the PCCS condenser units (the most extensively instrumented
one) was connected directly to the RPV by a specially built line. Thus, the RPV
provided the required steam flow rate. The required noncondensable gas flow rate was
injected directly into the pipe connecting the RPV to the PCCS condenser, well above
the inlet of the condenser to insure adequate mixing. The liquid drain flow was
discharged via the PCC drain to the GDCS pool and from there it was returned to the
RPV. The vent flow was directed to the SC that had no liquid in it. The DWs were
isolated. The GDCS and the SCs were connected and preheated to avoid subcooling
of the condensate and condensation of any steam vented from the condensers. The
pressure downstream of the condensers, in the SC and the GDCS, was controlled by
venting to the atmosphere. For pure-steam tests, the condenser vent line was closed
and the pressure in the RPV was allowed to find its own equilibrium value; this was the
pressure level needed to achieve full condensation rate.

After achieving the required condenser inlet and downstream pressure conditions and
assuring that stable operation had been achieved, the test data were recorded for at
least 10 minutes. The test was considered successful when the specified test
conditions were met in an average sense within a given tolerance (e.g., = 5 % for the
steam flow), during 10 minutes of the recording period, and when the standard
deviation of any oscillations also did not exceed the same tolerance level. Repeatability
tests showed differences in condenser performance of only a few percent.

Figure 4 shows the condenser efficiency, defined as the fraction of inlet steam
condensed, as a function of the noncondensable mass fraction, at the reference steam
flow rate. As expected, the condenser efficiency diminishes as the noncondensable
mass fraction increases. The figure contains also blind pre-test predictions obtained
with the TRACG code. These TRACG predictions were completed and submitted to the
US NRC before running any of the tests. The trends predicted by TRACG are in
excellent agreement with the experimental ones. The TRACG values are quantitatively
slightly conservative (i.e., they tend to underpredict condenser performance).

6 Facility Characterization Tests

Extensive facility characterization tests were completed in July 1995: the facility leak
rates, heat losses, as well as the pressure-drop—flow-rate characteristics of the various
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Function of the Noncondensable Mass Fraction at Constant Steam Flow Rate.
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lines were obtained. These are needed for the accurate description of the facility in
computations.

The facility was first pressurized with air to a pressure of 5 bars. The various system
vessels where than isolated by closing the valves on the lines connecting them. The
facility was left at that state for 62 hrs. The pressure decrease in each individual vessel
due to any leakage was recorded and corrected for air temperature effects. The cold-
system losses measured this way were lower than 0.08 % vessel volumes per day for
all vessels except for the RPV, that had a higher leak rate (3.7 % per day).

The cold leakage tests were followed by heat loss tests. For these tests, the vessels
were initially interconnected, purged of any air by steam injection and finally filled with
saturated steam at 4 bars. The vessels were than valved off and isolated from each
other and from the environment and left to cool down due to heat losses. The recorded
vessel gas-space and wall temperatures allowed estimation of the heat losses.

Figure 5 shows the sum of all the heat losses from the facility measured this way as a
function of vessel (essentially vessel wall) temperature. The measured total facility
losses met and exceeded the heat loss criteria initially established to design the facility:
they did not exceed about 7 % of the expected scaled reactor decay heat power at 24
hrs after scram (the design target was 10 %). In reality, the actual losses during a
typical test will be even lower, since the SCs will be at a lower temperature.

The PANDA facility includes flow rate instruments in practically all its lines, as shown in
Figure 3. As a final facility characterization test, the flow rates and the line pressure
losses were measured simultaneously in all instrumented lines. For most lines, these
tests were conducted in a quasi-steady state fashion with air (by using the air stored
under pressure in one of the facility vessels). Since the vessels are very large, the
variation of the pressure during recording of the characteristics was very small. For the
two Main Steam Lines and the three PCCS feed and vent lines, the tests were also
conducted using steam produced in the RPV. Water tests have been carried out for the
GDCS return line to the RPV and the equalization line between the WW’s and the RPV.

The flow-rate vs pressure-drop tests showed that the total pressure losses in the
various system lines had been correctly estimated (in comparison to the SBWR values)
and “built-in.” They also provide the exact loss coefficients that can be used in
computer models of the system.

In summary, the facility characterization tests described summarily here demonstrated
that the facility mass and heat leakages were below the maximum acceptable values
set earlier and that the pressure-drop flow-rate characteristics of the lines matched the
ones of the SBWR system.

237



45 /
40 Total

Heat Loss (kW)
N
W

50 70 90 110 130 150
Temperature (°C)

Figure 5 Measured PANDA Facility Heat Losses as Functions of Vessel Temperature.

238



7 Transient System Behavior Tests

A series of nine transient system tests have been planned as the primary containment
and systems interaction data base for SBWR certification. The test matrix is set in a
way investigating parametric variations around a base test, that is a counterpart test to
one of the GIRAFFE tests. Thus, any effects of system scale and of non-uniformities in
the system will become apparent. '

This transient test series includes several Main Steam Line Break (MSLB) tests. The
initial conditions for these tests are the state of the system one hour after scram during
the LOCA; at that time the DW contains mostly steam and almost all the air has been
pushed into the SC. One test is similar to a GIRAFFE MSLB test with uniform Drywell
conditions, while a second one maximizes the influence of DW asymmetries on the
operation of the PCCS condensers. Uniform and asymmetric DW conditions can be
created in PANDA by varying the fraction of steam flow that is injected into each of the
interconnected Drywell vessels and by modifying the number of condenser units directly
connected to each vessel.

Another test is designed to investigate the startup of the PCCS system. In this case, the
DW contains initially a large amount of air. Tests investigating the effect of the Isolation
Condensers on global system performance and the effects of Vacuum Breaker
openings are also planned. Finally, there are tests designed to explore the effect of DW
to WW leakage which bypasses the Suppression Pool.

The actual transient system behavior tests are underway. The first transient Test M3
was conducted successfully at the beginning of October 1995. This test has
demonstrated the following:

* the facility can be operated and controlled very well, and very narrowly defined initial
test conditions and boundary conditions (initial states of various containment
volumes, power input, etc.) can be achieved

« the pre-conditioning equipment worked  very successfully in this respect

« the instrumentation performed with high accuracy and reliability; certain very difficult
flow rate measurements are still under scrutiny; a combination of measurements
and analysis will be needed to resolve problems related to these.

The data from the M3 test are being analyzed. Preliminary and necessarily limited and
tentative findings concerning the SBWR long-term containment cooling system are:

» The overall global behavior of the containment was very favorable; the system
exhibits great "robustness." The PCCS units were able to accommodate themselves
in sharing the cooling load, regardless of any observed dissymetries and three-
dimensional effects.
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o There are possibly interesting findings regarding the distribution  of
noncondensables and their effects on the PCCS system. Small amounts of
noncondensables seem to affect the status of the condensers operating in paraliel.
The global operation of the PCCS system does not, however, seem to be influenced
by such possible dissymetries and three-dimensional effects, as noted above.

This is reassuring since, indeed, PANDA was built to investigate such effects.

Definite conclusions will be obtained after examination and analysis of all the data; this
is underway. )

8 Pre-Test Calculations

Blind pre-test calculations are performed and submitted to the US NRC, as stated
earlier. The first such calculations were conducted in collaboration with GE, IIE in
Mexico, and KEMA and ECN in the Netherlands using the TRACG code. The pre-test
calculations for the steady-state PANDA PCCS condenser tests showed very good
agreement between the calculated condenser performance and the test data, the
TRACG calculations being only slightly conservative, as already stated.

Pre-test calculations for the first transient Test M3 predicted the peak containment
pressure very well. Comparison of the code predictions with the detailed test data are
just beginning.
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NRC CONFIRMATORY AP600 SAFETY SYSTEM PHASE I
_ TESTING IN THE ROSA/AP600 TEST FACILITY
Gene S. Rhee, U.S. Nuclear Regulatory Commission
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ABSTRACT

The NRC confirmatory phase I testing for the AP600
safety systems has been completed in the modified ROSA
(Rig of Safety Assessment) test facility located at
the Japan Atomic Energy Research Institute (JAERI)
campus in Tokai, Japan. The test matrix included a
variety of accident scerarios covering both design and
beyond-design basis accidents. The test results
indicate the AP600 safety systems as reflected in ROSA
appear to perform as designed and there is no danger
of core heatup for the accident scenarios
investigated. In addition, no detrimental system
interactions nor adverse effects of non-safety systems
on the safety system functions were identified.
However, three phenomena of interest have been
identified for further examination to determine
whether they are relevant to the AP600 plant. Those
three phenomena are: (1) a potential for water hammer
caused by rapid condensation which may occur following
the actuation of the automatic depressurization system
(ADS), (2) a large thermal gradient in the cold leg
pipe where cooled water returns from the passive
residual heat removal system and forms a thermally
stratified layer, and (3) system-wide oscillations
initiating following the ADS stage 4 actuation and
persisting until the liquid in the pressurizer drains
and steam generation in the core becomes
insignificant.

I. Introduction

Westinghouse Electric Corporation submitted the Advanced Passive 600 MWe
(AP600) nuclear power plant design to the Nuclear Regulatory Commission (NRC)
for design certification. In contrast to the current generation of reactors,
this new design features passive safety systems for mitigating accidents and
operational transients. Since these passive safety systems rely on gravity-
driven flow, most of the driving forces for the safety functions are small
compared to those available under conventional pumped systems. Thus, the
performance of these new safety systems may be adversely affected by small
variations in thermal hydraulic conditions. Also, the computer analyses of
the passive safety systems pose a challenge for current thermal-hydraulic
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system analysis codes in that the current codes were not sufficiently assessed
for conditions of low pressure and low driving heads and for the system
interactions that may occur among the multiple flow paths used in the AP600
design. Therefore, integral effects test data have been obtained under the
ROSA/AP600 Confirmatory Test Program for evaluation of AP600 safety system
performance and for independent assessment and validation of computer analysis
codes. Other integral effects test data were also obtained from the NRC low
pressure confirmatory test program at the Oregon State University (OSU) test
facility and by Westinghouse from its integral test programs in the SPES-2
(Simulatore Per Espriencze di Sicurezza-2) and OSU test facilities. SPES-2 is
a full-pressure, full-height test facility in Italy but much smaller in scale
(1/395 by volume) than ROSA which represents a 1/30 volume-scale for AP600.
The OSU facility is a low pressure, reduced 1/4 height facility with a
considerably smaller volumetric scale (1/200 by volume) as compared to ROSA.
NRC confirmatory safety system testing is not required for design
certification but would provide additional technical bases for the NRC
Ticensing decisions.

The ROSA/AP600 testing was conducted in cooperation with the JAERI. The
arrangement of this cooperative effort was reported earlier in the 1994
International Topical Meeting on Advanced Reactors Safety (Ref. 1).

This paper provides an overall look at the testing program. Figure 1 shows
how the ROSA/AP600 Test Program fits in the overall objective of predicting
the behavior of the AP600 safety systems under various accident conditions.
A1l of the test results related to the AP600 system behavior, namely the
results obtained from ROSA/AP600, SPES, and OSU test facilities, are
integrated, and a consistent model is synthesized. After scaling aspects are
taken into account appropriately, the AP600 safety system behavior is finally
predicted. It should be noted that what is observed in ROSA may not
necessarily occur in the AP600.

II. Facility Description

The ROSA facility is a full-height, full-pressure facility and includes two
primary loops, each containing one cold leg, one hot leg, an active inverted-U
tube steam generator, and an active reactor coolant pump. The reactor
pressure vessel includes an annular downcomer and contains full-length
electrically heated rods capable of generating 10 MW or 16 percent of the
scaled full power of the AP600.

The facility configuration and the relative height of each component are shown
in Figure 2. The ROSA facility was originally designed after a Westinghouse
4-loop plant with the simplification of each loop representing two Toops of a
4-1oop plant. In order to implement the AP600 design, the facility was
extensively modified, resulting in the configuration shown in Figure 2. In
particular, all of the AP600 safety systems were implemented in the ROSA
facility. However, there were still some discrepancies between ROSA and AP600
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configurations. These discrepancies were considered to have a minor effect on
E:e system behavior. In any case, the main discrepancies are in the following
ree areas: ~—

1. ROSA has one cold leg in each loop whereas AP600 has two cold legs
in each loop. This means that in ROSA the pressure balance lines
(PBLs) of both core makeup tanks (CMTs) are supposed to be
connected to the same cold leg, unlike in AP600 where each CMT PBL
is connected to a different cold leg, and thus in ROSA what
happens in one CMT may unduly affect the other CMT through the
common cold leg connection. For instance, a break in the PBL of
one CMT may cause rapid fluid loss in the cold leg which in turn
affects the PBL of the other CMT. In order to avoid undue
influence of one CMT on the other, the CMT PBL is connected to the
cold leg of its own loop for the tests involving PBL breaks.
Figure 2 shows the usual configuration, i.e., both PBLs connected
to the same cold leg through a common offtake pipe.

2. The ROSA cold legs have a shallow Toop seal whereas AP600 has no
loop seals. The depth of the loop seal was much reduced from the
original value. However, it could not be eliminated completely
because of hardware constraints. A loop seal bypass was installed
to examine the effect of a loop seal. When a loop seal is present
and contains 1iquid, it would hinder the vapor flow from the steam
generator to the downstream break or to the PBL take-off point in
the cold leg. Thus, the loop seal may affect the system behavior
somewhat. However, it turned out that the effect was not
appreciable.

3. The ROSA cold legs and hot legs are at the same elevation whereas
in AP600 the cold legs are at a slightly higher elevation than the
hot legs. This discrepancy is not expected to cause much
difference in the system behavior.

The details of the facility configuration and modification were reported
earlier (Ref. 1, 2, and 3).

I1I. Test Matrix

Since the ROSA facility is a full-pressure test facility, it is particularly
good for studying the system behavior under high pressure conditions. The
types of accident scenarios chosen for the ROSA/AP600 test matrix were those
which would provide high pressure conditions for a relatively long period of
time during which the system behavior and the interactions among subsystems
could be studied. Each accident scenario chosen encompassed a multitude of
phenomena, some of which occurred at the same time while others appeared
sequentially. Any one test was not chosen to see a particular phenomenon but
to examine many phenomena and their interactions. These tests were integral
effects tests and not separate effects tests and covered both design and

245



beyond-design basis accident scenarios. In all cases the important objective
of the test was to obtain data for the computer code assessment under AP600-
1ike conditions .-

The specific test matrix is shown in Table 1. It can be divided into two
categories; 1) design basis accidents with a single failure criterion, and 2)
beyond-design basis accidents involving multiple failures. The first category
consists of loss-of-coolant accidents (LOCAs) of small to medium size breaks
ranging from a 1/2" break in the cold leg to a double-ended guillotine break
in the direct vessel injection line and the inadvertent opening of a stage 1
valve of the ADS. The second category involves multiple failures of various
components such as steam generator tubes, ADS valves, and CMT discharge
valves. In all cases except for Test No. 5 (APCLO5) where all ADS stage 1-3
valves failed shut but all four ADS stage 4 valves were operational, one of
the ADS stage 4 valves was assumed to have failed as the worst single failure.

Table 1 shows two different configurations, either AP600 or SPES. The AP600
configuration refers to the case where the orifices in the ADS lines were set
to obtain the best-estimate flows whereas the SPES configuration refers to the
case where the ADS orifices were set corresponding to the minimum ADS valve
areas following practices used in SPES tests. The reason. for following the
SPES practices was to use the same test conditions in order to run counterpart
tests. For non-counterpart tests, the objective was to use the best-estimate
test conditions to investigate the best-estimate behavior of the safety
systems.

IV. Test Results

The test results discussed in this paper are the ones directly related to the
question of how effectively the core is cooled under various accident
conditions. One of the key accident mitigation strategies used in the AP600
design is the effective depressurization of the primary system to the
containment pressure to allow Tong term coolant injection from the in-
containment refueling water storage tank (IRWST). Figure 3 shows system
depressurization behavior as a function of time for various accident
conditions. As expected, the depressurization rate increased as the break
size increased. Even if there was no break as in the case of a station
blackout event, the system depressurized effectively as a result of cooldown
by steam generators, the passive residual heat removal (PRHR) system, CMTs,
and the accumulators (ACC). The precipitous decline of pressure near the end
of the transient was due to actuation of ADS.

The best way for assuring the cooling of the core is to show that the core is
always covered with single phase liquid or two-phase mixture. Such is the
case for all 14 tests conducted so far covering a wide variety of accident
scenarios. Figure & shows collapsed liquid levels in the vessel as a function
of time for representative cases. Only a double-ended guillotine break in the
direct vessel injection (DVI) line showed that a significant part of the upper
region of the core was above the collapsed liquid level. However, even in
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this case two-phase mixture covered the entire region of the core as suggested
by the fact that the upper plenum had a significant amount of liquid
throughout the transient.

The effective core cooling is also evidenced by a clad temperature plot a
representative of which is shown in Figure 5. A1l of the heater rod surface
tenpe:at:res are either below or at the saturation point throughout the
transient.

Although ROSA/AP600 tests suggest that the AP600 safety systems appear to
perform as designed and there is no evidence of core heatup for a variety of
accident conditions, three phenomena of interest have been identified for
further investigation to determine whether they are relevant to AP600.

One of the phenomena identified for further investigation is the rapid
condensation and potential for water hammer which may occur following the
actuation of the ADS. Prior to actuation of ADS, a significant amount of
liquid would be lost in a LOCA event. As an example, Figure 6 shows the
1iquid inventory distribution some time before ADS actuation. In this
particular test a small break was located in the pressure balance line of one
of the CMTs. As can be seen in Figure 6, vapor-liquid interfaces existed in
the upper plenum and the core among other places. However, there was a
substantial amount of subcooling in the bulk region of the cold legs, core,
and the upper plenum as a result of efficient cooling mainly by the PRHR
system and the CMTs. Upon actuation of ADS, large valves in the ADS line were
opened particularly when the ADS stage 2 was actuated. A large amount of
fluid then rushed out of the pressurizer to the IRWST, causing a large amount
of 1iquid and vapor to be drawn up toward the pressurizer from the other parts
of the system. This action created a breakup of vapor-liquid interfaces and
allowed vapor and subcooled liquid to come in contact, causing the rapid
condensation of steam and the generation of pressure spikes and possibly water
hammer. A tremendous potential for fluid motion due to rapid condensation of
steam following the ADS actuation is reflected in Figure 5, which indicates
that the entire upper half of the core was occupied by the fluid of the same
temperature.

The second phenomenon identified for further investigation is the occurrence
of a large temperature gradient in the cold legs because of thermal
stratification between the existing coolant and the cooled water returned from
the PRHR. Figure 7 shows a temperature profile in the cold leg in the PRHR
side. These temperatures were taken from a thermocouple rake which contained
5 equally spaced thermocouples across the cold leg. A large temperature
gradient also existed in the other cold leg (the CMT side cold leg) as shown
in Figure 8 even though the magnitude is less than that in the PRHR side cold
leg. The extent and duration of the thermal stratification in the cold leg
may not be representative of AP600 since similar tests in OSU showed a
different behavior. For instance, a 1" cold-leg break in OSU did not show any
thermal stratification even though a 2" cold-leg break test showed a thermal
stratification. One of the major differences between ROSA and OSU is the
arrangement of the PRHR return line. In ROSA the return 1ine is connected to
the cold leg about 85 cm downstream from the steam generator outlet plenum
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whereas in OSU the return line enters the steam generator outlet plenum
itself. This and other factors should be considered in extending the ROSA
results to the AP600 plant.

The above two phenomena do not appear to affect any safety system functions
seriously even though the thermal stratification in the cold 1eg would have
some effect on other phenomena such as the recirculation around the CMT and
the removal of mass and energy from the system through the break. The
important thing is to recognize that they may be important to structural
integrity, and thus they must be evaluated to determine whether they are
relevant to the AP600. -

The last phenomenon identified for further investigation is the occurrence of
system-wide oscillations which were initiated following the actuation of the
ADS stage 4 and which persisted until the liquid in the pressurizer drained
out and the steam generation in the core became insignificant. During this
particular time period, practically everything oscillated even though the
amplitude was different for different. variables. The oscillation was slow
with the period varying from about 300 sec at the outset of the oscillation to
about 100 sec near the end of the oscillation period. For example, Figure 9
through 12 show the collapsed 1iquid levels in the upper plenum and in the
pressurizer, the pressure in the upper plenum, core temperatures, the mass
flow rate through the ADS stage 4A line, and the injection flow rate from the
IRWST to the downcomer. Some of these are in-phase while the others are out-
of-phase with each other. For instance, the pressurizer liquid level is in-
phase with the IRWST injection flow rate while it is out-of-phase with the
upper plenum liquid level, upper plenum pressure, core temperatures, and the
ADS4 flow rate. The causes for these oscillations have not been completely
determined yet. However, some plausible explanations are described below.

The basic components involved in the characteristic, slow system-wide
oscillations are shown in Figure 13. On close examination, one notices that
there are two forcing functions which cause the oscillations to occur. One of
them is that the liquid mass in the pressurizer needs to drain out. The other
is that the steam generated in the core needs to vent out.

The 1iquid inventory shown in Figure 13 .represents the condition shortly after
the ADS stage 4 valves opened. Previously when the ADS stage 1 valves opened,
a large amount of flow started passing through the ADS 1ine connected to the
top of the pressurizer. As the ADS stage 2 and'3 valves opened, the flow
increased even more and carried a large mass of liquid from the vessel and the
hot leg to the pressurizer which was soon filled completely with liquid. The
liquid level in the pressurizer slowly decreased as the flow through the ADS1-
3 1ine decreased as a result of decreasing pressure. When the liquid level in
either of the two CMTs decreased to a set point, the ADS stage 4 valves
opened, forcing a large amount of flow through the ADS4 1ine and drastically
reducing and eventually eliminating the flow through the ADS1-3 line. When
there was not enough upward flow in the pressurizer, the liquid mass in the
pressurizer could not be supported and thus had to drain out. However, this
draining process was not smooth because the space vacated by the draining
1iquid had to be occupied by the steam which had to come from the hot leg
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below since the ADS stage 1-3 line was closed for the vapor flow. Since the
surge line pipe was not big enough to allow steam and water to have a stable
countercurrent flow,- the liquid downflow was intermittent; the 1iquid downflow
first followed by the steam upflow. This oscillatory draining process
continued until all of the liquid drained out from the pressurizer. The
upward steam flow carried 1iquid with it, and thus the liquid draining process
was prolonged.

The other cause for the oscillations is due to the fact that two-phase flow
must go through restricted openings of the ADS stage 4 valves in order to
vent. In other words, if these openings are large enough to avoid any
significant interference with two-phase flows, the venting process would not
cause any oscillations. When two-phase flows vent through restricted openings
such as ADS stage 4 lines, they may exhibit oscillatory behavior particularly
when the upstream pressure is lower than that which would produce choked flow.
The postulated reason is as follows. At the restricted openings the liquid
piles up as a result of preferential passage of vapor, and eventually the
openings may be filled up completely with the 1iquid at which time steam still
being generated in the core would start raising the pressure. When the
pressure is high enough, a liquid plug formed at the restricted openings would
be expelled, clearing the way for steam to vent again with the accompanying
reduction in pressure. This alternate blockage and clearing of two-phase fTow
would produce oscillations in pressure which in turn would affect many other
system variables.

The two mechanisms giving rise to oscillations as described above are not
independent of each other because they both affect the common variables which
in turn provide a feedback to the driving variables. For instance, as the
pressurizer 1iquid drains, it would tend to increase the liquid level in the
hot leg which in turn would tend to increase the probability of forming a
1iquid plug in the ADS4 1line which would increase the pressure in the hot leg
and the vessel, which would reverse the 1iquid downflow in the pressurizer as
steam would now try to fill the space that had just been vacated by the
draining liquid.

The system-wide oscillations described above did not seriously affect any
safety functions nor core coolability. However, if such oscillations are to
occur in the AP600, the operator should be made aware of when and why such
oscillations would occur.

For the scenarios investigated, a concern about the possible violent
condensation taking place in the top region of CMTs did not materialize.
Instead, the ROSA/AP600 tests showed that recirculation between cold legs and
CMTs warmed up cold liquid in CMTs which eventually flashed as the system
depressurized to allow the CMTs to drain. If flashing did not generate enough
pressure to overcome the downstream pressure, draining would be delayed until
the cold leg was uncovered such that steam could flow up to the top of the CMT
through a pressure balance line. In this latter case, a violent condensation
did not occur because the top part of the CMT liquid had already been warmed

up.
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The test matrix also included tests for investigating the effect of non-safety
systems on safety system functions. Specifically, the effect of a makeup pump
on the system bemavier was investigated and found to be insignificant.
Interactions among the subsystems were also investigated, and no detrimental
interactions were identified.

Y. Conclusion

The AP600 safety systems, as reflected in ROSA, seem to function as designed,
and there is no evidence of core heatup in all of the accident scenarios which
were investigated. However, three phenomena of interest have been identified
for further examination to determine whether they are relevant to the AP600.
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Table 1 ROSA-AP600 Program Test Matrix

No Test Date Test Description

1 AP-CL-03 | April 14,°94 | 1-Inch Bottom-Oriented Cold Leg (CL) SBLOCA'. SPES
Configuration & ADS Stages 1, 2, 3 One-Valve Operation.

2_| AP-AD-01 | May 17,94 | Inadvertent Opening of ADS Stage’. SPES Configuration.

3 | AP-CL-04 | June7,°94 | 1/2-Inch Bottom-Oriented CL SBLOCA'. AP600
Configuration.

4 | AP-PB-01l | June28, 94 | 2-Inch Pressure Balance Line (PBL) SBLOCA'. SPES
Configuration.

5 | AP-CL-05 | August2,°94 | 1-Inch Bottom-Oriented CL SBLOCA with Failure of ADS
Stages 1, 2, & 3. AP600 Configuration.

6 | AP-PB-02 | Sept20,'94 | 1-Inch PBL SBLOCA, A-Loop CMT Check Valves Failed
Closed, B-Loop Loop Seal Bypass Open. AP600
Configuration.

7 | AP-DV-01l | Octll, ‘94 | Direct Vessel Injection (DVI) Line Double-Ended-Guillotine
Break (DEGB)'. AP600 Configuration with revised coolant
pump coastdown.

8 | AP-CL-06 | Nov.1,'94 | 1-Inch Top-Oriented CL. SBLOCA®'. SPES Configuration &
ADS Stages 1, 2, 3 One-Valve Operation.

9 | AP-BO-01 | Nov.24,'94 | Station Blackout">. AP600 Configuration with revised coolant
pump coastdown.

10 | AP-SG-01 | Dec. 17,94 | Steam Generator Tube Rupture (SGTR): 1-3/4 Tubes
Ruptured'. AP600 Configuration with revised coolant pump
coastdown.

11 | AP-SL-01 | April 18,95 | Main Steam Line Break with 5-Tube SGTR'. AP600
Configuration.

12 | AP-CL-07 | May 16,95 | 1-Inch Bottom-Oriented CL SBLOCA with Failure of 75% of
ADS Stage 4 (Only 25% of ADS Stage 4 in B-Loop)®. SPES
Configuration & ADS Stages 1, 2, 3 One-Valve Operation.

13 | AP-CL-08 | June6, 95 | 2-Inch Bottom-Oriented CL SBLOCA"*>. AP600
Configuration with revised coolant pump coastdown.

14 | AP-CL-09 | Junc27,'95 | l-Inch Bottom-Oriented CL SBLOCA with Chemical Volume

Control System (CVCS) Makeup Pump Injecting Into A-Loop
Crossover Leg, 1 Accumulator (A-Loop), No CMTs, 50% of
ADS, & 1 of 2 IRWST Gravity Drain Lines (A-Loop). AP600
Configuration with revised coolant pump coastdown.

L% TR N PUR N

One Stage 4 ADS valve failed in B-Loop.

Core power decay curve includes G-Factor henceforth.

PRHR heat exchanger bundle reduced from 45 tubes to 21 tubes.
Steam separators installed on ADS Stage 4 discharge lines.
IRWST Feed & Bleed system used.
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