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ABSTRACT

In the United States, Emergency Core Cooling Systems (ECCS) are
required for light water reactors (LWRs) to provide cooling of the reactor
core in the event of a break or leak in the reactor piping or an
inadvertent opening of a valve. These accidents are called loss-of-coolant
accidents (LOCA), and they range from small leaks up to a postulated full
break of the largest pipe in the reactor cooling system. Federal
government regulations provide that LOCA analysis be performed to show that
the ECCS will maintain fuel rod cladding temperatures, cladding oxidation,
and hydrogen production within certain limits. The NRC and others have
completed a large body of research which investigated fuel rod behavior and
LOCA/ECCS performance. It is now possible to make a realistic estimate of
the ECCS performance during a LOCA and to quantify the uncertainty of this
calculation. The purpose of this report is to summarize this research and
to serve as a general reference for the extensive research effort that has
been performed. The report: (1) summarizes the understanding of LOCA
phenomena in 1974; (2) reviews experimental and analytical programs
developed to address the phenomena; (3) describes the best-estimate
computer codes developed by the NRC; (4) discusses the salient technical
aspects of the physical phenomena and our current understanding of them;
(5) discusses probabilistic risk assessment results and perspectives, and
(6) evaluates the impact of research results on the ECCS regulations.
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FOREWORD

Emergency Core Cooling System (ECCS) design, analysis, and research
has progressed steadily over the past twenty years. We have seen
relatively simple computer codes developed at Bettis Atomic Power
Laboratory mature into much more sophisticated predictive tools, such as
the Transient Reactor Analysis Code (TRAC). Simple experiments involving a
one foot heated core have now been supplemented with data from a full-size
pressurized water reactor simulator.

As the data and analysis methods advance, so must the regulator. In
the early 1970s, regulatory staff were constrained to making highly
conservative assumptions in their analyses of loss-of-coolant-accidents
(LOCA) because of the limited experimental and analytical data base. This
resulted in very stringent licensing requirements. In 1988, after a
strenuous (and expensive) era of data-gathering and model-building, it now
appears that regulation should move along the lines of best-estimate
assessment. Thus in step with the technical developments, the Nuclear
Regulatory Commission (NRC) has revised the ECCS rule contained in
10 CFR 50.46 and Appendix K (published in the Federal Register 53 FR 35996)
to permit more realistic analyses of ECCS performance. However in keeping
with the admonition by the Commission in its 1973 issuance of Appendix K,
we propose to retain a margin of safety by a requirement that calculational
uncertainties be explicitly taken into account. This together with the
demonstrated safety margin that will be retained in the 10 CFR 50.46 limits
will provide a suitably conservative regulatory posture.

In addition to the rule, a regulatory guide, "Best-Estimate
Calculations of Emergency Core Cooling System Performance," has also been
published. The guide indicates features of ECCS evaluation codes that are
acceptable to produce realistic calculations of ECCS performance, it lists
models, data and model evaluation procedures that are acceptable to NRC
staff, and it describes methods acceptable to NRC staff for performing
uncertainty evaluations.

v



An important regulatory change such as this requires a technical
basis. This document contains a distillation of the research that, taken
as a whole, is the technical basis.

We gratefully acknowledge our contractors, the Electric Power Research
Institute, our international associates, and the many dedicated researchers
who have advanced our understanding of ECCS performance.

Dr. Denwood F. Ross
Deputy Director for Research
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EXECUTIVE SUMMARY

Emergency core cooling systems (ECCS) are required on light water
reactors (LWR) in the United States to provide cooling of the reactor. core
in the event of a break in the reactor piping or the inadvertent opening of
a relief valve or isolation valve. Section 50.46 of 10 CFR Part 50
provides acceptance criteria that the ECCS must meet through required
calculations of the resulting loss-of-coolant accident (LOCA). Appendix K
to 10 CFR Part 50 sets forth certain rules on how these calculations must
be performed. The criteria of 50.46 and the calculational methods of
Appendix K were formally published in January 1974 and were based
conservatively on the limited understanding of LOCA phenomena and ECCS
performance at that time. The research into LOCA/ECCS since 1974 has
greatly improved the understanding of the LOCA and ECCS performance and has
reduced the uncertainty in calculating ECCS performance. The end product
of this research is to provide validated computer codes with quantified
uncertainties. The determination of these code uncertainties will result
from extensive comparisons with data from both U.S. facilities and a number
of foreign test facilities under an ongoing International Code Assessment
Program (ICAP). The purpose of this compendium is to summarize this
research and to serve as a general reference for this extensive research
effort.

Research on ECCS performance has included determination of the heat
produced by the fuel following a LOCA (decay heat), the heat transfer
within the fuel rod, and the damage to the fuel cladding that occurs at
high temperatures (oxidation and deformation). The 1979 ANS-ANSI Decay
Heat Standard represents the summation of a large experimental and

'_ analytical data base and provides significantly improved methods for
calculating the heat produced by the fuel and the uncertainties in these
estimates of heat production. A similar improvement in the ability to
accurately calculate the oxidation and resulting damage to the fuel
cladding at high temperature has been achieved. Research results in fuel
material properties and behavior at high temperatures now allow better
estimates of the initial stored energy in the fuel and estimates of how
rapidly this energy is conducted out of the fuel.

Thermal-hydraulic research has investigated fluid flow and heat and
mass transfer phenomena that would occur during a LOCA, which must be
understood to determine how well the ECCS would cool the core. This
research has required close interaction between experimental and analytical
work. Advanced computer codes such as TRAC and RELAP5 now independently
account for the mass, energy, and momentum of the steam and water, a
complexity that is required in many cases to accurately calculate the LOCA
phenomena. Additionally, the occurrence of multidimensional phenomena in
experimental research facilities led to the capability of the TRAC code to
handle multidimensional phenomena.

A number of separate-effect experiments have been performed to develop
or validate models in the computer codes. These separate-effect
experiments are used to investigate specific phenomena. The overall
results of advanced computer code calculations are assessed using data from



integral test facilities. These facilities simulate the operation of all
essential plant components and controls during the entire course of the
LCOA using the full pressure and temperature of reactor systems. The LOFT,
Semiscale, OTIS, MIST, and FIST facilities provide integral simulation data
in systems modeling the major U.S. reactor designs. Both large- and
small-break LOCA tests have been conducted to assess the computer codes
over a wide range of possible geometries, scales, and transients. These
data show that the codes generally provide accurate calculations of the
LOCA. Areas where improvements to the accuracy are needed have also been
highlighted by these tests.

Some plants are being limited in operation by the conservative
requirements of 50.46 and Appendix K. The ECCS research-has shown that the
restrictions on operation due to ECCS requirements are more stringent than
necessary. The NRC has proposed a revision to 50.46 that would allow
best-estimate calculations to be used in licensing in place of the
Appendix K methods. A key feature of this proposed use of best-estimate
calculations is that the licensee must quantify the uncertainty of the
calculations and include this uncertainty when comparing the results of the
calculated ECCS performance with the temperature limits and other limits of
50.46. The licensee will still be allowed to use 50.46 and Appendix K
methods as an option to the proposed approach.
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1. INTRODUCTION

Emergency core cooling systems (ECCS) are required on light water
reactors (LWR) in the United States to provide cooling of the reactor core
in the event of a break in the reactor piping or the inadvertent opening of
a relief valve or isolation valve. These accidents are called
loss-of-coolant accidents (LOCA), and they range from small leaks in the
piping up to a postulated full break of the largest pipe in the system.
The ECCS include pumps and pressurized tanks of water designed to replenish
the cooling water lost through the break. Section 50.46 of 10 CFR Part 50
provides acceptance criteria that the ECCS must meet. This regulation
requires that calculations of the LOCA be performed to show that the ECCS
will maintain fuel cladding temperatures, cladding oxidation, and hydrogen
generation within certain limits. It also requires that the reactor core
remain in a state that can be cooled and that long-term decay heat removal
be provided. Appendix K to 10 CFR Part 50 sets forth certain rules on how
these calculations must be performed.

The criteria of 50.46 and the calculational methods of Appendix K were
formally published in January 1974 after extensive rulemaking hearings and
were based conservatively on the understanding of ECCS performance at that
time. Technology available to understand and calculate the performance of
the ECCS was extremely limited, and few experimental facilities and
analytical techniques were available to aid in the evaluation of ECCS
performance. In addition, there was a significant uncertainty as to the
actual decay heat that would be produced by the reactor following reactor
shutdown (scram) as well as the behavior of the fuel cladding at high
temperatures. It was uncertain whether injected ECCS water would remain in
the vessel and, if it did remain in the vessel, whether it would cool the
core adequately. Computer code technology was also very limited and
existing codes were not capable of calculating the complex fluid flow
patterns and heat transfer (thermal-hydraulics) that would occur during a
LOCA. Because of these limitations, the methods specified in Appendix K
contain significant conservatisms to cover the large uncertainties that
existed at that time. The Atomic Energy Commission (AEC) intended that
Appendix K would be revised as the knowledge improved and uncertainties
were reduced.

Over $700M has been spent by the NRC on research into LOCA/ECCS. The
majority of this research has now been completed. The results have greatly
improved the understanding of the LOCA and ECCS performance during the
accident and have reduced the uncertainty in calculating ECCS performance.
The methods of Appendix K are highly conservative. Actual temperatures
during a LOCA would be much lower than those calculated using Appendix K
methods. Realistic estimates of the ECCS performance during a LOCA can be
made including the uncertainty on this calculated performance. The purpose
of this report is to summarize this research and to serve as a general
reference for this extensive research effort.
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Research on ECCS performance has included determination of the heat
produced by the fuel following a LOCA (decay heat), the heat transfer
within the fuel rod, and the damage to the fuel cladding that occurs at
high temperatures (oxidation and deformation). Experimental and analytical
work has resulted in a set of standards and calculational methods
describing these processes. The 1979 ANS-ANSI Decay Heat Standard
represents the summation of a large experimental and analytical data base
and provides significantly improved methods for calculating the heat
produced by the fuel and the uncertainties in these estimates of heat
production, which are significantly smaller than previous uncertainties.
This standard indicates that heat produced following a LOCA, including
uncertainty, would be over 20% lower than the heat production required by
Appendix K. This is one of the largest single conservatisms in
Appendix K. This large conservatism was anticipated in 1974 but was,
nevertheless, inserted in Appendix K to account for other uncertainties in
the overall calculation of ECCS performance. A similar improvement in the
ability to accurately calculate the oxidation and resulting damage to the
fuel cladding at high temperature has shown that the requirements of
Appendix K in this area are also conservative. Research in fuel material
properties and behavior at high temperatures now allow better estimates of
the initial stored energy in the fuel and estimates of how rapidly this
energy is conducted out of the fuel.

Thermal-hydraulic research has investigated fluid flow and heat and
mass transfer phenomena that would occur during a LOCA, which must be
understood to determine how well the ECCS would cool the core. This
research has required close interaction between experimental and analytical
work. Computer codes available in 1974 were too simplified to calculate
complex LOCA phenomena. These codes assumed that steam and water were
uniformly mixed and at the same temperature (homogeneous equilibrium
models). In reality, steam and water may separate and flow at different
velocities and in different directions and may be at different
temperatures. Computer codes such as TRAC and RELAP5 now independently
account for the mass, energy, and momentum of the steam and water. This
calculational complexity is required in many cases to accurately calculate
the LOCA phenomena. Constitutive relations describe the interaction of
vapor and liquid and determine the heat transfer resulting from different
flow patterns. Experiment data were required to develop these constitutive
relations and to provide comparisons with calculations to assess the
overall accuracy of the computer codes.

A number of separate-effect experiments have been performed to develop
or validate models in the computer codes. These separate-effect
experiments are used to Investigate specific phenomena. The Marviken
facility in Sweden provided data on the rate that cooling water would
escape from the reactor vessel in pipe sizes near those of a plant to
assess break flow models. ECC bypass tests investigated the possibility of
injected ECCS cooling water bypassing the core and escaping through the
break. These tests have shown that this phenomenon of ECC bypass Is
reduced at larger sizes and less ECCS water is lost. Tests of ECC bypass
are being conducted in the Upper Plenum Test Facility (UPTF) to benchmark
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models at full reactor scale. Separate-effect test facilities such as THTF
and TLTA investigated the heat transfer that would occur during the
blowdown phase of the LOCA when the cooling water was still escaping.
These facilities used electrically heated rods to simulate the nuclear core
and operated at full plant temperatures and pressures. The FLECHT facility
provided experiment data on core cooling as the reactor vessel is reflooded
by the ECCS. A number of other smaller model development tests provided
more detailed data with which to develop models for fluid flow patterns and
heat transfer.

Many of the phenomena that would occur in a reactor during a LOCA
(e.g., flows may separate and go in different directions) may not take
place in a small facility because of the limited size and dimensionality of
the facility. ECC bypass is just one example. The TRAC computer code has
the capability to calculate multidimensional phenomena, and a number of
large-scale tests have been or are being conducted to assess
multidimensional calculations and the effects of scale size on the
phenomena. The SSTF facility showed that multidimensional effects would
occur during a LOCA in a BWR and that these effects are generally
beneficial to core cooling. The BWR version of the TRAC code has been
shown to adequately predict these multidimensional phenomena. The
international 20/3D program between the United States, the Federal Republic
of Germany, and Japan is sponsoring the SCTF, CCTF, and UPTF, which are
providing data for TRAC assessment of multidimensional effects in PWR-scale
facilities during simulated LOCA transients.

The overall results of computer code calculations are assessed using
data from integral test facilities. These facilities simulate the
operation of all essential plant components and controls during the entire
course of the LOCA using the full pressure and temperature of reactor
systems. The LOFT, Semiscale, OTIS, MIST, and FIST facilities provide
integral simulation data in systems modeling the major U.S. reactor
designs. Both large- and small-break LOCA tests have been conducted to
assess the computer codes over a wide range of possible geometries, scales,
and transients. These data show that the codes generally provide accurate
calculations of the LOCA. Areas where improvements to the accuracy -are
needed have also been highlighted by these tests.

The end product of this research is to provide validated computer
codes with quantified uncertainties. The determination of these code
uncertainties will result from extensive comparisons with data from both
the U.S. facilities listed above and a number of foreign test facilities
under an ongoing International Code Assessment Program (ICAP).

TRAC and RELAP5 calculations of LOCAs have been made and estimates of
the uncertainty of these calculations can be obtained from code assessment
work performed to date. Conclusions about a given plant requires a
specific set of calculations because the ECCS performance will vary from
plant to plant and for different assumed LOCA transients. However, based
on generic plant calculations, cladding temperatures during a large-break
LOCA (usually the most limiting for licensing calculations) are estimated
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to be from several hundred to as much as 10001F less than the cladding
temperatures predicted using current licensing models based on Appendix K.
This margin between licensing calculations and best estimates of ECCS
performance depends on the specific plant and transient and also contains
some level of uncertainty. However, this uncertainty is significantly
smaller than the conservatism in existing Appendix K models. Thus a
technical basis exists to revise the licensing requirements.

The ECCS research has shown that the restrictions on operation due to
ECCS requirements are more stringent than necessary. The NRC has adopted a
revision to 50.46 that allows best-estimate calculations to be used in
licensing In place of the Appendix K methods. A key feature of this
proposed use of best-estimate calculations is that the licensee must
quantify the uncertainty of the calculations and include this uncertainty
when comparing the results of the calculated ECCS performance with the
temperature limits and other limits of 50.46. The licensee will still be
allowed to continue to use 50.46 and Appendix K methods as an option to the
revised approach.

The foregoing discussion is a brief introduction to the topics covered
In this compendium. Subsequent sections of the compendium present detailed
information on the subjects Identified here. Section 2 summarizes ECCS
licensing from the initial rulemaking through the currently proposed
structure of the licensing revision. Section 3 summarizes the state of the
art of nuclear reactor safety in 1975, as well as some of the conclusions
made by the special study group of the American Physical Society (APS) in
its review report. Thus Section 3 provides a reference base from which to
measure the progress made in nuclear reactor safety during the past decade,
that is, during a period of time that the APS report estimated would be
required to make such progress.

Research methods and programs (experimental and analytical) developed
by NRC to address and resolve these issues, are taken up in Section 4.
Section 5 describes the evolution of the best estimate codes and the
capabilities of these codes. Section 6 discusses the salient physical
phenomena and/or process associated with LOCAs and the resulting safety
issues.

. Probabilistic risk assessment results and perspectives are discussed
in Section 7, whereas the conservatism in Appendix K Methods on the ECCS
Rule is evaluated in Section 8.

Test facilities used to acquire the needed data base are listed and
described in Appendix A. LOCA/ECCS programs supported by EPRI are
discussed in Appendix B, together with the relevant results.
Instrumentation development programs and results are presented in Appendix C.
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2. ECCS LICENSING

2.1 Statement of Problem

Nuclear power plants are designed with several major barriers to the
accidental release of radioactive materials to the environment. The first
of these is the cladding that encapsulates the nuclear fuel. The second
barrier is the piping and vessels containing the cooling fluid that
extracts the heat from the fuel rods. The third barrier is the containment
building that surrounds the reactor vessel and the reactor cooling piping.

Most nuclear power plants in the U.S. are either high pressure,
liquid-water cooled plants (PWR, about 2300 psig) or high pressure,
boiling-water cooled plants (BWR, about 1200 psig). For these types of
plants, a design basis includes a large break in the coolant piping leading
to loss of this cooling water, thus allowing heatup of the fuel rod
cladding and simultaneously increasing the pressure inside the containment
building. Emergency core cooling systems are intended to replenish the
lost cooling water and thus limit damage to the fuel rods and subsequent
release of radioactive materials.

Section 50.46 of 10 CFR Part 50 provides acceptance criteria for
emergency core cooling systems (ECCS) in light water nuclear power
reactors. This section requires that calculations of loss-of-coolant
accidents (LOCA) be performed to show that the ECCS will maintain cladding
temperatures, cladding oxidation, and hydrogen generation within certain
specified limits. It also requires that a coolable core geometry be
maintained and that long-term decay heat removal be provided. Appendix K
of Part 50 sets forth certain rules on how these calculations must be
performed. The criteria of 50.46 and the calculational methods specified
in Appendix K were formally published in January 1974 after extensive
rulemaking hearings and are based on a conservative understanding of ECCS
performance available at that time (Reference 2-1).

Because extensive directly applicable experimental data did not yet
exist in 1972 for use in computer code development or in assessing the
predictive capabilities of these codes for key portions of the LWR response
to LOCAs, large uncertainties existed in predictions of these transients.
Accordingly, sufficiently conservative assumptions were used in developing
50.46 and Appendix K in 1974 to provide assurance that ECCS requirements
cited above would be satisfied even in the unlikely event that worst-case
uncertainties prevailed.

In the years following the rulemaking, over $700M has been spent by
the NRC on research investigating ECCS performance. It is estimated that a
similar amount has been spent by the DOE, U.S. industry, and foreign
researchers for a total estimated expenditure of over $1.5 billion.
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The majority of this LOCA research is complete and has greatly
improved the understanding of ECCS performance during a LOCA. The methods
specified In Appendix K are now known to be highly conservative; that is,
the actual temperatures during a LOCA would be much less than the
temperatures calculated using Appendix K methods. This fact is illustrated
by comparisons showing temperatures during LOCA simulations in LOFT
(Reference 2-2) that are more than 6001F lower than the temperature
calculated using Appendix K procedures as shown In Figure 2-1. The ECCS
research has gone beyond showing that Appendix K is conservative; it has
allowed quantification of that conservatism. The results of experiments,
computer code development, and code assessment now allow more accurate
calculations of ECCS performance during a LOCA, along with reasonable
estimates of uncertainty.

2.2 Purpose of the ECCS Compendium

The data from twelve years of research since the ECCS hearing record
was established is widely scattered in technical reports, meeting
transactions, and professional Journals. In view of the large amount of
data involved and its dispersion, justification for changes to Appendix K
of 10 CFR Part 50 is simplified if the most important and pertinent data
justifying those changes are consolidated in a single report. Therefore,
the purpose of the compendium Is to summarize this data and to serve as a
general reference for this extensive research effort. This is the first
time such an extensive summary compilation has been attempted for reactor
thermal-hydraulics.

2.3 Historical Perspective

Safety research for nuclear reactor plants has seen a succession of
phases, each of which reflected the level of engineering and understanding
at the time and led to additional research. At first, about twenty-five
years ago, programs such as the SPERT experiments in Idaho were undertaken
because of concern about the ability to control the neutron chain reaction
in extreme circumstances. This focus on the possibility of what were
called reactivity-induced accidents was a holdover from the technical
perceptions in early days of nuclear weapons design reinforced by two
accidents in critical experiments that killed the experimenters, by an
accident at the experimental breeder reactor EBR-I, and by the fatal
accident at the SL-1 reactor. Research on dynamics of the neutron chain
reaction led to design principles that can be followed to prevent damaging
reactivity-induced accidents.

A second phase of safety research was started after the issuance of
WASH-740 in 1956, which reported the results of the first attempt to
estimate what would be the effects of a severe accident in a nuclear power
reactor. This analysis was done at a time before any commercial nuclear
plants had been built. It was necessary to assume a highly idealized kind
of accident to an undefined plant with the results calculated using
assumptions as to basic data, many of which were still not known. This
resulted in the effects of assumed accidents being overestimated by large
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Figure 2-1 Comparison of cladding temperatures measured during LOFT
test L2-3 with calculations using several vendor evaluation
models and an NRC calculation using conservative Appendix K
assumptions. The large difference between the data and the
calculations illustrate the conservatism of these
Appendix K models.
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factors. The assumption that contributed most to the overestimate was
neglect of all engineered safety features, including the containment
building. WASH-740 did, however, show the importance of the chemical and
physical processes that would determine the extent and timing of release of
fission products from a badly damaged reactor core and these were
afterwards given emphasis in research programs.

In 1967, a committee headed by Dr. William Ergen of Oak Ridge National
Laboratory was formed to review new concerns as to the ability of the
containment building to remain intact if all cooling capability was lost.
The Ergen Report issued by this committee (Reference 2-3) concluded that it
was likely that the reactor core would melt under these conditions if
cooling were not soon restored. In time the molten mass might melt its way
through the reactor pressure vessel and proceed at some rate to penetrate
down through the foundation of the containment building. The report
emphasized the importance of emergency core cooling systems (ECCS) for
preventing core melting in the first place.

The Ergen Report had a dramatic effect on reactor safety concepts and
on reactor safety research. The Atomic Energy Commission (AEC) formalized
a requirement that all nuclear power plants have emergency core cooling
systems. One nuclear plant, Indian Point 1, was shut down because it did
not have an ECCS and its design made an adequate system difficult to add.
New regulations that defined a set of Interim Acceptance Criteria
(Reference 2-4) were developed to ensure that ECC systems would be
effective. The mission of the principal safety research project, the
Loss-of-Fluid-Test (LOFT) facility, was changed. LOFT had originally been
planned as a test of the ability to calculate the release and dispersion of
fission products after the reactor core was intentionally destroyed. The
new LOFT became a facility for testing the methods used to analyze ECCS
effectiveness after an assumed loss-of-coolant accident.

In 1972, the AEC began a public hearing that resulted in further
changes to reactor safety assessment as well as reactor safety research
programs. This hearing provided a review of the analytical methods and the
supporting experiment data base used to calculate the effectiveness of ECC
systems. During the hearing, many witnesses were very critical of ECC
effectiveness, with views that ranged from concern that the methods of
analysis were not adequate to the belief that ECC systems would not prevent
the core from melting if normal core cooling were lost. The doubts
expressed were especially significant in developing a widespread view that
the Interim Acceptance Criteria were not adequate.

Experiments were being performed in the Semiscale facility, a
small-scale electrically heated core model of LOFT, while the ECCS hearings
were in progress. In the experiments (References 2-5, 2-6) ECC water was
swept out the break during the blowdown portion of the transient and heater
rod surface temperatures were similar to those in tests without ECC
injection during blowdown. These were the only integral system data
available for evaluating ECC behavior at that time, and increased the

2-4



uncertainty concerning ECC effectiveness. It was later determined that
these adverse test data resulted from deficiencies in test operation and
atypicalities in facility design and did not imply ECCS ineffectiveness in
full-scale reactors.

The AEC regulatory staff, in its Concluding Statement based on the
hearing record (Reference 2-7) recommended these changes in the Interim
Acceptance Criteria:

o Peak Cladding Temperature. The new limit of 22001F replaces the
old 23001F, based on data in the record from zirconium
embrittlement experiments.

o Maximum Cladding Oxidation. This is a new criterion. It is
based on data in the record from zirconium embrittlement
experiments.

In addition, the Concluding Statement made clear that the methods and
criteria recommended were subject to change as improved research results
became available in the future. For example:

"The regulations set out below are not intended to stifle improvements
and innovations in performance evaluation or in ECCS design. The
record of the rule-making hearing sets forth the results of research
programs directed toward increasing the knowledge relevant to ECCS
performance. The nuclear industry and the Commission have underway at
the present time several such programs, both analytical and
experimental. The Commission expects that both governmental and
private programs will be pursued diligently, and expects to consider
promptly the new knowledge as it becomes available, and to consider
such changes in these regulations as they appear appropriate in the
light of all information then available" (Reference 2-7).

Following issuance of the Concluding Statement, the AEC Chairman
solicited ACRS comments, which were presented on September 10, 1973. In
addition, the principal participants in the hearing presented their
arguments to the Commissioners on October 9, 1973. The Commission Opinion
on the Rulemaking Hearing on Acceptance Criteria for Emergency Core Cooling
Systems for Light-Water-Cooled Nuclear Power Reactors was issued on
December 28, 1973 (Reference 2-8), and the revised rule was published in
the Federal Register on January 4, 1974 (Reference 2-9).

The Commission Opinion noted the importance of the Semiscale results
in raising questions about ECCS behavior:

"The event that was most influential in raising questions about the
adequacy of emergency core cooling was the publicity given to the loss
of injected coolant during blowdown in Semiscale test 845 at Idaho,
and one of the major features of the Interim Policy Statement was the
requirement that all emergency core coolant injected during blowdown
should be considered lost. Although there is still objection to
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comparing PWRs with the Semiscale tests (Combustion Engineering
Response to the Regulatory staff's concluding Statement, p. 23), there
appears to be no major objection to the rule."

In its Opinion, the Commission noted:

"The principal changes from the Interim Policy Statement are as
follows. The old criterion number one, specifying that the
temperature of the zircaloy cladding should not exceed 23000F, is
replaced by two criteria, lowering the allowed peak zircaloy
temperature to 22001F and providing a limit on the maximum allowed
local oxidation. The other three criteria of the IAC are retained,
with some modification of the wording. These three criteria limit the
hydrogen generation from metal-water reactions, require maintenance of
a coolable core geometry, and provide for long-term cooling of the
quenched core.

"The most important effect of the changes in the required features of
the evaluation models is that swelling and bursting of the cladding
must now be taken into consideration when they are calculated to
occur, and that the maximum temperature and oxidation criteria must be
applied to the region of clad swelling or bursting when the maximum
temperature and oxidation are calculated to occur there. Another
important change is the requirement that, in the steady state
operation just before the accident, the thermal conductance of the gap
between the fuel pellets and the cladding should be calculated taking
into consideration any increase in gap dimensions resulting from such
phenomena as fuel densification, and should also consider the effects
of the presence of fission gases. When these effects are taken into
consideration a higher stored energy may be calculated. Other changes
in the evaluation models are mostly in the direction of replacing
previous broad conservative assumptions with more detailed
.calculations where new experimental information is available or where
better calculational methods have been developed.

"The wording of the definition of a loss-of-coolant accident has been
modified to conform to its long-accepted usage, limiting it to breaks
in pipes. Justification for the exclusion of consideration of
pressure vessel failures from the LOCA is extensively discussed
throughout Volume 39 of the transcript (April 11, 1972), and we have
referred to it earlier.

"The new regulations also require a more complete documentation of the
evaluation models that are used."

The Commission also noted:

"The implementation of the new regulations will ensure an adequate
margin of performance of the ECCS should a design basis LOCA ever
occur. This margin is provided by conservative features of the
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evaluation models and by the criteria themselves. Some of the major
points that contribute to the conservative nature of the evaluations
and the criteria are as follows:

(1) Stored Heat. The assumption of 102% of maximum power, highest
allowed peaking factor, and highest estimated thermal resistance
between the U02 and the cladding provides a calculated stored

heat that is possible but unlikely to occur at the time of a
hypothetical accident. While not necessarily a margin over the
extreme condition, it represents at least an assumption that an
accident happens at a time which is not typical.

(2) Blowdown. The calculation of the heat transfer during blowdown
is made in a very conservative manner. There is evidence that
more of the stored heat would be removed than calculated,
although there is not yet an accepted way of calculating the heat
transfer more accurately. It is probable that this represents a
conservatism of several hundred degrees F in stored energy after
blowdown, most of which can reasonably be expected to carry over
to a reduction in the calculated peak temperature of the zircaloy
cladding.

(3) Rate of Heat Generation. It is assumed that the heat generation
rate from the decay of fission products is 20% greater than the
proposed ANS standard. This represents an upper limit to the
degree of uncertainty. The assumption that the fission product
level is that resulting from operation at 102% of rated power for
an infinite time represents an improbable situation, with a
conservatism that is probably in the range of 5 to 15%. The use
of the Baker-Just equation for calculating the heat generation
from the steam oxidation of zircaloy should also provide some
conservatism, but the factor is uncertain.

(4) The Peak Temperature Criterion. The limitation of the peak
calculated temperature of the cladding to 22000 F and the
stipulation that this criterion be applied to the hottest-region
of the hottest fuel rod provide a substantial degree of
conservatism. They ensure that the core would suffer very little
damage in the accident."

Concerning future rulemaking and the role of research in the
development of new rules and requirements, the Commission noted:

"Continuing research and development will provide a more extensive
data base for such items as heat transfer coefficients during
blowdown--and during spray and reflood cooling, oxidation rates for
zirconium, fission product decay heat, steam-coolant interaction,
oscillatory reflood flows, fuel densification, pump modeling and flow
blockage. With the additional data it may become practical to assign
a statistically meaningful measure of precision to the calculation.
It is probable that, with a better data base, some relaxation can be
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made in some of the required features of the evaluation models.
However, the Commission believes that any future relaxation of the
regulations should retain a margin of safety above and beyond
allowances for statistical error."

More specifically, the Commission noted in its Opinion that it had:

"Recently directed the Director of the Division of Reactor Safety
Research to give priority attention to study to determine more exactly
the temperature at which clad embrittlement ceases to be simply a
function of oxidation. This is the same subject principally discussed
in the three extra-record submissions referred to above. As new
knowledge is acquired, the Commission will analyze it, and at an
appropriate time consider the possibility of amending the rule we
announce today. We do not, however, believe that the limited amount
of comparatively recent knowledge now available, justifies delay in
the issuance of a rule based upon extensive examination of this issue."

Much of the Commission Opinion is devoted to a detailed exploration of
the justification for the choices made in the final existing rule and
relates these to appropriate parts of the testimony presented in the
hearings.

2.4 Recent Actions to Revise Licensing Approach

In November 1983, the NRC staff submitted a paper (Reference 2-10)
informing the Commission that the staff proposed to allow the use of
best-estimate analysis methods to show plant conformance to the large-break
LOCA ECCS safety requirements in 10 CFR Part 50. The paper notes that a
wealth of data has been provided by facilities such as LOFT, Semiscale, and
the Two-Loop Test Apparatus (TLTA) to validate advanced realistic reactor
system codes for evaluating ECCS effectiveness. The staff concluded:

"1. The safety margin in peak cladding temperature provided by
current evaluation models to assure compliance with 10 CFR 50.46
limits is approximately 10001F to 12001F for the large break LOCA.

2. This margin is more than adequate to assure successful ECCS
performance in the event of a LOCA.

3. This margin can be reduced without adverse effect on plant safety.

4. Acceptable reduction in this margin may be warranted to avoid
unnecessary restrictions in operation as a result of excessive
conservatism imposed in ECCS evaluations."
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The staff proposed the following action:

"The staff has established an approach that would permit a reduced

margin in large break LOCAa ECCS analyses without changing the
required features of Appendix K. Such reduced margin can come from
careful consideration of alternatives for treating the acceptable (but
not required) features of Appendix K, the conservatisms that have been
imposed as a result of NRC reviews, and the conservatisms that were
otherwise contained in industry analyses.

"In the proposed method, the licensee or licenseesb would employ
best estimate models to calculate the PCT, both at the realistic, or
most probable (50 percent probability) level and at the more

conservative 95 percent probability level.c When calculating the
PCT at the 95 percent probability level, other uncertainties, such as
the precision with which the code can calculate actual behavior, input
or plant parameter uncertainties (such as power level, initial
temperatures and pressures) and nuclear parameters not otherwise
considered would be accounted for.

"Acceptable methodologies for calculating the 95 percent probability
level would have to be formulated by the industry and approved by the
staff.

"The licensee or licensees would then perform a conventional ECCS
analysis, except they would be permitted to use their realistic model
augmented only with the required features of Appendix K. This would
constitute a new evaluation model which conforms to Appendix K. The
PCT calculated using this model would then be compared to the
realistic PCT at the 95 percent probability level. If the evaluation
model PCT exceeded the PCT at the 95 percent probability level and
remained below the 22001F limit, we would find the evaluation model
analysis acceptable. If the evaluation model PCT were calculated to
be less than the realistic PCT 95 percent probability level, this
would indicate that the overall evaluation model, including the
required Appendix K conservative features, was not providing
sufficient margin in excess of the estimated statistical uncertainty.

"a. This approach is currently only proposed for the large break LOCA
analysis. Many of the features in Appendix K do not apply to small breaks
and the acceptability of this approach for small break LOCAs has not been
thoroughly examined at this time."

"b. This approach could be used on a generic basis by groups of owners,
such that many similar plants could utilize a single evaluation."

"c. Appendix A (Reference 2-3) provides a discussion of the basis for
selecting the 95 % probability. We interpret the 95 % probability level of
the peak cladding temperature to mean that in 95 out of 100 LOCAs of a
particular size, the peak cladding temperature would be below this value."
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Therefore, we would require additional margin be included in the
evaluation model such that the calculated Appendix K temperature was

in excess of the 95 percent probability level.d"l

2.5 Basis for Revision of Existing ECCS Rule

The research applicable to LOCA/ECCS response performed since 1972 by
NRC and by other groups throughout the world can be grouped into four
categories.

1. Basic Phenomenoloqical and Separate-Effect Studies. This
includes experiments to provide data and improve our
understanding of phenomenological relationships or component
responses as well as development of analytical models to
represent these relationships and responses. Included In this
category are phenomena for which Appendix K requires specific
calculational models to be used. Examples include decay heat,
metal-water reaction rate, discharge model, reflood heat transfer
at low reflood rates, and other heat transfer phenomena. In some
cases, research has shown the required models to be inadequate
(e.g., the discharge model) and, in one case, nonconservative.
However, most of the requirements of Appendix K have been shown
to be excessively conservative.

2. Integral System Behavior Studies. This includes facilities in
which all components of the reactor system important to
prediction of LOCA/ECCS response to an accident sequence or a
specified portion of that sequence are simulated. Integral
system experiments improve understanding of total system response
to accident initiators and boundary conditions, identify
unforeseen or unexpected responses that may suggest additional
basic phenomenological or component studies, and provide data for
assessing system codes.

3. Computer Code Modeling. This includes development and validation
of system codes which integrate separate component and
phenomenological models. These computer codes are used to assess
commercial LWR responses to hypothesized LOCA sequences.

4. Probabilistic Risk Assessment Studies. This provides insights
into both the relative contribution to total plant risk of
postulated accident sequences and the details of specific events
or failures in the sequence that contribute most to the risk.

Id. Appendix B (Reference 2-3) describes an approach proposed by General
Electric to ensure that the Appendix K peak cladding temperature is always
in excess of the 95 percent probability."
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The AEC had a LWR safety research program in progress at the time of
the ECCS hearings. When the NRC was formed in 1975, LWR safety research
became an NRC function. The first formal NRC reactor safety research
program plan (Reference 2-11) was issued In June 1975. It set forth
current and planned research and presented objectives for the research.
Currently, long range research plans for all activities of the Office of
Nuclear Regulatory Research are presented in one document (Reference 2-12).

The NRC has sought to utilize all available pertinent research data
from around the world in satisfying its information needs. In March 1973,
a topical meeting on water-reactor safety was cosponsored by AEC to provide
a forum for an exchange of information among AEC and its contractors,
industry, and foreign organizations on research and engineering problems
concerning LWR safety (Reference 2-13). The NRC continued the practice of
holding an annual water reactor safety information meeting. The papers
presented at the latest annual meeting were published in Reference 2-14.
Coordination meetings between EPRI and NRC have been held on a periodic
basis. In addition, some research is jointly funded by EPRI, NRC, and
reactor vendors or utility owner groups, e.g., FLECHT-SET (Westinghouse),
FIST (GE), and MIST (B&W Owner's Group). As deeded, the NRC staff also
meets with the four U.S. reactor vendors to discuss their proprietary
research programs and results. Finally, NRC has undertaken research
information exchange agreements with most countries that have active
reactor research programs.

The enormous amount of research results available from all of the
sources identified above will be discussed in detail in later sections of
this report. In 1972 only a limited number of integral system tests had
been performed in Semiscale. Since then hundreds of additional tests have
been performed in modified versions of the original Semiscale apparatus
exploring every aspect of LOCA/ECCS response thought to be important.

Similarly, the larger nuclear-powered LOFT has provided extensive data
on LOCA/ECCS responses. BWR responses have been studied in the TLTA and
FIST facilities. Unique features of B&W PWRs are being evaluated in the
MIST facility.

At the time of the ECCS hearings, the only available AEC code for
predicting LOCA/ECCS response in reactors was a simple one-dimensional
early version of RELAP. The NRC staff now has a spectrum of improved
best-estimate codes, including RELAP5, TRAC-PWR, TRAC-BWR, COBRA, and
FRAP-T6.

Component and phenomenological studies have been performed on all
important components and phases of accidents, including steam generators,
pumps, downcomer, upper plenum, core, and pipe breaks.

Data are available to assess and quantify the predictive capability of
LOCA/ECC codes used by NRC and by industry. It is now possible to quantify
the uncertainty attributed to important calculations made by these codes.
Details of research results concerning important phases of LOCA/ECC
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response will be presented and discussed in the following sections of this
report, which provides the technical basis for modifying NRC regulations
governing LOCA/ECCS assessment to allow for a more realistic treatment.

Some plants are being restricted in operating flexibility by limits
resulting from conservative Appendix K calculations. These restrictions
may be preventing optimal operation of some plants. In addition, Appendix
K requires reanalyses to be performed in the event that errors are
discovered or certain changes are made to approved evaluation models. Very
often, the reanalyses contribute little to safety, but require significant
staff and industry resources. Based on research performed, it is now known
that-these restrictions can be relaxed without affecting safety. Some
research results have been used in licensing calculations, but many
important results cannot be used because Appendix K specifically requires
certain methods. Thus a modification to the ECCS rule is desirable to
remove operating restrictions that do not benefit safety.

The NRC staff has decided that, based on current understanding of ECCS
performance, the approach of a prescriptive Appendix K with fixed
conservatism is no longer appropriate and that a best-estimate calculation
taking into account the overall uncertainty in the analyses is the
preferred approach to ensure the safety of the public without unnecessarily
restricting applicants and licensees. Thus the staff has concluded that
the ECCS rule should be revised accordingly and the use of Appendix K made
optional.

This proposed rule change would require the licensee to show that the
criteria of 50.46 (e.g., peak cladding temperature limit) are met using a
best-estimate calculation combined with an evaluation of the uncertainty of
the overall calculation. This uncertainty evaluation, combined with the
low probability of a large break LOCA and the additional conservatism in
the 22001F criteria, ensures a negligible risk to the public from this type
of accident. This approach to licensing is consistent with the interim
method discussed in Reference 2-10 except that the additional Appendix K
calculation, which contributes little to safety, would not be required.
Further, Appendix K would remain available (with minor modifications) as an
alternative. Therefore, licensees and applicants who do not need or desire
relief from current operating restrictions would have no new requirements
and could continue being licensed under the existing Appendix K
requirements. The burden of performing new calculations would be placed on
only those applicants and licensees who elect to gain relief from LOCA
restrictions.

The proposed ECCS rule change would provide relief from the reanalysis
requirements that do not contribute substantially to safety and allow the
use of research data that have been obtained since 'the current rule was
written. The modification would allow applicants and licensees relief from
unnecessary operational restrictions resulting from LOCA analyses and still
result in an adequate level of conservatism in the ECCS analyses. This
revision in the analysis methods is expected to reduce the calculated peak
cladding temperature with conservatisms added in a typical plant and allow
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an increase in the local peak power or total power. These changes would
allow some plants to increase total power, improve fuel burnup, have longer
fuel cycles, accommodate steam generator tube plugging, and reduce
equipment surveillance requirements, which would thereby reduce operating
costs.

An additional strong economic incentive for changing the regulations
may be obtained by enabling certain existing reactors to operate at higher
power levels. In the regulatory analysis associated with this rulemaking,
it is estimated that if more realistic analysis could reduce the calculated
peak cladding temperature during a LOCA transient by 1001F, it would be
possible to raise the plant power by 5 to 10%. For 47
Westinghouse-designed plants online that are estimated to be limited by
LOCA requirements, a 5% power increase would provide an estimated present
value cost saving of 3.2 billion dollars over the lifetime of the plants.
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3. STATE OF THE ART IN 1975

3.1 American Physical Society Review

In 1974 the American Physical Society (APS) established a special
study group on light-water reactor safety. The results were published in
the summer of 1975. As stated in their letter of transmittal, the review
committee noted that "the purpose of the report Is to aid government and
industry in doing a better job in evaluating the dangers and a safer job in
constructing and operating reactors" (Reference 3-1). Before proceeding
with specific comments of the group concerning the then current state of
the art and their recommendations for improvement related to Appendix K to
10 CFR Part 50, it is helpful to examine what were considered by the group
as the most critical results:

1. The probability of the emergency core cooling system functioning
was unpredictable.

2. Mitigating the consequences of a potential accident deserved more
research.

3. Calculational methods used in both the research program and the
regulatory function were fairly unsatisfactory.

4. Many aspects of the experimental safety research program, both as
to its scope and detailed instrumentation, needed to be improved.

5. Most of these problems could be resolved by further theoretical
and experimental research.

The APS study group provided Insight to problems they visualized with the
conservative approach used to license reactors:

"The principal problem of the criteria formulators has been to assure
that the overall system response has been conservatively predicted.
Many elements of the evaluation models are uncertain and no
large-scale system tests exist against which to evaluate overall
system modeling; consequently the AEC has attempted to prescribe each
of the discrete parts of the evaluation models conservatively. The
implicit assumption behind this endeavor Is that if all parts of the
evaluation models are prescribed conservatively, then the resulting
calculated system performance must also be conservatively prescribed.
If this assumption is valid, It could clearly lead to overdesigning of
the system. However, the complexity of the evaluation models and the
ranges of uncertainty in their elements make it extremely difficult to
provide a conclusive demonstration of the validity of this vital
assumption. In fact, though many reactor design experts are
qualitatively satisfied that ECCS performance will be adequate, a
quantitative evaluation of the conservatism of the ECCS performance
evaluation methods may be nearly unachievable."'
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The APS study group proposed an approach to establishing the degree of
conservatism associated with system designs that is similar to the proposed
approach in the revised 50.46.

"... If the degree of conservatism of the ECCS codes is to be
established (assuming they are indeed conservative) then codes which
predict the LOCA phenomena realistically must also be available for
comparison. Unfortunately, the theoretical evidence for the adequacy
of either realistic or conservative models is poor. Moreover, the
experimental work which is needed to test the adequacy of the models
has not yet been completed (and perhaps has not even been planned).
Consequently, the quantitative evidence for evaluating ECCS code
adequacy is not available."

In its review, the APS study group evaluated the adequacy of the
LOCA/ECCS assessment capability in terms of the existing AEC ECCS
evaluation model. Possible conservatisms and weaknesses were evaluated,
and ways to remedy them with improved experiments and best-estimate
analyses were recommended. Observations and recommendations by the APS
study group are presented in the following sections.

3.1.1 LOCA Experiment Data Base

The APS study group defined the critical LOCA/ECCS phenomena for the
three basic phases of the large break loss-of-coolant accident (blowdown,
refill, and reflood), and correlated them with acceptance criteria, a
judgement as to the importance of the phenomena, and an assessment of the
degree of conservatism or areas in which the data base was weak or
lacking. The study group's findings are discussed below for those cases in
which: (a) the Appendix K approach was considered strongly conservative
and thus some reduction in conservatism could be achieved; (b) Appendix K
did not address response to the LOCA considered potentially important; or
(c) deficiencies in the data base were identified. All of the above
indicate a potential need for additional data. The APS study group had the
following major comments:

3.1.1.1 Blowdown.

o As a general observation, the LOCA derived energy sources were
considered to be reasonably or strongly conservative. However,
it was noted that the licensing criteria did not require analysis
of the heat from ruptured steam generator tubes. Based on
evidence of tube corrosion problems with associated leakage in
PWRs, steam generator tube failure during a large break LOCA was
deemed possible. This would allow flow from the secondary side
into the depressurized primary side of the reactor coolant system.

a The acceptance criteria specification of elements of the
hydrodynamics of the reactor system coolant behavior during
blowdown, was considered to be generally adequate. In modeling
the break flow, the acceptance criteria prescribe the use of the
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Moody correlation, which models homogeneous equilibrium two-phase
flow in an apparently conservative fashion. It does not account
for the metastable flow of subcooled liquids that occurs at the
immediate onset of flow from the break, nor does it describe
situations in which unequal velocities and temperatures may exist
between liquid and vapor within the two-phase mixture. The
effects of mistreating the conditions of flow of this type were
uncertain, although it appeared that exclusive use of the Moody
model might not be conservative.

o One-dimensional analysis methods used by the AEC and vendors
might not be capable of properly predicting core flow
distribution if blockage induces radial flow within the core.

o The degree of conservati sm or nonconservatism in disregarding
nonhomogeneous two-phase flow was unclear. Models or experiments
which would quantify differences in relative velocity between
liquid and vapor, or relationships between the constituents of
heterogeneous mixtures were not available.

o The experiment data base needed to demonstrate conservatism of
most of the semiempirical models specified by the acceptance
criteria for treating core thermal behavior during the blowdown
was weak.

3.1.1.2 Refill.

o The APS study group found the acceptance criteria to be at least
adequately conservative.

3.1.1.3 Reflood.

o The reflooding process produces thermal shocks to the fuel rod
cladding as quenching occurs. The 17% equivalent cladding
oxidation limit of the acceptance criteria was intended to
prevent excessive oxidation-induced embrittlement. However,
experimental observations of the influence of oxidation on
cladding strength suggested that the acceptance criteria limits
do not ensure ductile response of the cladding. The results
implied that the oxidation considered acceptable under the
criteria might leave the cladding in a partially ductile
condition so that embrittlement may substantially increase the
probability of failure during the quenching and cooldown processes.

o Oscillatory fluid motion in the core during the reflood period
may contribute additional stresses on oxidation-embrittled
cladding. The omission of this phenomena from the criteria,
though second-order in relative importance, was considered
potentially nonconservative because such stresses could
contribute to brittle cladding failure.
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o The acceptance criteria require that droplet carryover be
estimated on the basis of tests on reflooding in full-length
electrically heated rod bundles (PWR-FLECHT experiments). The
one-dimensional nature of the tests may have produced an
overestimate of the amount of carryover liquid, however, the
effects of oscillatory flow were excluded in evaluating carryover
and the effect of these oscillations on conservatism was uncertain.

o In evaluating steam binding, the acceptance criteria require
calculation of the effect of reverse heat transfer in the steam
generators on vaporizing the ECC liquid. Also, in evaluating the
influence of the pumps as restrictions, the criteria were
prescribed conservatively. However, data on pump performance
under these conditions were scarce; consequently the proposed
models of pump impedance were uncertain.

o The thermal-hydraulic codes used in evaluating reflooding were
far from having demonstrated validity. Consequently, it was
difficult to be sure that reflood rates were being calculated
adequately.

o For PWRs, steam generator tube ruptures caused by the LOCA might
reduce the core reflood rates to values so low that the core
would not be adequately cooled. Thus the potential for steam
generator tube leakage appeared to be a problem that was not
evaluated in the ECCS hearings.

o The effects of core flow blockage at low reflood rates was not
well understood. Until improved data became available, the heat
transfer at reflood rates less than 1 in./s appeared to be so
poor that such rates probably should simply have been disallowed
in the acceptance criteria as a more conservative criterion.

o The core thermal behavior in the reflood period represented a
most critical problem area in the thermal history of the core.
Both the PWR and BWR depended on experiment results of the FLECHT
programs to provide an empirical base for the heat transfer
coefficients to be used during the reflood period.
Both PWR-FLECHT and BWR-FLECHT had many problems and weaknesses.
Critical tests were marred by problems with malfunctioning test
equipment, indeterminate or poorly evaluated data, and
inadequacies in the analysis of results. Consequently, instead
of providing final resolution of the questions associated with
reflooding and core spray heat transfer, the tests have produced
almost unending controversy.

3.1.1.4 Integral System Response. The discussion in the previous
sections centered on specific areas in which improved data could lead to
less conservative or more quantifiable safety margins for the
loss-of-coolant accident. The study group noted that it was difficult to

3-4



determine whether the individual conservatively prescribed relationships
for the LOCA separate effects can yield a conservative system analysis. At
that time there were no experiment data that could demonstrate
unequivocally that the integrated system effects were conservatively
prescribed, even if all the individual pieces were independently
conservative. Therefore, any meaningful evaluation of system effectiveness
or the conservatism of its evaluation had to depend on the adequacy of the
system analysis codes. The need for extensive code comparison with system
and integral experiment data was clearly suggested.

3.1.2 Experiment Facilities

3.1.2.1 Separate Effects. The study group correlated its findings
concerning critical phenomena, the experiment data required, and the
separate-effect experiments designed to meet those needs with the following
results:

o Separate-effect tests were expected to significantly narrow the
range of uncertainty in decay heat within two or three years.

o Pump behavior was being studied in two-phase flow over a range of
sizes, including some tests with large pumps. Testing of 1/3-
and 1/5-scale pumps was in progress, and it was noted that
additional information on large pumps was an important need.

o Oxidation, embrittlement, and creep of the cladding, gap
conductivity, and pellet cracking all needed attention and were
at least being addressed. However, it was noted that many of
these problems needed more sustained work and it was important to
carry out the planned parametric large-scale fuel and cladding
studies in the Power Burst Facility (PBF) program.

o Better experiments on break flow that were closer to operating
conditions, especially with metastable flow in large-diameter
breaks, were needed.

o Several blowdown heat transfer experiments over a variety of
conditions that were in progress were expected to improve the
existing limited knowledge, but much remained to be done; LOFT
experiments could also prove useful.

o The experiments planned or then in progress were expected to
provide a much better understanding for such basic models as
lower plenum fluid entrainment and ECC fluid bypass involving
flow up, down, and around the downcomer in the presence of steam.

o Core flow distribution effects, especially with cross flow and
blockage, remained to be addressed satisfactorily as
separate-effect tests.
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o Experiments then in progress were expected to significantly
improve the limited knowledge of ECC fluid penetration.
However, until definitive experiments were completed with
three-dimensional effects at roughly operating conditions, the
important problem of applicability at full LWR conditions would
remain to be resolved.

o The state of knowledge of steam-fluid interactions in two-phase
flow was poor, especially for nonequilibrium conditions.
Steam-water mixing and interaction experiments were planned or in
progress, but the significance of these particular experiments
could not be assessed ahead of time. It was concluded that much
more experimental and theoretical work was needed to be sure of
the two-phase hydraulic behavior, perhaps involving special
facilities that did not then exist in the U.S.

o Steam binding in PWRs was thought to be an important problem
leading to a possibly marginal reflood rate that might be
eliminated only through some kind of design improvement or
through the implementation of an alternative ECCS approach.

o Reflood heat transfer experiments were needed for developing more
accurate heat transfer coefficients. LOFT data were considered
useful in testing the applicability of the results of separate
reflood heat transfer and ECC fluid carryover work.

o Unresolved questions were noted concerning oscillatory and
transient level effects caused by flashing of liquid to steam as
the liquid level roaches hot core elements at the beginning of
reflood. Such effects could be large and nonlinear and are
difficult to study except at the system effects level.

o Core displacement, fuel rod distortion, and blockage effects were
considered important and needed study; some progress was expected
in separate effect tests, but parametric tests in the PBF were
recommended for more complete evaluation.

3.1.2.2 Integral Effects. The APS study group noted that the
evidence supporting code adequacy was not convincing. Since no definitive
large-scale system tests had been conducted or were then planned, it was
essential to attain confidence in the calculational methods used for design
and analysis. This could be accomplished only through a much stronger code
development program combined with a much improved experiment data base,
especially in system tests, and a strong program in code assessment and
evaluation.

The principal source of this system data for PWRs was LOFT which was
expected to provide a very valuable test of the understanding of PWR LOCA
phenomena on an integral system basis, including effects of abnormal
initial conditions. Yet they had serious reservations about the extent to
which one could expect to achieve a complete quantitative understanding of
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system behavior at full PWR size based on scaling LOFT tests, even with
planned separate effect tests and advanced codes. Nothing comparable to
LOFT existed for the BWR reactor configuration.

The group noted significant past contributions of Semiscale such as
the first experimental indications that ECC fluid bypass effects could be
important, measurements of interactions of injected fluid with two-phase
fluid, and the importance of the delay observed in departure from nucleate
boiling (DNB) in identifying highly desirable potential DNB delay effects
in LOFT and, by implication, perhaps in operational PWRs as well.

3.1.3 Codes

The APS study group concluded that existing computer codes could not
accurately simulate a LOCA in a commercial LWR because of oversimplified
physics, the small number of nodal points, limited dimensionality, and the
use of arbitrary adjustable parameters. In conservative licensing codes,
or evaluation models, all approximations and unknowns were fit into the
code in such a way that the code would predict a worse accident than would
actually occur. If a commercial reactor is shown to be safe by a
conservative code, it presumably is safe in reality.

The APS study group provided the following rationale for problems
using conservative evaluation models:

"The important issue from the standpoint of safety is to what extent
the 'conservative' codes are truly conservative. The general
procedure for establishing the conservatism of an assumption made in
the code is to try other assumptions and to see the effect the various
assumptions have on a critical safety parameter such as the 'maximum
cladding temperature.'

"The assumption that such procedures can lead to a truly conservative
code may be the weakest link in the entire regulatory chain. To begin
with, there is a fault in the logic alone. It does not follow that
because an assumption is more conservative than another assumption,
it is therefore conservative in an absolute sense. It is also not
necessarily true that one can estimate the conservatism of an
assumption by its effect on a single, albeit critical, parameter.
For example, it was once thought that the assumption which led to the
highest maximum cladding temperature was the most conservative. Later
experience showed that a lower maximum cladding temperature reached at
a later time (when the pressure differential across the cladding was
greater) could lead to clad ballooning, and a more severe accident.
There is an imbalance in the effort and detail taken in simulating
reactor response, when compared to the way in which the 'conservative
assumptions' are chosen. The computer codes are designed to recreate
those interactions that the human mind might miss; the use of
handwaving arguments to simplify these codes compromises the ability
of the'codes to find phenomena overlooked by the programmer.
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"Thus the predictive ability of codes is weakened when they are made
'conservative.' Since the 'conservative codes' are considered
'verified' even if the discrepancies in their predictions are 100%
(but on the conservative side), it is dangerous to use them in a realm
outside that in which they have been tested. A code which has made
conservative predictions for the LOFT facility cannot be considered
'verified,' because it is not necessarily true that it will give
conservative results for a large LWR.

"Because of the inherent limitations of conservatism, we recommend
that the assumptions used in these codes be examined in detail and
that a justification in depth be made available to the broader
technical community. We also recommend that realistic models play
a greater role in the licensing procedure. RSR is, in fact, now
emphasizing the development of realistic codes. We applaud this
program and suggest that all possible support be given to the
development of these codes and to the requisite separate effects and
integral system tests."

The study group noted that current computer programs break up the LWR
system into several lumped parameter subsystems, each of which is modeled
in a simplified one-dimensional way using averaged flow field variables and
incorporating a number of arbitrary parameters that must be adjusted.
These best-estimate codes were not capable of predicting reactor response
in a satisfactory way. More realistic codes require the results of the
separate-effect tests (including such items as pump behavior and plenum
filling times) and more complex computer programming (inclusion of more
physically reasonable models of two-phase flow, increase in number of nodal
points, characterization of the reactor as multidimensional rather than as
a one-dimensional device).

The study group stated that better codes with a more comprehensive
trea:.ment of the physics and incorporating a minimum of arbitrary
parameters were a necessity for the job of careful data comparison. This
was particularly true for the more problematic job of scaling such results
to full PWR conditions.

Furthermore, they recommended insistence on a formal, scientifically
justifiable, published derivation of the fundamental equations used in any
numerical calculation. This would provide a forum for involvement of
government, industry, and university talent and experience over a much
broader range of interest than was involved at that time.

3.1.4 Scaling

The APS study group recognized that there were scaling compromises on
separate-effect and integral system experiment facilities that were less
than full scale. Thus it was apparent that one could not directly
extrapolate data from scaled facilities to the large commercial reactors.
They also noted that, when the codes that existed at that time were "tuned"
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to provide good agreement with experiment data, there could be little
confidence in their ability to accurately predict accident response in
large commercial reactors.

In essence, the APS study group recommended a three-part program to
ensure applicability of codes to analyses of large reactor accidents in the
absence of full-scale integral system tests:

1. Develop codes based on a more comprehensive treatment of the
physical principles applicable to accidents with a minimum use of
arbitrary parameters and sufficient degree of nodalization to
minimize lumping of different conditions and parameters;

2. Assess code capabilities with a wide range of experiment data
that are believed to reasonably model the comparable phenomena in
the large reactor and for which adequate steps have been taken to
ensure that a consistent modeling approach has been used (the APS
study group actually preferred double blind analysis-data
comparisons to ensure that tuning of the codes did not occur and
so that this could be clearly demonstrated);

3. Distribute widely for review and comment the equations,
correlations, etc., used in the best-estimate codes and the
justification for their use as well as the code/data comparisons
used to assess code capabilities with discussion of both code and
experimental limitations (the APS study group actually preferred
having this material presented at professional meetings or in the
open literature).

3.1.5 Primary System Integrity

The APS study group stated that assurance of the integrity of the
primary system of a commercial LWR is best guaranteed by continuous and
meticulous attention to inspection, maintenance, and operation. The
principal systems of concern are the reactor vessel, major piping, and the
steam generator. The problems are fatigue, embrittlement, and cracking of
pipes, radiation embrittlement, and stress corrosion.

The group stressed the need for additional experiment information on
crack initiation and growth and for developing better methods for in-place
nondestructive testing as well as for continuous surveillance and
monitoring of acoustic emissions and vibrations that might indicate
incipient failure conditions. They noted that increasing research was
intended to explore and develop these areas.

3.1.6 Recommendations

3.1.6.1 Separate-Effect Studies.

"Many separate effects experiments are now in progress on ECCS
behavior, including a few large-scale ones, and more are in the
planning stages.
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"This is a marked improvement over the situation of a few years ago,
and many of the sensitive effects that determine the peak core
temperatures are being addressed... Of special significance are
(a) development of a more tractable approach to handle two- and
three-dimensional effects in calculations and (b) the study of the
thermodynamics of coupled, nonequilibrium two-phase flow, which is
crucial for many phases of ECCS operation and where the present state
of knowledge is poor. Both better experiments and theoretical
treatments are badly needed.

"It is clear that larger separate effects tests, conducted over a wide
range of conditions, could be very important in providing the basic
understanding and engineering level tests on which more reliable
calculations of ECCS behavior can be made. We recommend that more
resources be devoted to such experiments, especially for ECC bypass,
heat transfer with cross flow, break flow, nonequilibrium two-phase
flow, and experiments to examine core blockage. We understand that
AEC-RSR and EPRI are seriously considering this in conjunction with
advanced code development. Further cooperation and exchange of data
with foreign governments is also strongly encouraged. However, it
will be several years before information from all these tests will be
available and checked by integral system level experiments; this point
has implications for the time scale required to obtain more realistic
calculational capability."

3.1.6.2 Integral Effect Studies.

"In trying to launch LOFT as its principal integral systems test of
LOCA behavior of ECCS concepts, RSR hopes to lay to rest much of the
uncertainty that remains concerning PWR ECC effectiveness. Of course,
LOFT at 55 MWt differs in detail as well as scale from a typical
3300 MWt PWR.

"Our overall assessment is that LOFT cannot be regarded as a proof
test of PWR ECCS behavior. Instead, LOFT represents a very important
test bed to examine the behavior of the individual and coupled
components during a range of LOCA conditions, as well as to examine
our ability to calculate LOCA behavior with advanced codes. LOFT can
be equally important, in our view, as a test bed to study the
feasibility of possible alternate ECCS schemes for PWRs and to compare
their effectiveness. However, as pointed out, the LOFT
instrumentation needs to be upgraded in numbers, range, redundancy,
and quality if we are to learn what we should from this important test
series.
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"Overall, Semiscale's flexibility and adaptability make it an
extremely useful tool in studying ECC thermohydraulic behavior, and
its instrumentation is sufficient to give code predictions a good
test. For example, sensitivity studies of various break locations are
a natural for Semiscale. Of course, Semiscale's small size relative
to an operational PWR ( 1/3000 in power) and its very one-dimensional
character rule out direct applicability of much of its results to
operational size reactors. Nevertheless, the program laid out for the
next few years, with a variety of blowdown and reflood heat transfer
tests, should provide valuable parametric study data when compared
with the LOFT results."

3.1.6.3 Codes.

"RSR hopes that advanced computer codes, now under development, will
be able to predict the response of LOFT in some detail and that the
LOFT series will thus verify the codes for PWRs. If advanced codes
do, in fact, accurately predict LOFT behavior without excessive use of
adjustable parameters, perhaps with the help of double-blind
procedures to insure more independence of code calculations and
experimental results, then one may achieve a better understanding of
the extent to which conservative codes, developed for regulatory
evaluation, are genuinely conservative in a well understood
quantitative sense. Yet two very sobering aspects of our assessment
must be emphasized.

"First, one must face the fact that important results of the separate
effects tests and of the LOFT series are years away. Moreover, the
new series of advanced computer codes are only being started and will
themselves require a period of years for maturation.

"Secondly, having carried out this task, we will be in the position of
making experiment/code comparisons only on integral system effects at
a scale well below that typical of operational LWRs... Yet the
scaling compromises in LOFT involves phenomena that are nonlinear and
complex, and it is likely to involve engineering approximations that
will be difficult to understand completely... There is no BWR
system-level experiment at the LOFT size, much less at full scale...
Matters can be improved for both PWRs and BWRs by study of important
phenomena through large-scale separate effects tests; but
three-dimensional effects, large nonlinear oscillations, major core
blockage, and cross flow effects and the like are very difficult to
address in that way.

"Given the results from planned separate effects tests, LOFT data, and
the advanced codes as now envisaged, our group is very skeptical about
the extent to which one can expect to scale quantitatively our
understanding of PWR LOCA and the transient system behavior to full
size and conditions. We have similar, perhaps less firm, reservations
about the BWR case.
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"We believe it is particularly important to continue to push the
experiments and advanced codes with the help of the best qualified
scientific personnel in the country. Managing such an enterprise is
no easy task. RSR has made laudable strides toward a program more
open to scrutiny and to ideas, for example, by instituting review
groups for RSR programs. More conscientious effort and interest
within such organizations as the American Physical Society could be
stimulated and utilized in an open program to good advantage.
Specific means should be sought to bring this about."

3.2 Experiment Facilities and Capabilities

3.2.1 Instrumentation

In 1975, perhaps the highest level of instrument development for
making measurements in loss-of-coolant environments was associated with the
LOFT program. This was logical, because LOFT was regarded as the integral
system that represented the closest simulation to a commercial PWR in the
research program and, as such, was to be the most important source of
assessment data for-the system codes that had been largely put together
with separate effects data. The APS study group did an extensive
evaluation of the adequacy of LOFT instrumentation as of 1975 which is a
generally valid assessment of the state of the art for LOCA instrumentation
at that time. The APS study group assessment is presented in Reference 3-1
and some of it is given below.

"The pressure measurements appear adequate in number. However,
neither carefully analyzed calibration data nor an accurate
determination of errors was available as of August 1974. Thus we view
this as a matter to be clarified as soon as possible. The absence of
direct core water level measurement is disturbing since a direct check
could be made against the time variation of the temperature
measurements. One also loses a direct measurement of core reflood
oscillations. We gather that such measurements were originally
planned, using the technique described below for the other primary
system locations, but were dropped for 'safety reasons.' The AEC
should seriously consider their reinstatement. Neutron flux
measurements appear sufficient in number and in range; but, as with
the pressure measurements, no carefully analyzed calibration data,
hence no careful error determination, was available to us. It should
be possible to get reasonable neutron measurements with the
measurement techniques planned.

"The mass flow measurements, using drag disks and turbine meters, pose
questions of accuracy and range. For use in the core, they may give
semiquantitative results of vertical flow over roughly a factor of 10
in velocity, provided calibration taking into account shadowing
effects shows the gauge useful (see below). There are still major
reservations concerning its use in two-phase flow. Again, the absence
of carefully analyzed calibration data and an absence of careful error
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analysis do not reassure us of the performance of this type of
measurement, given the importance of mass flow to the testing of our
understanding of core hydraulics.

"There are many thermocouple locations at critical places in the
system with concentration at the core inlet, the downcomer, the core
outlet, and individual thermocouples in the upper plenum, steam
generator, and at ECC fluid inlet and outlet locations. The choice of
locations is a reasonable one. Calibration and time response data
have not been processed in detail, and there is some doubt about
ability to make good measurements with superheated steam; but with
careful calibration and treatment of systematic errors, the prospects
for useful temperature measurements are good.

"With the pressure measurements (absolute and differential) there are
potential problems. First, while there are many individual locations
covered, there are many important points where only one gauge is
located. In some cases it may be possible to estimate the pressure
from other measurements, but one must conclude that there is
insufficient redundancy in this basic thermodynamic measurement to
insure that the data on each test can stand as a complete, hopefully
overdetermined package. More gauges should be available for
intercomparison, preferably with ranges which differ significantly
enough to act as a proper check on each other and allow for the
unexpected. Second, there may be serious systematic error problems in
such pressure measurements. Many pressure transducers are separated
from their orifice by long tubes containing one or two valves, thereby
creating possible fluid traps and organ pipe effects that may
seriously distort the signals.

"A relatively nice device has been developed to measure the liquid
level and is used at a number of locations in the downcomer and other
critical locations. Again, we would like to have seen measurements
that assured us of its reliability and ability to respond to
oscillations. A gamma ray densitometer is being utilized to measure
density at each of five locations where mass flow instrumentation is
also located. The gamma instrument features a source on one side of a
pipe and three detectors at different locations on the other side, so
that three line-integrals of density are obtained at the location.
The line-averaged density can thus be obtained with response up to
100 Hz.

"Some information about the type of two-phase flow regime can be
obtained by comparing the three detectors at the given location. This
technique has proven very useful in other laboratories for two-phase
flow measurements. Unfortunately, since neither calibration data nor
error analysis was available for the gamma densitometers planned for
LOFT, it is impossible to know how accurately the measurements will
determine the ratio of steam and liquid densities in typical
situations anticipated. This information should be ascertained as
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soon as possible, since a number of other points in the system would
benefit from the measurement, especially if the range can be pushed to
low enough densities to obtain values where an appreciable fraction of
steam is present.

"Overall, we question whether the LOFT instrumentation is up to the
task. Very little serious evaluation and calibration data were
available to us as of August 1974 although more has no doubt been
accomplished since then. There appear to be serious problems with
several of the important measurements, and there is certainly
insufficient attention to instrument redundancy and overlap of ranges
to allow for the unexpected. In the case of mass flow, we feel that
further development is likely to be necessary to obtain satisfactory
measurements. We recommend a major effort to upgrade the LOFT
instrumentation in quality, range, quantity and redundancy, as time is
running short."

In October 1974, an Instrumentation Review Committee identified
shortcomings with instrumentation calibration and with the drag-disk
turbine transducers (Reference 3-2) similar to those identified by APS.
The drag-disk turbine transducer was criticized because it has very large
error bands. As such, it is not very satisfactory for low flow
measurement. Also, the device is developed with the assumption that flow
is homogeneously mixed. Thus, either it is necessary to limit the flow
condition which is known to be homogeneous or to install an homogenizing
device upstream to ensure the homogeneity of the flow.

Other general improvements needed at that time were:

1. Additional effort in instrumentation modeling to relate what was
sensed (local momentum, rpm, electric voltages, etc.) by probes
to what actually required measuring (flow rate, void fraction,
etc.).

2. Additional coordination between data needed for code assessment
and what was to be measured.

3.2.2 Facilities

The separate-effect studies in the United States funded by NRC in 1975
are shown in Table 3-1, and the integral facilities funded are shown in
Table 3-2. Not all of these were operational in 1975; in fact some never
became operational (e.g., the Plenum Fill Experiment). The major
experiment facilities that were operating and providing date in 1975 were
Semiscale, FLECHT, TLTA, the Thermal Hydraulic Test Facility (PWR-BDHT),
and steam/water mixing (Reference 3-3). A brief description of these
facilities is provided in Tables 3-1 and 3-2.

EPRI and the nuclear steam supply system vendors were jointly
sponsoring research with NRC in the FLECHT and TLTA experiment facilities
defined above. In addition, EPRI and Combustion Engineering Co. had tested
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TABLE 3-1. SEPARATE-EFFECT STUDIES
(1975)

Laboratory Title

ANL Heat Transfer Studies
ANL Clad Properties for Code Verification
ANL Modeling of Two Phase Flow

BCL Steam-Water Mixing/System Hydrodynamicsa
Creare Downcomer Effects

GE TLTA Facilityb
INEL Nuclear Safety Test Facilities

ORNL Thermal-Hydraulic Test-FacilityC
PNL Plenum Fill Experiment
Purdue Scaling of Mixing in Thermally Stratified Flows
ORNL Multirod Burst Tests
INEL PBF Operations
PNL Experimental Support and Verification of Single Rod Fuel

Codes

Westinghouse FLECHTd

a. A 1/15-scale model of downcomer with multiple cold legs for evaluating
ECC penetration countercurrent to steam upflows.

b. A two-loop facility using a full-scale electrically heated bundle (49
rods, 12-ft heated length) used for blowdown heat transfer studies.

c. 49-rod, 12-ft-long electrically heated simulation of PWR fuel rods to
investigate time to CHF and transient heat transfer regimes.

d. A reflood experiment with intact loops represented; testing suspended
in May 1974 because of flow oscillations believed atypical of large reactors.

TABLE 3-2. INTEGRAL FACILITIES
(1975)

Laboratory Title

INEL LOFT Operations, etc.

INEL Semiscalea Program

a. A small scale model of LOFT with one operating loop and one passive
loop with 40 electrically heated fuel rods 5.5 ft long.
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some 1/3- and 1/5-scale models of cold leg piping to demonstrate ECC flow
characteristics at the injection location in the presence of simulated
blowdown steam flows and tested a 1/5-scale downcomer model to evaluate
countercurrent flows of ECC and steam. EPRI had also contracted with
Combustion Engineering Co. to perform steady-state and transient tests on
1/5-scale CE pumps and 1/4- and 1/5-scale KWU pumps in the same facility.
It had been reported that Babcock and Wilcox had conducted some 1/3-scale
pump tests in air-water mixtures (Reference 3-1).

Foreign experiment programs that appear to have been larger than
"bench scale" as listed in Reference 3-4 are presented in Table 3-3.

3.3 Computational Capabilities

The only route available in 1975 to calculate the postulated
large-break loss of coolant accident (LBLOCA) was a mathematical approach
using models based on the physics of fluid flow and heat transfer.
Although these models were gross simplifications of the very complex
processes, the detail included was such that the numerical solutions taxed
the capability of the largest computers of the era.

This analytical effort focused primarily on conservatively estimating
the temperature and integrity of the nuclear fuel throughout the transient
initiated by a large break in the primary system. The pressure response
inside the containment was also modeled using the calculated results of the
large break analysis. For several practical reasons, mainly associated
with the capability of computers and costs, the analysis of an entire
LBLOCA was separated into several phases:

1. The initial phase involved the loss of the cooling water from the
primary system through the break and is called the "Blowdown"
phase. This process is essentially independent of the
containment due to the high pressures involved and as a first
approximation is only moderately influenced by the amount of
energy transferred to the coolant from the core during the brief
Blowdown period. The converse is not true. The response of the
containment and core are primarily influenced by the behavior of
the coolant.

2. The second phase is the heatup of the core during the period with
little or no cooling called the "Core Heatup" phase. This is a
period when either most of the coolant has been lost or the
coolant distribution is such that little exists in the core.

3. The third phase is the eventual recooling of a high temperature
core from emergency sources of cooling water known as the
"Reflood" phase.
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TABLE 3-3.

I-~

FOREIGN EXPERIMENT PROGRAMS
(1975) (Reference 3-3)

Countrv

Canada

Germany

France

Germany

Germany

Sweden

Germany

Germany

Germany

Italy

Italy

Italy

Japan

Japan

UK

Germany

Agency

AECL

BMFT, CEC

CEA

Euratom

GKSS

AB Atomenergie

T. U. Hannover

KWU

Battel le/Frankfurt

CNEN

CNEN

U of Pisa

JAERI

JAERI

AWRE Foulness

CEC

Status
11975)

In Progress

Under Construction
at ISPRA

In progress at
Grenoble

In progress at
ISPRA

In progress

Under construction
at Studsvik

Completed in 1975

Completed in 1974

In progress

In progress

In progress

In progress

In progress

In progress

In progress

In progress
at ISPRA

Descriotion

Testing reactor coolant pumps of different scales, orientation, etc.
under two-phase transient and steady flow conditions

1/700-scale, 2-loop model of a 1300 MW(e) 4-loop PWR; power, mass flow
rate, and volume scaled

Moby Dick facility to study critical flows; testing to 10 bars

Effects of sudden expansion, volume variation, and cold water Injection
on steam/water mixtures (RS-77)

Fuel rod burnout studies In Freon for steady-state and transient
conditions (RS-64)

A 5.5-MW loop, FIX, with 36-rod bundle for performing transient dryout
experiments

A 2 -loop rig for studying heat transfer, DNB, and fluid flow during
blowdown using Freon (RS-48)

4-rod BWR and 25-rod PWR blowdown heat transfer tests (RS-37)

Simulated reactor vessels with simplified simulated PWR and BWR internals
for studying blowdown break flow and loads on internals (RS-16/2)

Critical heat flux facility with 4-meter-long electrically heated rods
powered up to 4 MW

Single-phase flow studies of block- ages In a 4 x 4 array of rods 2.5 m
long

A small vessel (3 m in height) for performing blowdown studies using
simulated PWR and BWR Internals (PIPER facility)

A loop facility with heated rods and transparent section around heater
rods for blowdown studies

ROSA program. Testing In ROSA-I completed In 1973 and ROSA-Il under
construction

Experiments on blowdown of pressurized water from large pipes

Reflood experiments with initial surface temperature of 200-800 C and
flooding rates of 1-37 cm/s
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TABLE 3-3. (continued)

CountrY AgencY

France CEA

Germany KWU

Japan

UK

JAERI

A.E.E. Winfrith

Status
11975)

In progress

In progress

In progress

In progress
at Winfrith

In progress

In progress

Description

Reflood experiments on 3.65-m-long rods in a 64-rod array with initial
temperature of 400-900 C at 0.5-10 cm/s

Reflood experiments using 340 rod bundle In vessel (RS36,RS36/3) for PWRs
and BWRs with vessel only and for PWRs with loop components (RS36/2)

Reflood experiments In 1-D and 2-D facilities

Spray cooling effectiveness experiments In high- and low-pressure-spray
cooling rigs

A series of laboratory-scale and Inpile experiments to evaluate a variety
of zircaloy cladding behaviors, e.g., high-temperature corrosion, fuel
clad Interaction, failure during heatup, and channel blockage effects on
ECC cooling

Bursting behavior of Internally pressurized heated zircaloy-4 tubes

Germany Karlsruhe

Germany KWU

WO
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The main systems code, RELAP4, attempted to address both PWR and BWR
configurations where the main differences in modeling were BWR jets pumps
and boiling initial conditions with water-steam interfaces. The jet pump
model in RELAP4 was based on a simple two-stream momentum mixing theory and
produced reasonable results for near normal operating conditions. During
a LOCA the flow patterns do not remain normal and the Jet pump model gave
results that were not physically reasonable. For Large Breaks with the
major forces involved, the importance of the jet pumps was minimal, and
reasonable results were obtained by simply "disabling" the model during
transient conditions.

Gravity produced separation of steam and liquid water can physically
occur during a LOCA transient and is a normal operating characteristic of
BWRs. With the basic assumption of homogeneous fluid (per node or volume)
this separation can only be approximated to the spatial resolution of the
nodes. During many conditions, including determination of the break flow
quality, nodal resolution was insufficient. Thus another model ("Bubble
Rise") was incorporated to alleviate this deficiency. It often gave
reasonable results, but like most a priori additions it also was involved
in one of the annoying and nonphysical problems called "Water Packing."

This difficulty appeared when a volume (node) was composed of
two-phase fluid and was receiving only inflow. The calculation continued
smoothly until the volume finally filled with enough fluid to force it from
two phase to fully liquid. Since all flows were at that instant still
inward to the volume, the calculated pressures would rise significantly,
just like the classic water-hammer, until the impulse reversed the flows.
When the water packing problem appeared it often was was not a small
perturbation and the entire calculation from the point on was very
suspect. The root cause of the water packing problem is improper models
of the real physics where the models do not properly converge in the limit
of infinitesimal nodes. This involves the finite-difference numerical
equations (flow junctions at volume boundaries are not real elements, but
only mathematical constructs), imposition of a-priori models that allow
discontinuous nonphysical changes, and attempting to model systems that are
beyond the scope of the fundamental assumptions made in developing the
model such as homogeneity and one dimensionality.

In RELAP4, the two-phase fluid was assumed to be homogeneous in both
content and flow within a given volume (node) and junction (flow path).
Furthermore the fluid was also assumed to be in a state of full
thermodynamic equilibrium within the volume. This type of model is called
the Homogeneous Equilibrium Model (HEM).

Although the flexibility of RELAP4 allowed the computational volumes
to be connected by the analyst in any manner, the code was strictly
one-dimensional. Simulations of multidimensional regions could be
attempted, but the calculated results were not meaningful in cases where
the multidimensional effects were more than very minor perturbations. This
use of parallel channels with crossflow junctions was often used to
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estimate crossflows in the core, but the conclusions that could be drawn
were of undetermined validity. Other frequent violations of the
one-dimensional constraint involved the extensive subdivision of the lower
plenum into multiple, stacked volumes. The general reason was to calculate
the water inventory within the plenum during the period in LOCA where the
core flow reverses backwards into the lower plenum, up the downcomer and
eventually out of the break. Extensive subdivision of the lower plenum was
easily shown to be incorrect by simply performing a convergence study of
using many stacked volumes. The calculated plenum water inventory was
related to the number of nodes.

Another area of concern in these analyses of LBLOCA was the treatment
of the injection of Emergency Core Cooling (ECC) water. In reality, the
ECC water is at significantly lower temperatures than the primary coolant
during blowdown. When real ECC temperatures were used in the analysis, the
regions receiving ECC were depressurized unrealistically due to the
equilibrium nature of the model. This depressurization could be more than
a minor perturbation, often disrupting the entire calculation. To
alleviate this, the ECC was usually modeled with temperatures close to the
primary fluid. Now this allowed the calculation to proceed, but this limit
is also not physical. The calculated results of the amount of water
remaining in the lower plenum near the end of blowdown were therefore very
suspect, hence the part of Appendix K that requires "throwing away" all
lower plenum liquid at the end of blowdown. This provision caused an
increase in calculated cladding temperatures.

The analytical tools available in the 1975 era were not capable of
rigorously addressing these problems due to the simplifying assumptions of
one dimensional homogenous equilibrium modeling. In the absence of ECC and
for the high flow conditions of large breaks, RELAP4 did produce a
reasonable estimate of the gross features of the transient. For other
transients that were less violent, this is not the case.

Other superimposed models that were also necessary included models for
break flows, energy losses in the flowing stream (because of friction),
junction enthalpy in regions of heat sources or sinks, and flow/heat
transfer behavior during the reflood quenching of the core. These models
were necessary because of the 1-D HEM simplifications used by the codes.
Component models were also necessary for mechanical items such as pumps,
valves, fuel rods and core blockage due to cladding swell or rupture. The
fuel rod models were very important because of their close interaction with
the fluid mechanics in the system transient. A brief description of the
fuel codes is relevant.

The fuel models, in both the systems codes and the more specialized
core analysis codes, included heat conduction models, nuclear and
metal-water reaction energy sources, pseudo cladding swell (deformation)
and/or rupture models based on gas pressure within the fuel rod as well as
rod temperatures. Experimentally based deformation models were used to
estimate core-wide flow blockage in the system codes and more localized
flow restrictions in the core analysis codes. These blockage effects were
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accomplished by modifying flow areas and energy-loss coefficients during
the transient calculation. Heat conduction models included the capability
to model regions with not only different composition but also temperature
dependent properties. Thus the fuel rods could be modeled as stacked
(vertical) one-dimensional radial conductors composed of nuclear fuel
(uranium oxide) with variable properties surrounded by a gap with
temperature dependent conductance encased within a metal (zircaloy)
cladding. The overall fuel temperature solutions were very reasonable for
most conditions except during the reflood/quenching phase when the systems
codes neglected the axial heat conduction. From a practical viewpoint, the
fuel models were generally reliable. Difficulties were almost always in
the hydrodynamics or the associated heat-transfer correlations, not in the
Internal fuel rod models.

As a final item, the codes, because of explicit numerical techniques
and the a-priori addition of other models were very much of an art to use.
Calculations often required very small times steps triggered by nonphysical
numerical discontinuities. This is clearly demonstrated in the reflood
phase for conditions where the ECC level rises more or less continuously
within the core. The codes were very difficult to run for these conditions
due to the numerically instantaneous quench of the finite fuel nodes. Only
in the limit of very small time steps and many fuel nodes could the
calculation proceed.

3.4 Conclusions and Prognosis

This chapter has discussed the state-of-the-art in 1975 regarding
LOCA/ECC related phenomena. Also, the evaluations, recommendations, and
problems identified by the APS study group were highlighted with regard to
the experimental safety research program in progress or planned to address
issues raised during the ECCS hearings. The APS review committee, in its
letter transmitting the study group report, noted that "We believe that
most of these problems can be resolved by further theoretical and
experimental research and implementation, which may require an extensive
period, perhaps as long as a decade." It is now slightly more than a
decade since this original call to action and the following chapters
document the completion of the research called for by the APS study group.
The next chapter provides the research methodology developed and used by
the USNRC to address the technical issues. This methodology is reviewed in
terms of thermal hydraulic modeling requirements, best estimate code
development, code uncertainty evaluation methodology, instrumentation
development, and experimental approach.

3-21



REFERENCES

3-1 Reviews of Modern Physics, Vol. 47, Supplement No. 1, Summer 1975.

3-2 Memorandum, Y. Y. Hsu to L. S. Tong, "Report of the Instrumentation
Review Committee," October 1974.

3-3 NUREG-75/058, "Reactor Safety Research Program," June 1975.

3-4 OECD/NEA/CSNI, "Nuclear Safety Research Index 1975," Vol. 1, 1976.

3-22



4. USNRC RESPONSE - R&D METHODOLOGY

4.1. Overview

4.1.1 Analytical--Experimental Approach

LOCA/ECC related phenomena and issues are discussed in detail in
Chapter 6. This chapter provides a general discussion of the issues and
will outline the overall methodology developed and used by USNRC to address
them. The methodology is based on a dual approach consisting of analysis
and of experiments.

The focus of the USNRC analytical activities for addressing
thermo-hydraulic (T/H) issues, is the development of best estimate (BE)
computer codes which integrate computer models of phenomena, of processes
and of reactor components to simulate a full scale nuclear power plant (NPP).

The reliance on BE codes to simulate T/H behavior of a NPP is
predicated by three factors. First, it is too costly and unsafe to test
the T/H response of severe events using operating or just-built NPPs.
Second, one cannot directly apply results from .test facilities because of
scaling compromises in their design. Third, the study of various plant
recovery techniques can only be performed by computer codes.

UNSRC's extensive effort in experimentation was designed to provide
data needed for developing code models and/or for assessing BE codes. This
effort required not only the design, construction and operating of new test
facilities, but also the development of advanced instrument and acquisition
systems. Two kinds of experiments were carried out: one concerned with
separate effects, the other with integral effects. Objectives of these
experiments and the role they have had in code development are illustrated
in Figure 4-1.

Two types of separate effects tests were conducted: one concerned
with basic phenomena and/or processes, the other with reactor components.
Data from basic tests were used to develop closure equations which describe:

o Exchange of mass, momentum and energy at vapor/liquid interfaces

o Exchange of momentum and energy at solid/fluid interfaces

o Two phase flow regimes in vertical and horizontal components

o Limiting phenomena such as: critical flow through large and small
breaks, critical heat flux (CHF), boiling transition,
countercurrent flow limitation (CCFL), etc.

Data from separate effects tests (SET) performed with scaled down
reactor components, were used either to develop appropriate models (for
example, of CCFL at the tie plate, of drop entrainment and de-entrainment
in the upper plenum, of pumps: rotary and jet, etc.) or to assess the
capability of BE'codes to calculate the characteristics of a particular
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component (for example, of the downcomer during ECC, of steam generators,
of the core during boil-off, of the pressurizer, etc.)

Integral effects tests (IET) were conducted to generate data on global
evolution processes, that is, on the dynamic response of the entire
system. Such data were used to assess the capability of BE codes to
calculate system dynamics and component interactions.

4.1.2 Scaling and Counterpart Tests

Implicit to applications of BE codes to analyses of postulated
transients and/or of accident events in NPP, is the assumption that these
codes have the capability to scale-up phenomena and processes from test
facilities to full scale plant conditions. To demonstrate this crucial
capability, BE codes had to be assessed against experimental data from
facilities of various dimensions. As a result, USNRC had to plan, design
and conduct both separate effects and integral effects tests in facilities
of different scales. Some phenomena, for example ECC bypass, were
investigated in separate effects test facilities ranging from 1/30 to full
scale. Other phenomena, for example reflood, were investigated in integral
test facilities ranging from 1/1000 to 1/50 in scale.

In order to assure that the scale-down tests were performed, under
conditions of interest and relevant to full scale NPP, it was necessary to
develop appropriate similarity criteria for scaling down T/H processes from
full scale plant to test facility. As Figure 4-1 illustrates, these
scaling criteria were used to design test facilities as well as to perform
the experiments, that is, to specify their initial and boundary
conditions. With these conditions appropriately specified, "counterpart"
tests are conducted in separate effects and integral effects facilities of
different scales to provide data needed:

1. To assess the scale-up capability of BE codes

2. To assess the effectiveness of scaling criteria, and

3. To evaluate the effects of scale distortion when present.

4.1.3 Cooperative Agreements: Test Data and-Code Assessment

The development and assessment of BE codes with the attendant
extensive experimentation, required a considerable investment of funds for
facilities, equipment and manpower. Consequently, in order to reduce this
cost as well as to avoid duplication of effort, USNRC established
cooperative agreements with the Electric Power Research Institute (EPRI),
US industry and foreign governments to carry out some of the programs and
share their cost and results.

Research programs carried out in cooperation with EPRI and US industry
addressed most often issues of interest to particular reactor designs. For
example, investigations of reflood related phenomena in a PWR were
conducted in the FLECHT program cosponsored by EPRI, Westinghouse and
USNRC. Whereas reflood in a BWR was investigated in the FIST program
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cosponsored by EPRI, General Electric and USNRC. Investigation of SBLOCA
related phenomena in a PWR of B&W design are being carried out in the IST
program cosponsored by EPRI, B&W, B&W owner's group and USNRC. Results of
pump performance tests conducted at Combustion Engineering and sponsored by
EPRI were shared with USNRC.

Cooperative agreements between USNRC and foreign governments in T/H
safety research provide USNRC with an access to or participation in T/H
investigations performed in a variety of foreign facilities. In return
USNRC provides its foreign partners with BE codes and advanced instruments
for use in their facilities. For example, in the 2D/3D International
Program, ECC bypass and upper plenum tests will be performed in FRG in the
Upper Plenum Test Facility (UPTF) which is full scale, similarly under this
program, refill/reflood tests have been conducted in Japan in the
Cylindrical Core Test Facility (CCTF) which is 1/21 in scale as well as in
a similar Scale Core Test Facility (SCTF). As a member of this trilateral
agreement, USNRC has provided its two partners with advanced
instrumentation used in these facilities and with the TRAC code which is
used to specify test conditions and analyze the results. Together, the
three partners select the test, set its objectives, specify its conditions
and analyze its results.

As a result of international cooperation, a substantial amount of T/H
experiment data (used for assessing USNRC BE computer codes) is being
generated in foreign facilities. Similarly, the assessment of these codes
is performed by foreign analysts. This effort is being coordinated through
the International Code Assessment Program (ICAP) which was organized by
USNRC for this purpose. The participant countries include: Austria,
Belgium, Federal Republic of Germany, Finland, France, Italy, Japan,
Netherlands, Spain, Sweden, Taiwan and United Kingdom. Through ICAP, USNRC
is provided with an independent technical source for evaluating the quality
of its BE computer codes. Furthermore, this program makes these codes
become the most tested and best assessed codes in the world.

4.1.4 BE Codes - Synthesis and Repository of T/H Safety Research

After having been successfully assessed against data from a large
number of scaled test facilities, BE computer codes become the ultimate
repository of all previous T/H safety research.

As the code assessment is being carried out within the U.S. (by USNRC
contractors) and without (by international teams using data from a variety
of foreign facilities), USNRC BE computer codes can be regarded as the
synthesis of NPP thermal-hydraulic knowledge. Consequently, these codes
have been widely accepted as the standard tool for performing NPP studies.

4.1.5 Outline of the Chapter

The components of the triad shown in Figure 4-1, that is, BE computer
codes, separate effect tests and integral effect tests are discussed in
more detail below. Section 4.2 summarizes modeling capabilities required
by BE codes for calculating LOCA phenomena and processes. The general
characteristics of these codes, that is, their formulation, structure and
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capabilities are discussed in Section 4.3. Scaling methods and code
applicability methods developed by the USNRC and code uncertainty
methodology are discussed in Section 4.4. The instrumentation development
effort is summarized in Section 4.5 and discussed in Appendix C.

4.2 Required T/H Modeling Capabilities for LWRs

4.2.1 Introduction

Before discussing the BE modeling requirement it is helpful to note
the objectives of BE calculations. Any abnormal operating condition may
subject the reactor systems to deviations from prescribed ranges of
important parameters, such as pressure and temperature. A LOCA, be it
large or small, may cause a mismatch between heat generation in the fuel
and cooling on its surface, while both of these processes are interacting
and changing with the time. The objectives of BE thermal-hydraulics
modeling is to trace all physical processes and phenomena that govern the
heat generation, coolant flow, and effectiveness of the cooling process as
a function of time, following an accident. The final goal is to provide a
tool for realistic prediction of the system pressure, coolant flow, coolant
inventory and maximum temperatures of fuel and cladding during transients
initiated by any accident.

LWRs are designed and built in two general types, namely, pressurized
water reactors (PWRs) and boiling water reactors (BWRs). There are also
considerable variations in the design and hardware configuration with each
one of these types. Differences in the hardware configuration, in
particular, may have a very strong effect on the course of events following
a break in any pipe. Furthermore, the impact of any accident on system
safety is influenced by the effectiveness of the engineered safety
equipment, its availability at the time of accident, and the sequence of
actions by operators. Based on these considerations it is not practical or
meaningful to prepare a list of all possible LWR accident scenarios for the
purpose of defining the relevant phenomena and required T/H modeling
capabilities. On the other hand, it is important to note that the events
following a LOCA, in any reactor, are governed by a set of processes which
can be identified in different scenarios. The basic task is to identify
these phenomena and specify modeling requirements for predicting their
occurrence, extent and consequence. For this purpose it is expedient and
adequate to review only a few LOCA scenarios in LWRs.

Consequently, this section will describe only three LOCA scenarios,
that is,

1. Large break in a PWR,

2. Small break in a PWR,

3. Large break in a BWR.

Dominant processes in various phases of each scenario will be
identified together with code capabilities required to model them.
However, as these processes characterize also other LOCAs, BE codes that
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meet these requirements (summarized at the end of this section) will have
also the capability to address other scenarios.

The histograms that are presented in what follows should be regarded
only as illustrations and qualitative approximations of the discussed trends.

4.2.2 Modeling Requirements for Initial Conditions

Any T/H transient or accident analysis of a reactor requires an
adequate specification of the starting conditions and a realistic
description of the system geometry, material properties, and boundary
conditions. For obvious reasons accidents initiated with the reactor at
full power are generally expected to have the highest potential for causing
damage. Another factor is the level of accumulated fission products and
their activities in the fuel (so called burnup). For this reason most of
the LOCA accident scenarios are assumed to start when the reactor is at
full power and its fuel has reached a maximum of burnup with an equilibrium
between production and decay of radioactive species. These assumptions
along with additional information, regarding the radial and axial power
distribution in the core, provide the necessary input data concerning the
strength and the distribution of the heat source in the reactor core at the
start of the accident. Other needed information for performing the T/H
analysis are the initial pressures in the reactor vessel and in other
important components, initial flow rates at some instrumented locations,
and coolant temperatures at entrances and exits of the reactor system.

Obviously, it is also necessary to include relevant data concerning
the mechanical characteristics of the system components, such as pumps,
valves, separators, etc., along with all other geometrical descriptions of
the system.

The first requirement of BE modeling capabilities is the ability to
calculate a verifiable distribution of pressure, flow, and temperature
throughout the reactor system in steady-state operation, based on the given
set of initial conditions. For both BWRs and PWRs these requirements
consist of the modeling capabilities listed below.

1. Single-phase pressure drop in pipes, bends, fuel bundles, area
changes, and in all special reactor components. These
calculations should be reliable for the entire range of flow
velocities and flow areas encountered in the reactor system.

2. Single-phase heat convection for water and steam and boiling heat
transfer. These are needed to calculate heat transfer from the
fuel to the coolant in the core and, in the case of PWRs, heat
transfer on the primary and secondary sides of the steam
generators.

3. Two-phase density (or void fraction) and velocity distribution in
the boiling channels, including so called subcooled boiling where
steam is generated on the hot channel walls and partially
condensed in the bulk of liquid flow. Correct prediction of void
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fractions is essential to accurate calculations of hydrostatic
pressure differences and other components of pressure drop. It
is also important in neutronic power calculations, particularly
in BWRs.

4. Two-phase pressure drop in boiling channels of BWRs or on the
secondary side of steam generator tubes and in other parts of the
system such as BWR upper plenum, stand pipes and steam separators.

5. Steady-state heat conduction and temperature distribution in
solids. This capability is needed for heat conduction
calculations in steam generator tube walls in PWRs, in the
evaluation of any heat losses through the system walls, and most
importantly, in the calculation of the initial temperature
distribution in the fuel rods, core support, and in other massive
metallic components, for a realistic evaluation of the stored
heat in the core and the whole system. These are important in
the subsequent transient calculations.

Most of these modeling capabilities are equally important for
different phases of LOCA transients. However, in those applications they
should include the time dependent components.

4.2.3 Scenario for Large Break in PWR

To facilitate the discussion and enumerate the capabilities required
for a best estimate analysis of a large break LOCA, the scenario will be

'M divided in three periods: blowdown, ECC bypass/refill and reflood.

The blowdown period will be defined as lasting from break initiation
until start of ECC injection. It is followed by the ECC bypass/refill
period which ends with the beginning of core recovery (BOCREC). The
reflood period starts with BOCREC and ends with the core recovery. For a
discussion of typical events in this scenario a two-loop PWR with U-tube
steam generators is considered. Figure 4-2 illustrates the two-loop PWR
with arrows indicating flow direction in normal operation.

Period 1: Blowdown

A large break (guillotine severance of the main circulation pipe) in
one of the cold legs is assumed to take place at time t = 0 (see
Figure 4-3). The events after this moment are described in the following:

o Initially, the mass flow rates of subcooled liquid out of the
cold leg break are high. The flow becomes choked.

o The mass outflow from the vessel side of the break is much larger
than that from the pump side because of the high hydraulic
resistance of the pump and steam generator (SG) piping.
Figure 4-4 shows the calculated trends.
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Figure 4-2. PWR system immediately before a large cold leg break.
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o Consequently, flow stagnation occurs in the core resulting in a
bidirectional flow through core (see Figure 4-3). Figure 4-5
shows the calculated flow reversal at midheight of a PWR core.

o The system depressurizes very rapidly (see the calculated trends
for the upper plenum shown in Figure 4-6).

o As the pressure decreases, the temperature of the liquid in the
upper plenum (UP), hot leg (HL) and pressurizer reaches
saturation, resulting in flashing, that is, in voiding.

o Nucleate boiling and flashing start in the core. Due to radial
power distribution the voiding is not uniform across the core
(see Figure 4-7).

o Core voiding reduces power generation.

o Voiding in the vessel reduces also the rate of depressurization.

o The critical heat flux (CHF) is reached in the core and heat
transfer changes form nucleate to the film boiling regime (see
Figure 4-8).

o The core dries out (see Figure 4-7).

o Cladding temperature (Tcl) increases rapidly due to initial

stored energy. Figure 4-9 shows the calculated trends for a PWR,
whereas Figure 4-10 shows the measured Tcl in LOFT

(Reference 4.3).

o Pressurizer low-pressure set point trips.

o Reactor scrams.

o Primary coolant system (RCS) pumps trip but continue to run in a
coast down mode.

o Because of the large flow rates out of the vessel side of the
cold-leg break, most of the flow through the intact-loop RCS pump
(coasting down) goes out of the break rather than into the core.

o As the pressure continues to decrease, it reaches saturation
pressure for the broken cold-leg fluid; this leads to voiding and
increases the flow resistance.

o The flow at the break changes from subcooled choked to saturated
choked flow. Consequently, the mass flow rate through the break
decreases rapidly (see Figure 4-4).
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o As the break flow drops off, the intact loop RCS pump (in a coast
down mode) forces the relatively cold fluid from the lower plenum
into the core. The fluid in the lower plenum and downcover is
essentially incompressible (liquid) until flashing starts in
these two regions. Consequently, the amount of liquid re-entering
the core is determined by the difference between intact-loop flow
entering the vessel and the exiting flow through the break.

o The re-entering fluid cools the core, cladding temperature
reaches a peak (PCT) and starts decreasing (see Figures 4-9 and
4-10). This first rewet occurs at high pressure and low quality.

o The liquid in the intact loop begins to flash. This increases
the flow resistance. Similarly, the intact loop pump performance
begins to degrade as the liquid in the loop seal voids.
Consequently, the inlet flow to the core is reduced which may
lead to a second dryout.

o However, the liquid in the downcover and lower plenum begins to
flash and a two phase mixture can be forced from the lower plenum
into the core to provide some cooling.

o There is little heat-up during the second dryout because most of
the energy initially stored has been removed during the first
(partial) refill. Furthermore, continuing flashing of the liquid
in the upper head, lower plenum and downcomer can result in
significant steam flows and/or dispersed droplet flows which cool
the core.

o As the pressure decreases, the broken loop accumulator flow is
initiated. However, most of the liquid flows out through the
break.

o Somewhat later, the flow from the intact loop accumulator is
initiated. This ends the blowdown period as defined above.

From this description of the blowdown phase, it can be seen that the
required T/H modeling capabilities of a BE code include:

o Those listed for steady state, plus

o Critical discharge rates (subcooled and saturated) through break

o Pump performance, (coast-down and degradation)

o Single and two phase pressure drops throughout the system
including pumps

o Flashing in core, upper plenum, hot and cold legs, lower plenum
and downcomer

o Flow stagnation and flow reversal in core
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o Negative reactivity feedback to the reactor power as the core voids

o Nucleate and film boiling heat transfer in core

o CHF in core

o Transient heat conduction In the rods

o Rod initial stored energy and gap conductance

o Steam cooling in core

o Dispersed droplet (high quality) cooling

Period 2: ECC Bypass and Refill

By definition, this period starts with emergency core cooling (ECC)
liquid injection,

o Initially steam and entrained liquid from lower plenum and
downcover escape through broken cold leg (see Figure 4-11).

o Cold ECC water mixes with steam in cold leg generating
oscillations due to direct contact condensation phenomena.

o Once in the downcomer ECC water can flow by gravity down the
annulus or be swept out through the break by the escaping upward
steam flow, that is, due to the counter-current flow limitation
(CCFL) phenomenon (see Figure 4-12).

o When subcooled ECC fluid gets in contact with the superheated
solid structures in the downcover steam is generated by nucleate
boiling. This reduces the gravitational head of the liquid in
the downcomer and penetration in lower plenum (see Figure 4-13).

o ECC liquid which may have penetrated into the lower plenum can be
swept out again. This process of liquid "partial penetration"
(or "dumping") and of "sweepout" occurs randomly. Direct contact
condensation of steam on the subcooled ECC fluid continues.

o The rate of depressurization decreases as the difference between
vessel and containment pressures decreases. As a result the
amount of steam generation due to flashing decreases.
Consequently, the amounts of liquid being dumped in the plenum
increase whereas those that are swept out-decrease. The lower
plenum starts to fill up.

o The core starts to heat up slowly because the steam flow through
the core decreases with decreasing depressurization and the
liquid in the upper head and/or pressurizer has been depleted.
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o With decreasing steam flow rates, very little of the ECC liquid
will be bypassed out of the break. Most of it will flow to fill
the downcomer and lower plenum. The ECC bypass/refill period
ends when the liquid level in the lower plenum reaches the bottom
of the core barrel.

This brief description denotes the T/H capabilities a BE code should
have in order to perform realistic calculations of ECC bypass and refill
processes. These modeling capabilities include:

o Those listed for the blowdown period, plus

o Direct contact condensation in cold leg

o Nucleate boiling in downcomer

o Vapor generation and voiding due to hot walls in downcomer

o Direct contact condensation in downcover

o CCFL in downcomer

o Partial penetration of liquid in lower plenum

o Liquid entrainment from lower plenum

o Tracking liquid level in lower plenum

Period 3: Reflood

The core begins to refill after the downcomer and lower plenum have
filled (see Figure 4-14).

o Initially core refill is quite rapid because the downcomer is
maintained full by the continued ECC injection and there is very
little resistance in the intact loop because there is no steam
flow and no liquid to vaporize in the steam generator.

o Due to high temperatures of fuel rods, the thermal regimes in the
core during reflood encompass the entire spectrum: starting with
single phase liquid and progressing through the core with
nucleate boiling, transition boiling, film boiling, churn
two-phase flow, dispersed droplet flow and single phase steam
flow (see Figure 4-15).

o Due to droplet de-entrainment at the tie plate and grid spaces,
top quenching and local quenching occur in addition to the bottom
one (see Figure 4-16).

o Higher vapor velocities and liquid entrainment occur in the
central region of the core due to higher powered fuel rods. The
entrained liquid has a beneficial cooling effect (see Figure 4-17).
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o Some of the entrained liquid is de-entrained at the tie plate and
falls back, the other is carried into the upper plenum where it
is de-entrained and forms a two-phase pool (see Figure 4-18).

o Liquid from the pool can reenter the low powered regions of the
core because of the lower vapor velocities (see Figure 4-17).

o As a result, a 3-D flow pattern is established. In the core, the
flow is from low to high powered regions resulting in the
"chimney effect." In the upper plenum, the flow is in the
opposite direction (see Figure 4-17).

o Liquid from the two-phase pool in upper plenum may be entrained
by vapor and carried over to hot legs. In traversing the upper
plenum it can be de-entrained on upper plenum structure.

o As bottom quench progresses through the core more liquid is
carried over to the pool. As a result, the level of the
two-phase mixture can reach the hot leg.

o Liquid carried over by vapor through hot legs may reach steam
generators where it will evaporate causing an increase of
pressure in SG and upper plenum. This reduces the reflood rate
giving rise to the "steam binding" effect.

o Vapor mass flow rates decrease with decreasing quench velocity.
This reduces the amount of liquid entrained and carried over to
the SG. As a result, the pressure in the SG and upper plenum
decreases causing an increase in flooding rates. This process
may continue with decreasing effects until the entire core is
reflooded.

o For some conditions, manometer oscillation between liquid in
downcomer and core can also lead to oscillatory reflood rates.

This brief description of the reflood process indicates that the
required T/H capabilities of a BE code include:

o Those listed for the ECC bypass/refill period, plus

o Complete spectrum of two-phase flow regimes in the core

o Vapor void fraction in the core

o Core heat transfer rates for:

- subcooled liquid
- nucleate boiling
- transition boiling
- film boiling
- churn two-phase flow
- dispersed droplet flow by convection
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- steam by convection
- steam by radiation
- droplets by radiation

o Quench front tracking

o Drop entrainment from quench front

o Drop de-entrainment on tie plate and grid spacers

o Top quency heat transfer

o Heat transfer due to local quenching on grid spacers

o Drop carry-over and pool formation in upper plenum

o CCFL at tie plate

o Tracking two-phase pool mixture level in upper plenum

o Drop entrainment from pool and de-entrainment on upper plenum
structure

o Liquid penetration from pool in upper plenum into low powered
regions of core

o 3-D flows in core and upper plenum

o Liquid carry-over through hot leg to steam generator

o Two-phase pressure drop in hot leg and SG primary side

o Heat transfer to steam and two-phase mixture in SG primary side

o Liquid level tracking in the primary loop

o Manometer oscillations.

This concludes the discussion of a large break LOCA in a PWR and the
thermal hydraulic modeling capabilities required to perform a best-estimate
calculation.

4.2.4 Scenarios for Small Break in a PWR

The major contrasts between a small break and a large break LOCA are
in the rates of coolant discharge and pressure variations with time. In
general, the reactor system response to a small break is slower compared to
events after a large break. This allows more time, and different
possibilities, for operator interventions. Another principal difference is
the domination of gravity effects in small breaks versus inertial effects
in the large breaks.
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It is not meaningful to suggest a unique path of development of events
following a small break in PWRs. The scenarios may change drastically by
many factors such as the reactor design (examples; U-tube or once-through
steam generators), the break size, the size of core bypass (allowing some
fraction of the inlet cold leg flow directly into the core upper structure
without passing through the core), and most importantly, by different
operator interactions. As an example, the primary circulation pumps may be
shut down early in a small break LOCA transient or, they may be allowed to
run and circulate the coolant through the core for a long time. These
alternative actions can make a large difference in the nature of discharge
flow, early heat removal from the core, and the liquid inventory in the
system after one hour or so in the transient. Another important
possibility of different interactions is through the steam generators. The
secondary side of steam generators can be isolated (no feedwater flow) or
they can be used for a controlled heat removal. It is also possible to
cool the reactor through the so called "feed-and-bleed" process (on the
primary side). Either of these actions will have a major effect on the
course of the transient. It is not the intent of this section to provide a
catalog of all possible scenarios following small break LOCA accidents.
Hence, the different transient scenarios will not be considered for
enumeration of the modeling requirements. It is important to note that an
adequate set of modeling capabilities for any of the plausible scenarios
will be equally adequate for all other scenarios. This is because the
phenomena and processes are the same but their interactions and timing of
various developments changes in different operations. In the following
scenario it is assumed that the primary circulation pumps are stopped at
the time of reactor scram and the steam generators are isolated at the same
time.

In order to study the major phenomena and modeling requirements for
small break LOCA, a two-loop PWR system will be considered. Here again
Figure 4-2 shows the schematic of the two-loop PWR in normal operation
before the accident. The requirements for establishing the initial
conditions are the same as described under 4.2.2. The SBLOCA transient is
assumed to initiate at time t = 0 by a small break in the cold leg as
indicated in Figure 4-19. The following is a list of the important events
in the reactor system during such a transient;

1. Discharge of coolant through the break with an intensity that
changes rapidly with time. The break mass flow rate jumps to its
maximum in a fraction of a second, but decreases as the system
pressure falls and the flow changes from subcooled liquid to
saturated two-phase mixture, with increasing steam quality.
Figure 4-20 shows calculated trends of break flow for a small
(2 inch diameter) break in a large PWR and Figure 4-21 shows
measured break flow of a simulated 1.84 in. break in a LOFT
experiment. Due to the scaled size of the actual break in LOFT
(0.35 in. diameter) the peak of the measured flow is only a few
per cent of the 2.0 in. break flow in the real system. However,
it is interesting to note that the peak mass velocities
(normalized maximum flows per unit break area) display a much

closer similarity (about 21150 lb/ft2.s in the large PWR and

18740 lb/ft2.s in LOFT). The break flows are predominantly
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Figure 4-19. Schematic of
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the two-loop PWR at the start of a SBLOCA
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Figure 4-20. Calculated discharge flow through a 2 in. break in the
cold leg of a PWR (Ref. 4.4).
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Figure 4-21. Measured discharge flow through a scaled 1.86 in. PWR
break in LOFT (Ref. 4.5).
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critical. This means that they are only dependent on the
pressure and enthalpy of the flow immediately upstream of the
break and will not be affected by downstream pressure changes
outside the break. A reliable modeling of critical flow is
important in predicting break flows and flows through internal
system restrictions that might become critical during a LOCA
transient.

2. Rapid depressurization of the primary coolant system until
flashing of the hot coolant into steam is started. The reactor
is scrammed automatically. The rate of depressurization changes
when flashing and boiling starts in the core and the pressure
substantially decreases when the break flow changes from
single-phase liquid to two-phase mixture (reduced mass
discharge). Measured trends of pressure change after a small
break are shown in Figure 4-22, for the primary and secondary
systems of a large PWR are shown in Figure 4-23. The
depressurization trends after a small break may vary considerably
depending on the size and location of the break. Figure 4-24
shows a variety of depressurization trends calculated for seven
different break sizes in a large PWR. As in the case of
depressurization after a large break, the dominant phenomena in
this process are heat and mass transfer between liquid and vapor,
heat transfer from the fuel and metallic structures to the
coolant, heat transfer in steam generators, and transient heat
conduction in solids. Likewise, the rate of break flow and its
enthalpy (steam fraction) influence the depressurization strongly.

3. The liquid level in the pressurizer falls rapidly and, with the
initiation of flashing and boiling in the core, some steam
volumes begin to develop in the upper core region and under the
vessel top. The initiation of this stage is shown schematically
in Figure 4-25. The two-phase level above the core and the
liquid level at the vessel top will move down gradually as the
break flow and boiling in the core continue. The dominant
phenomena in those processes are: boiling in the core, transient
two-phase flow in the primary and secondary systems, condensation
and counter current flows inside the steam generator tubes and in
the hot leg.

4. The heat exchange between the primary and secondary sides of
steam generators changes considerably. First, a pressure rise in
the secondary side begins to develop, as shown in Figures 4-22
and 4-23. This initial pressure rise is caused by closure of the
turbine stop valve. At the same time the heat transfer from the
primary to secondary side increases when-the primary flow into
the steam generator becomes a two-phase mixture, as a result of
flashing and boiling in the core. Condensation of steam carried
into the steam generator increases the heat transfer to the
secondary side and contributes to the pressure rise. Excessive
pressure rise in the secondary is prevented by frequent steam
venting and, after some delays, an auxiliary feedwater flow is
initiated to maintain the secondary side liquid inventory. Some
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Figure 4-25. Initial stage of void formation in the core and reactor vessel
in a small break transient.
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of the vapor carried into the steam generator remains uncondensed
and creates a continuous vapor phase at the top of the U-tubes as
shown in Figure 4-26. The unequal mixture levels in the two
branches of the U-tube and their density difference have a strong
influence on core uncovery as will be described later.

5. High pressure ECC injection and makeup water will contribute some
liquid to the primary system early in the depressurization ;
phase. But these may be inadequate to replenish the liquid lost
through the break. On the other hand, stabilization of the
primary pressure at a relatively high level prevents injection of
accumulator liquid for some time, while the boil-off process and
break flow will continue to reduce the liquid inventory. As a
result, the steam volume at the vessel top expands and the
mixture level in the upper plenum gradually falls to the top of
the fuel rods and begins the core uncovery. This is shown
schematically in Figure 4-27.

6. The movement of liquid level in the core depends to some extent
on the difference between the leak flow and high pressure
injection, plus makeup flows. However, as stated earlier,
another important factor is the hydrostatic pressure difference
that develops in the U-tube steam generators, which may depress
the core level considerably. This phenomenon is due to the
differences in void fraction and mixture densities in
countercurrent flow inside the upflow branch, and concurrent flow
inside the downflow branch of the U-tubes. The mixture density
is higher in the countercurrent flow and it may generate a
considerable hydrostatic pressure difference over the entire
height of-the U-tubes. This pressure difference is transmitted
to the two-phase level in the core through the hot leg. While
there may be enough liquid to submerge the core, a considerable
portion of it is pressed out of the core by this pressure
difference. This is shown schematically in Figure 4-28. The
barrier against equalization of the pressure difference is called
the loop seal.. The loop seal in this case is the liquid trapped
in the lowest portion of the piping between a steam generator and
the suction side of the primary circulation pump. Normally, the
loop seal in the broken loop clears first (becomes vapor
filled). When this happens the stored liquid in the upper parts
of the downcomer will fall and the two-phase level in the core
will rise rapidly. Figure 4-29 shows variations of the
"collapsed" liquid level in the core with an indication of its
relation to the loop seal elevation. The collapsed level is an
interpretation of the liquid volume and does not include the
contribution of voids to the actual mixture level. Modeling
requirements for predicting these phenomena call for realistic
calculations of vapor and liquid velocities in concurrent and
countercurrent flows, boiling and condensation, friction and
acceleration effects in single-phase and two-phase flows.
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Figure 4-26. Formation of a continuous vapor phase at the top of the SG
U-tube and vessel during a small break transient.

4-41



Steam generator Steam generator

Pressurizer

Hot leg

Cold leg

Reactor vessel 6 2949

Figure 4-27. Initiation of core uncovery.
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7. When the loop seal clears and liquid rises in the core, the
primary pressure may fall below that of the secondary side as
shown in Figure 4-23. This will change the direction of heat
transfer in the steam generator as the secondary side begins to
supply heat to the primary side. As a result, some liquid
evaporation will take place inside the U-tubes and pressure
buildup can develop that may reduce natural circulation through
the steam generators. This is known as "steam binding" effect.

8. Except for the above-mentioned dip in the core level, just before
clearing of the loop seal, the core remains submerged for smaller
break sizes until the system pressure is reduced to initiate
accumulator injection and the start of long term heat removal.
As long as the core is submerged the cladding temperatures remain
only a few degrees above the liquid saturation temperature. In
any case, if the two-phase level drops to the core top and core
uncovery initiates, the cladding temperatures in the upper part
of the core may begin to rise rapidly. These initial temperature
excursions will be stopped by returning mixture level, following
the loop seal clearing. The time of occurrence and the size of
such temperature spikes depend on the break size. Figure 4-30
shows calculated cladding temperatures following small breaks of
different sizes in a large PWR. The modeling requirements for
these events are the same as for the previous phases, including
transient heat conduction in fuel and cladding, different phases
of boiling, heat transfer to superheated steam, liquid
entrainment and de-entrainment, quenching and rewetting with
return to nucleate boiling.

9. If, for any reason, the steam generators cannot be used to cool
the primary system and the break size is not large enough to
depressurize the system effectively, the boil-off may continue
due to the decay heat and initiate a second round of temperature
rise in the fuel. This is known as core heatup phase and, in the
worst case, it may lead to metal-water reaction between Zircaloy
cladding and coolant, at very high temperatures. Excessive heat
generation in the metal-water reaction may intensify the core
heatup and result in core melting (the TMI accident). However,
at any time in this phase, introduction of large quantities of
water into the primary system will effectively stop the reaction
and quench the core quickly (demonstrated in LOFT experiments,
particularly in the LP-FP-2 test). The modeling requirements for
the heatup phase are again the same as in 8 above, but with the
addition of models for radiation heat transfer and metal-water
reaction.
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4.2.5 Scenarios for Large Break in a BWR

For a discussion of this scenario the schematic view of a BWR
according to Figure 4-31 is considered. This represents a modern BWR with
two external circulation systems that drives the internal jet pumps for
circulation through the core. Flow directions in normal operation are
indicated by arrows. These represent liquid flow through downcomer and
lower plenum, boiling flow through the core, two-phase flow in upper plenum
and steam separators, and steam flow in the dome. The modeling
requirements for establishing the initial steady-state conditions in this
system were described under point 4.2.2.

A large break (guillotine severance of the main circulation pipe) is
assumed to take place close to the suction side of the pump at time t=O.
The following events will develop after this moment.

1. Rapid discharge of coolant through both sides of the break, with
a greater intensity from the vessel side. The pump side flow is
restricted by area reduction at the jet pump nozzle and hydraulic
losses in the circulation pump. Figure 4-32 shows mass flow
rates from the vessel side and the pump side, respectively
(calculated for a large BWR). The phenomena affecting break
flows in this case are exactly the same as in the case of PWR
LOCAs namely, critical flow and pressure loss due to friction and
acceleration.

2. Rapid depressurization of the reactor vessel after a few seconds
of slow pressure fall. The depressurization trend is shown in
Figure 4-33. The contrast in slow start of depressurization in
BWRs compared to the very fast initial depressurization in PWRs
is due to the presence of a large steam volume in the BWR
vessel. The steam expands to fill the lost liquid volume,
without much reduction in its pressure. There is even a slight
pressure rise when the main steam isolation valve (MSIV) is
closed at the time of reactor scram. This is due to continued
heat flow from the fuel while steam outflow is being reduced.
Once the reactor is shut down and the stored heat has been
released, the pressure begins to fall rapidly, although not as
fast as in a PWR. The modeling requirements for this event are
the same as for PWRs and involve mainly heat and mass transfer
between liquid and vapor, heat transfer from the fuel and
metallic structure, transient heat conduction in solids, and the
effects of mass and enthalpy discharge through the break. It is
also necessary to model power generation with neutron kinetics,
including void and temperature feedback effects, decay heat, and
direct heating of moderator-coolant by gamma-rays.

3. Discharge of the coolant through the break and flashing of liquid
into steam contribute to lowering liquid levels inside the core
and the downcomer. In a matter of few seconds the liquid level
falls to the suction ports of the jet pumps in the downcomer, as
shown schematically in Figure 4-34. Uncovery of the jet pump
suction ports has a marked effect on the discharge rate through
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Figure 4-31. Schematic diagram of a BWR in normal operation.
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break (Ref. 4.6).
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the pump side. Figure 4-35 shows a trend of downcomer liquid
level variation following a large break. Modeling of fluid mass
and liquid level variations required appropriate integration of
mass and momentum balance from the start of the transient.

4. Mass flow rates through the jet pumps change drastically.
Figure 4-36 shows flow through the jet driver nozzles of the
broken and the intact loops, respectively. The broken loop jet
flow falls very quickly and becomes negative (feeding the
break). For the first few seconds the reversed flow is liquid.
However, when the jet pump suction uncovers, the steam content of
the flow increases quickly, resulting in a sudden decrease in
mass flow rate through the nozzle. After some irregular changes
the jet nozzle flow approaches zero by the end of blowdown
period. On the other hand, the driver nozzle flow in the intact
loop falls less rapidly and never becomes negative. Flashing of
liquid into steam inside the intact circulation loop creates a
temporary rise in the driver flow as shown in Figure 4-36.
Modeling capabilities for predicting these flow variations must
include momentum exchange between the different streams inside
the jet pumps and the effects of friction, acceleration, and
local pressure losses on the different flow components. Another
important aspect is modeling the effects of local phase changes
on mass flow rates. Flow inside the downcomer and plena require
multidimensional modeling, while flow inside the individual
channels and jet pumps can be treated one-dimensionally.

5. Continued pressure fall initiates flashing of the liquid mass in
the lower plenum. This.liquid is initially subcooled and hence
does not contribute to steam generation early in the transient.
Flashing in the lower plenum contributes to a volume increase and
a temporary level rise in the core and downcomer. This level
rise affects flow through the jet pump drive nozzles and even the
break flows.

6. The falling liquid level in the downcomer initiates the HPCS
(High Pressure Core Spray) first and then, moments later, the
LPCS (Low Pressure Core Spray) and finally, LPCI (Low Pressure
Coolant Injection). The actual flow rates of these emergency
cooling systems will depend on how far the vessel pressure falls
below the set point of each system. Figure 4-37 shows typical
trends of these emergency coolant flows as functions of vessel
pressure. Distribution of ECC liquid inside the upper plenum and
prediction of its downflow into different zones of the core
require three-dimensional flow modeling.
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7. While the lower plenum flashes and creates a falling mixture
level, drainage of liquid from the fuel bundles will be slow due,
to countercurrent flows of vapor and liquid at the side entry
orifice (SEO) at the bottom of the fuel bundles. The intensity
of the countercurrent flows will depend on the remaining liquid
mass and the chimney effect created by vapor generation in each
channel. Both of these factors depend on the decay heat and the
initial power level of the bundle. At the same time, downflow of
liquid from the upper plenum into the fuel bundles are also
reduced due to the countercurrent effect. For the high powered
channels the ECC liquid penetration may stop completely, during
some intervals, due to CCFL. The liquid that initially filled
the bypass (the volume between the fuel boxes and around the
core) will continuously flow into the bundles through the small
holes at the lower end of the boxes. A part of this liquid will
be evaporated and a part of it will be entrained by steam and
carried out. Figure 4-38 shows a schematic view of these
processes in a BWR vessel and Figure 4-39 shows the collapsed
liquid level in an average powered fuel bundle after a large
break. The point to observe is that the collapsed liquid level
in the fuel bundle does not go down to zero at any time. This
seems to be equally true for high powered and low powered
channels as well. The modeling requirements for these events are
mass and momentum balance, countercurrent flow phenomenon,
different phases of boiling, and liquid entrainment.

8. Reduction of pressure and falling liquid level in the core expose
the high powered rods to boiling crisis during the blowdown.
After a dryout on the cladding the vapor temperature begins to
rise above the saturation point, although depressurization
reduces the saturation temperature. The cladding temperatures
may continue to rise for some time, before ECC water penetration
and increased liquid entrainment begin to cool the rods.
Figure 4-40 shows calculated temperatures of high powered rods
after a large break. The important phenomena affecting the fuel
and cladding temperatures are: boiling crisis, convection
cooling by steam, nonequilibrium temperature distribution between
vapor and liquid with increased interfacial heat exchange,
radiation heat transfer from any rod to other rods, to the
coolant, and to the channel walls, rewet, reflood, quench front
propagation, subcooled boiling, and transient heat conduction in
the fuel, cladding, and in the channel walls.

4.2.6 Required Best Estimate Modeling Capabilities

In describing various events in LOCA scenarios, many of the dominant
phenomena and modeling requirements seemed to appear repeatedly. A review
of events in any other kind of LOCA in LWRs would again bring up the same
modeling requirements. The only additional phenomena that may appear in
LWR accidents and were not discussed in the above are:

1. Condensation of steam in the wet well of BWR containment, with
accompanying pressure oscillations.
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2. Pool boiling in the BWR containment wet well due to blowdown of
high temperature steam and air.

3. Condensation of steam on ice in PWR containment.

Here, again, the three points are T/H processes that are describable
in terms of mass, momentum and energy balance in combination with relations
for interfacial exchange of these properties.

These observations together indicate that a best estimate computer
code for LOCA analysis needs only one set of formulation, or modeling
capability, for each of the identified phenomena. These will be adequate
to analyze the phenomena in all parts of the system as they appear. It is
the concluding task of this subsection to provide a list of all-these
unique modeling capabilities.

4.2.6.1 BWR and PWR Modeling Needs. Due to some basic differences in
BWR and PWR hardware components, and the necessity of modeling certain T/H
processes in those components, it is desirable to develop separate series
of codes for these two types of reactors. Examples of the specific
hardware components are: jet pumps and internal steam separators in BWRs
and pressurizer and steam generators in PWRs. While the basic formulation
of the T/H phenomena can be identical in BE codes for BWRs and PWRs, the
requirements of one-dimensional or multidimensional flow calculations may
vary in the two applications. Based on these considerations separate
listings of required BE modeling capabilities will be presented for BWRs
and PWRs (see Conclusion and Summary). However, before enumerating the
required BE T/H capabilities for LOCA analysis, it is appropriate to
mention two other categories of modeling capabilities that are needed in
LOCA analysis.

4.2.6.2 Control System Modeling. In addition to the T/H phenomena, a
BE code for LOCA analysis must also include adequate modeling of reactor
trips and control systems. All the present LWRs have built in complex
control systems for automatic or manual interactions with different system
components, both in normal operation and in a crisis situation. The
control systems receive inputs from system variables such as pressure,
temperature, flow, liquid level, etc. and interact with hardware
configurations such as valve opening, pump speed, control rod position,
etc. Such interactions affect the course of LOCA transients very
strongly. This is particularly true in the case of slow transients in the
wake of small breaks. In the case of large break LOCAs the majority of
system actions, such as reactor shutdown, valve openings and closures, or
pump stops, etc., may be modeled by trip instructions. For this reason a
complete trip and control system modeling capability is also an essential
part of the BE requirements.

4.2.6.3 Balance Of Plant Modeling. Among the required T/H
capabilities of a BE code, at least for some small break calculations, is
modeling of the balance of plant (BOP) components. These involve
mathematical representation of the processes in turbines, condensers,
feedwater pump and booster, and feedwater heaters. Again, a majority of
these processes can be analyzed with the basic BE capabilities for mass,
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momentum, and energy balance combined with auxiliary equations and
transient heat conduction in solids. However, complex components, such as
steam turbines and moisture separators,. require specific models that are
suitable for calculating the transient performance of those components
without necessary details. It must be noted that there is hardly any need
for BOP modeling in large break LOCA analysis. The BOP modeling is mostly
needed in the analysis of operational transients and, occasionally, in
small break analysis.

4.2.7 Conclusions and Summary of BE Modeling Requirements

Starting with a list of possible types of accidents in LWRs, attention
was focused on the objectives of BE modeling capabilities for analyzing the
LOCA accidents. The goal is to obtain a best estimate prediction of the
vital system variables such as pressure in the reactor vessel and
containment, and the maximum temperatures in fuel and cladding.

The first step in any LOCA analysis involves establishing the initial
T/H conditions. The BE modeling requirements for initial steady-state
calculations in both BWRs and PWRs are:

S-a. Complete geometrical simulation of the reactor system with
realistic modeling of all the important flow paths, material
masses, and system components.

S-b. Steady-state or unperturbed transient modeling of mass, momentum
and energy distribution for the coolant, including flow
velocities and temperature, for single-phase and two-phase flow
in all reactor components.

S-c. Single-phase pressure drop in pipes, bends, fuel bundles, area
changes, and in all special reactor components.

S-d. Single-phase heat convection for water and steam and boiling
heat transfer.

S-e. Two-phase density (or void fraction) and velocity distribution
in the boiling channels, including subcooled boiling voids.

S-f. Two-phase pressure drop in boiling channels and in other reactor
components such as pipes, separators, etc.

S-g. Steady-state heat conduction and temperature distribution in
solids.

S-h. Heat conduction in the gap between fuel and cladding.

S-i. Realistic modeling of the characteristics of specific system
components such as pumps, steam separators, jet pumps, etc.
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S-j. Reliable approximation of the thermodynamic and transport
properties of the reactor materials such as fuel, cladding,
vessel, piping and the coolant (liquid and vapor).

In order to identify BE modeling requirements for LOCA and ECC
transients, two different scenarios of large and small breaks in a PWR and
a large break LOCA in a BWR are reviewed. Typical events and quantitative
examples of system parameter changes with time are presented and modeling
requirements for various events in each scenario are noted. It is then
observed that, in spite of the very wide variation of events in different
scenarios, there is only a limited number of basic computational
capabilities that are needed to model the dominant effects in all
scenarios. A few additional modeling requirements relative to containment,
neutron kinetics, balance of plant, trips and control system are noted at
the end and, the practicality of using different BE codes for BWRs and PWRs
is hinted. Following are two separate listings of the identified BE
modeling capabilities for LOCA transients in BWRs and PWRs, respectively.

4.2.7.1 BWR Modeling Requirements

B-a. Time dependent distributions of mass, momentum and energy for
the coolant material inmall system components.

B-b. Time dependent velocities and local flow densities in all
one-dimensional and three-dimensional components including the
following items:

o One-dimensional flow through fuel channels, pipes, valves,
pumps, etc.

o Multidimensional flow through downcomer, lower plenum, upper
plenum, bypass, and steam dome.

o Flow through jet pumps in forward and reverse directions,
with proper pressure loss coefficients.

o Flow through steam separators and dryers in forward and
reverse directions, with proper loss coefficients.

B-c. Critical flow calculation at the break and at any internal
junction that may experience very steep pressure gradients.

B-d. Interfacial exchanges of mass, momentum and energy between vapor
and liquid, including the effects of various two-phase flow
patterns.

B-e. Circulation pump characteristics, including all four quadrants.

B-f. Safety and relief valve component modeling capability.

B-g. Transient heat conduction and temperature distribution for fuel,
cladding, and other solid structures.
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B-h. Single-phase heat transfer to vapor and liquid in different flow
geometries.

B-i. Gap heat conductance.

B-j. Boiling heat transfer including nucleate, transition, and film
boiling at all pressures.

B-k. Critical heat flux (or dryout) prediction relevant to BWR fuel
geometries.

B-1. Nonequilibrium temperature distribution between vapor and liquid
with individual heat transfer between either phase and the
channel walls.

B-m. Liquid entrainment in vapor and de-entrainment.

B-n. Countercurrent flow and CCFL effects at the side entry orifice
and at the upper tie plate geometries.

B-o. Radiation heat transfer between any fuel rod and other rods,
surrounding steam and droplets, and the channel walls.

B-p. Minimum film boiling temperature and rewet heat transfer.

B-q. Power calculation with time-dependent neutron kinetics model,
including at lease six groups of delayed neutrons.

B-r. Decay heat of fission products with contribution from
transuranic elements.

B-s. Realistic trips with appropriate delay actions and parameter
dependencies.

B-t. Control system models with universal simulation capabilities.

B-u. Containment simulation capability, including dry and wet wells,
heat transfer, pool boiling, and condensation on the walls.

4.2.7.2 PWR Modeling Requirements. These requirements are largely
the same as for BWRs, as listed under 4.2.8.1. The only differences are in
the areas of multidimensional flow in the core, pressurizer modeling with
heating and water injection, heat exchange and boiling in steam generators,
and consideration of cocurrent and countercurrent two-phase flows inside
horizontal connections between the reactor vessel and steam generator.
However, for completeness, the whole list of modeling requirements for PWRs
is given in the following.

P-a. Time-dependent distributions of mass, momentum and energy for
the coolant material in all system components.
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P-b. Time dependent velocities and local flow densities in all
one-dimensional and three-dimensional components including the
following items:

o One-dimensional flow through pipes, valves, pumps etc.

o Multidimensional flow through downcomer, lower plenum, the
reactor core, and upper plenum.

o Flow through the primary side and secondary sides of steam
generators, with proper loss coefficients for forward and
reversed flow directions.

P-c. Critical flow calculation at the break and at any internal
junction that may experience very steep pressure gradients.

P-d. Interfacial exchanges of mass, momentum and energy between vapor
and liquid, including the effects of various two-phase flow
patterns.

P-e. Circulation pump characteristics, including all four quadrants.

P-f. Safety and relief valve component modeling capability.

P-g. Transient heat conduction and temperature distribution for fuel,
cladding, and other solid structures.

P-h. Single-phase heat transfer to vapor and liquid in different flow
geometries.

P-i. Gap heat conductance.

P-j. Boiling heat transfer including nucleate, transition, and film
boiling at all pressures.

P-k. Critical heat flux (or dryout) prediction relevant to PWR fuel
geometry and to both sides of the steam generator tubes.

P-l. Nonequilibrium temperature distribution between vapor and liquid
with individual heat transfer between either phase and the
channel walls.

P-m. Liquid entrainment in vapor and de-entrainment.

P-n. Countercurrent flow and CCFL effects in vertical pipes,
horizontal pipes, and in steam generator tubes.

P-o. Pressurizer simulation with liquid injection and level
prediction capability.

P-p. Minimum film boiling temperature and rewet heat transfer.
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P-q. Power calculation with time-dependent neutron kinetics model,
including at least six groups of delayed neutrons.

P-r. Decay heat of fission products with contribution from
transuranic elements.

P-s. Realistic trips with appropriate delay actions and parameter
dependencies.

P-t. Control system models with universal simulation capabilities.

4.3 Best Estimate Computer Codes - Developmental Methodology

This section discusses methods and procedures used by USNRC to develop
BE computer codes. Salient physical features of two-phase flow problems
are summarized in Subsection 4.3.1, which sets forth the requirements a BE
computer code ought to meet. How they were met in USNRC's BE codes, is
taken up in Subsection 4.3.2, which deals with the five elements that
comprise a code. Stages and components of a BE code development program
are outlined in Subsection 4.3.3, whereas the method developed by USNRC for
assessing BE codes and for assuring their quality, is discussed in
Subsection 4.3.4.

4.3.1 Salient Physical Aspects of the T/H Problem

The salient physical characteristic of the T/H phenomena and processes
enumerated in the preceding section is the existence of multiple scales,
that is, of:

1. An internal scale that characterizes the flow topology, and

2. An external scale that characterizes component geometry.

The measure of the internal scale (flow topology) is the interfacial
(vapor/liquid) area concentration, that is, Ai/VT (where Ai, is the

area of all interfaces contained in volume YT). Whereas the measure of

the external scale is the solid surface area concentration, that is, As/VT.

Figures 4-41 and 4-42, illustrate the flow topology, that is, flow
regimes observed in vertical and horizontal pipes respectively. Whereas,
Figures 4-43 and 4-44, depict flow patterns observed during fast and slow
reflood respectively. It can be seen that in these four cases the external
scale remains constant (As/VT = 4/D) while the internal one constantly

changes as the fluid progresses through the duct. For example, in vertical
ducts (see Figure 4-41) the internal scale (Al/VT) starts from zero in

the single phase liquid region, then depending on the number density of
bubbles and of drops, it can have two maxima and becomes zero again in the
single phase vapor flow region.

The evolution (changes) of the internal scale and its interaction with
the external one determine to a great extent, the performance and
characteristics of a two phase flow system.
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Indeed, all thermal nonequilibrium phenomena as well as the phase
transport and/or separation processes discussed in Section 4.2 depend upon
the interfacial area density and the associated coefficients for exchange
of momentum, mass and of energy between the two phases. For example, the
vapor superheat (and therefore heat transfer) in the post CHF region,
depends on droplet area concentration and the interfacial (vapor/liquid)
heat transfer coefficients. Similarly, direct contact condensation is
determined by the interfacial area concentration and interfacial heat
transfer rates. Mixture level depends on bubble area concentration and
interfacial drag. Steam binding depends on liquid
entrainment/de-entrainment in the upper plenum and transport to the steam
generators; all are functions of interfacial drag and area concentration as
well as of upper plenum structure, that is, of the external scale, etc.

One of the problems in modeling the effects of the internal scale on
the performance of a two-phase flow system is the fact that this scale is a
function not only of the solid structure geometry and orientation (compare
Figures 4-41 and 4-42), but also of inlet conditions (compare Figures 4-43
and 4-44) as well as of local variables such as vapor and liquid
velocities, thermodynamic properties, wall temperatures etc. This is in
contrast to the external scale which is an independent, input parameter.

Nevertheless, if a computer code is to perform reasonably realistic
T/H calculations of interest to NPP analyses, then it has to capture the
essential physical feature of a two-phase flow problem, that is, the code
has to account for and model the effects of multiple scale.

4.3.2 BE Codes - Formulation

During the past decade USNRC through its contractors has developed
several families of modular, BE computer codes which have undergone
constant improvements through several stages of evolution. This effort is
summarized in Tables 4-1 and 4-2. The latest versions of these BE codes
are discussed in more detail in Chapter 5 together with the results of
their application. Here, we shall discuss only the general features that
enable these codes to address the T/H issues of interest to USNRC.

The formulation of a BE code is comprised of five elements, that is, of:

a. Thermo-hydraulic model

b. Thermal model for structures

c. Reactor kinetics model

d. Numerical solution technique

e. Overall execution strategy

Roles which these five elements have in providing BE codes with
capabilities required for USNRC applications, are summarized below.
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TABLE 4-1. BEST ESTIMATE COMPUTER CODES DEVELOPED FOR PWR APPLICATIONS

Status

Code

TRAC-PlA

Deveioper

LANL

Mission

Large break LOCA

Modelinn Capabilities

o Different velocities for
vapor and liquid

o Thermal non-equilibrium
o 3-0 flows In vessel
o Point kinetics

Release

April 1979

Assessment Comments/Documentation

Completed 1. Manual:
NUREG/CR-0665
March, 1979

2. Assessment:
o NUREG/CR-1059

September, 1979
o NUREG/CR-1651

August, 1980
o NUREG/CR-1652

January, 1981

TRAC-PD2/MOD1 LANL Large break LOCA Same as TRAC-PIA but with
Improved numerics and models

June 1980 Completed
-Vb

1�4
1-6

1. Manual:
NUREG/CR-2054
April, 1981

2. AssessmepA:
o NUREG/CR-3073

September, 1982
o NUREG/CR-3148

December, 1982
o HUREG/CR-3208

February, 1983
o NOREG/CR-3866

June, 1984
o NUREG/CR-4252

April, 1985
o NUREG/CR-4195

November, 1985

TRAC-PF1 LANL Large and small
breaks LOCA

o Different velocities for
vapor and liquid

o Thermal non-equilibrium
o Non-condensibles
o Boron
o 3-0 flows In vessel
o Fast numerics for 1-0

flow components

November 1982 Completed 1. Manual:
o NUREG/CR-3567

November, 1983

2. Assessment:
o NUREG/CR-3280

February, 1983
o NUREG/CR-3646

September, 1985



TABLE 4-1. (continued)

Status

Code

TRAC-PF1/MOD1

Develover

LANL

Mission

o Large and
small breaks
LOCA

o Operational
transients

Modeling Capabilities

o Same as TRAC-PF1 but with
improved models, numerics,
control and protection
systems

Release

November 1984

Assessment

In progress

Comments/Documentation

1. Manual:
NUREG/CR-3858
July, 1986

2. Assessment:
o NUREG/CR-4278

May, 1985
o NUREG/CR-3877P

July, 1984
o NUREG/CR-3919

December, 1984
o NUREG/CR-4155

February, 198_
o NUREG/CR-4189

November, 1985
_l.

RELAP5/MOD1 INEL PWR calculations
of:
o Large and

small break
LOCA' s

o Operational
transients

o ATWS

0

0

0
0
0
0

Different velocities for
vapor and liquid
Partial thermal non-
equilibrium
Non-condensibles
Boron
1-D flows in vessels
Point kinetics

December 1980 Completed 1. Manual:
NUREG/CR-1826
Vols. 1, 2 and 3
March, 198_

2. Assessment:
o NUREG/CR-3148

December, 1982
o NUREG/CR-3406

August. 1984
o NUREG/CR-3802

October, 1984
o NUREG/CR-3939

October, 1984

RELAP5/MOD2 INEL o Large and
small breaks
LOCA' s

o Operational
transients

o ATWS

o Different velocities for
vapor and liquid

o Thermal non-equilibrium
o Non-condensibles
o Boron
o 1-D flows In vessel
o Point kinetics
o Fast numerics

Cycle 21:
April 1984

Cycle 36:
January 1985

In progress 1. Manual:
NUREG/CR-4312
Vols. 1 and 2,
August 1985

2. Assessment:
(Draft), November,
1985
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TABLE 4-1. (continued)

Status

Code Developer

COBRA-TF PNL

Mission

Subchannel core
transient
analyses

Modeling Capabilities

o Different velocities for
vapor and liquid

o Thermal non-equilibrium
o Subchannel transport
o 3-D flows In vessel
o Upper head injection

Release Assessment

1979

Comments/Documentation

Assessment and docu-
mentation are pre-
sented In COBRA-TRAC
reports listed below

COBRA-TRAG PHL Upper head
injection
analyses

o Same as COBRA-TF plus
o Primary loop components

1982 Completed Manual and assessment
report:

NUREG/CR-3046
Vols: 1-5
March 1983
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TABLE 4-2. BEST ESTIMATE COMPUTER CODES DEVELOPED FOR BWR APPLICATIONS

Status

Code

TRAC-BD1

TRAC-BD1/MOOD

Developer

INEL

INEL

Mission

o Large break
LOCA' s

o Large and
small breaks
LOCA' s

o Operational
transients

o ATWS

Modeling Capabilities

o Different velocities for
vapor and liquid

o Thermal non-equilibrium
o 3-D flows in vessel
o Points kinetics

Release

October 1981

Assessment

Completed

Comments/Documentatlon

1. _anualI:
NUREG/CR-2178
Vols. 1, 2, 3, and
October 1981

2. Assessment:
NUREG/CR-4196
April 1985

1. Manual:
NUREG/CR-3633
Vols, 1, 2, 3
and 4
April 1984

2. Assessment:
NUREG/CR-4428
November, 1985

0

0
0
0
0
0

Different velocities for
vapor and liquid
Thermal non-equilibrium
Non-condensibles
Boron
3-0 flows In vessel
Points kinetics

November 1983 Completed

42b

TRAC-BF1

RAMONA-33B

INEL

BNL

o Large and
small breaks
LOCA' s

o Operational
transients

o ATWS

o Operational
transients

o ATWS

0

0
0

0

0
0

Same as TRAC-BOI/MODI
pI us:
1-D neutron kinetics
Fast numerics for 1-D
flow components

Different velocities for
vapor and liquid
Thermal non-equilibrium
3-0 neutron kinetics

To be released
in FY 1986

October 1981

Deve lop-
menta I
assessment
in progress

Completed Manual and assessment
report:
NUREG/CR-3664
January 1984
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4.3.2.1 Thermo-Hydraulic Model. The T/H model in a typical BE code
is illustrated in Figure 4-45. It consists of eight conservation equations
and the appropriate closure equations. As these two sets of equations have
different functions, they will be discussed separately.

4.3.2.1.1 Conservation Equations--The eight conservation
equations shown in Figure 4-45, describe conservation of mass, of momentum
and of energy for a three component (water, gas, solute) two-fluid (vapor,
liquid) model. They are shown in their vector form in Figures 4-46, 4-47,
and 4-48. These equations are derived for example, in References 4.7,
and 8, which present also relevant averaging techniques, list of references
and other background information.

The significance of the two-fluid model is that it permits the two
phases to have different velocities and different temperatures.
Consequently, a BE code formulated in terms of this model can calculate the
effects of phase separation and of thermal nonequilibrium.

The mass conservation equations for the two additional components (gas
and solute) allow a BE code to model the effects of noncondensibles and of
boron. The assumption that each component moves with the velocity of the
corresponding phase (that is, vapor and noncondensibles move with velocity
Vg, and liquid water and solute with velocity Vl) reduces the formulation

to two energy equations (one for each phase) and two vector momentum
equations (that is to six equations for a 3-D code, or two equations for a
1-D code).

As noted above, the exception to the formulation just described, is
the COBRA-TRAC code which is formulated in terms of three fields: a vapor
field and two liquid fields (one for drops the other for films, or two
droplet fields). This was done in order to model conditions in which one
part of the liquid (in form of drops) moves with the vapor, whereas the
other moves (as films) along a solid surface (for example, downwards in the
case of top quench).

4.3.2.1.2 Closure Equations--Closure equations that appear in a
typical BE code are of two kinds (see Figure 4-45). One set that includes
constitutive equations (thermal and caloric), describes the thermodynamic
state and transport properties of the constituents. The other set that
includes correlations, describes the transport (exchange) of mass, of
momentum and of energy at vapor-liquid and fluid-solid interfaces. It is
this second set, that specifies the type and degree of coupling, that is,
of interactions between the various fields and phases.

Correlations are most often determined from experiments. They are
regime dependent, that is, their form changes with changes of flow regimes
and/or of thermal (heat transfer) regimes. For example, in single phase
flow the solid to fluid heat transfer coefficient has different expressions
depending on whether the flow is laminar or turbulent and whether it is in
forced or in natural circulation. In two phase flow, the number of
correlations is considerably larger because of the greater variety of
thermal and of flow regimes. For example, there are three boiling heat
transfer regimes (nucleate, transition and film). In vertical two phase
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Figure 4-45. BE computer code: T/H model.
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Figure 4-46. Field equations for conservation of mass.
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Momentum

at. (tv) + v * (avpv-Ivtv) avVP + aVp

at. v
+ v * + TvT)1 + +wv ev
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+ V * [a1(,1 + f TI)] ++ r (IVlT -(Sc(I)

Yt(aePJ e) + V(aePUeUe) -oreVP + aePg +e e

- (re7c) + (S"'Th

Rate of change of monentum + Rate of monentum change by convection

Pressure gradient + Gravity force + Wall shear + Interfacial drag between

vapor and continuous liquid + Interfacial drag between vapor and drops +

Interfacial momentum exchange + Momentum exchange due to entrainment

r = Viscous shear
T = Reynolds stress

a 9896

Figure 4-47. Field equation for conservation of momentum.
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Energy

a (avpvhv) + V * (avpvhvv = V * [atvi + rvT)j + r-w 'hg + q ' tr + a aP
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-V* eal+ T)I- rP 'hf + qjI' ' + Ow1' + (al)+ a LP
at

Time rate of change + convection , Energy transport due to phase change +

Interfacial heat transfer + Wall heat flux

- = Conduction vector
zT = Turbulent heat flux vector 6 9895

Figure 4-48. Field equations for conservation of energy.
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flow, there are four flow regimes (bubbly, slug, annular-mist, and droplet)
each requiring different expressions for interfacial density (Al/VT)

and the attendant coefficients for interfacial drag and for interfacial
heat transfer, etc.

Correlations which may be used in a typical BE computer code are
listed in Tables 4-3 and 4-4. Particular expressions are discussed in
Section 5.

Closure equations (correlations) play a most important role in the
formulation and performance of BE codes. First, they introduce in the
formulation the capability to model the variety of processes and phenomena
discussed in Section 4.2, and enable therefore, a code to calculate the
associated transfers of mass, of momentum and of energy. Second, closure
equations introduce the effects of geometric scale (external and internal)
in the formulation and enable, therefore, a code to address the problem of
scaling.

The scale-up capability of a BE computer code is accounted through
nodalization and through closure equations. As the latter are determined
from experiments, it is essential that these experiments either cover the
range of parameters encountered in a NPP, or if not, that they can be
scaled with confidence, to NPP conditions. Methods developed by USNRC and
its contractors to deal with this problem are discussed in Section 4.4.

It can be seen from this brief description of a T/H model in a typical
BE code, that USNRC needs led to very complex codes (i.e., the number of
field and closure equations) capable to address an unprecedented number of
thermo-hydraulic, that is, of two-phase flow problems and issues.

4.3.2.2 Thermal Model for Structures. Thermal models for structures
enable a code to calculate heat transfer processes that occur within or
across reactor structural components such as fuel, steam generator tubes,
vessels, pipes, etc.. When coupled with appropriate closure equations,
these models permit code calculations of energy transfer from structures to
fluid.

Depending on reactor component, BE computed codes solve the transient
heat conduction equation in rectangular, cylindrical or spherical
coordinates. Effects of variable properties are accounted for by
expressing thermal conductivity, heat capacity and density of solid
material as functions of temperature.

In developing fuel-rod models for BE computer codes, two particular
problems had to be addressed and resolved: one concerned with nodalization
ahead of the quench front, the other with the gap conductance.

During reflood large axial variations of wall temperature and of heat
fluxes occur in a very narrow region close to the quench front.
Consequently, to model adequately its motion, a large number of axial nodes
would be required. However, because of the attendant large increase in
computing time such a fine nodalization could not be afforded. To resolve
this conflict between computing accuracy and speed, a fine mesh-rezoning
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TABLE 4-3. SINGLE PHASE FLOW CRITERIA AND CORRELATIONS USED IN A TYPICAL
BEST ESTIMATE COMPUTER CODE

A. Flow Regime Criteria

Laminar
Turbulent

B. Thermal Regime Criteria

Forced Circulation
Natural Circulation
Radiation

C. Wall to Fluid Exchange Correlations

1. Momentum

Friction
Form Loss

Area change
Rod bundles
Bends
Grid spacers

2. Energy

Heat Transfer Coefficients

Laminar flow
Turbulent flow
Natural circulation
Radiation

D. Process Correlations or Models

1. Critical flow
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TABLE 4-4. TWO-PHASE FLOW CRITERIA AND CORRELATIONS THAT MAY BE USED IN A
TYPICAL BEST ESTIMATE COMPUTER CODE

A. Flow Regime Criteria

1. Vertical Flow:

Bubbly
Slug
Annular (Film) - Mist
Droplet
Stratified (Mixture Level)

2. Horizontal Flow

Bubbly
Intermittent
Annular
Droplet
Stratified

3. Limiting Flows

Critical Flow

Subcooled
Saturated
Stratified

CCFL

Tie Plate
Hot Leg
Downcomer
Orifice

B. Thermal Regime Criteria

Subcooled Nucleate Boiling
Saturated Nucleate Boiling
CHF
Transition Boiling
Film Boiling
Dispersed Flow
Inverted Annular
Condensation
Low vs High Flow
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TABLE 4-4. (continued)

C. Wall to Fluid Exchanges Correlations

1. Momentum

Friction
Form Loss

Area change
Rod bundles
Bends
Grid spacers

2. Energy

Heat transfer coefficients

Subcooled nucleate boiling
Saturated nucleate boiling
CHF - low flows
CHF - high flows
Transition boiling
Film boiling
Forced convection boiling
Condensation

0. Vapor-Liquid Interfacial Area Correlations

1. Vertical Flow

Bubbly
Slug
Annular (Film) - Mist
Droplet
Stratified (Mixture Level)

2. Horizontal Flow

Bubbly
Intermittent/Slug
Annular
Droplet
Stratified
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TABLE 4-4. (continued)

E. Vapor-Liquid Interface Exchange Correlations

1. Momentum

Drag coefficients

Bubbly
Slug
Annular (Film)
Droplet

2. Energy

Heat Transfer Coefficients

Bubbly
Slug
Annular
Droplet
Stratified
Condensation

F. Process Correlations or Models

1. Liquid Entrainment/De-entrainment Rates

Entrainment in film flow
De-entrainment in film flow
Entrainment in reflood
De-entrainment on grid spacers
De-entrainment on upper plenum structures
De-entrainment at area changes
De-entrainment on solid surfaces
Entrainment from pools

2. Phase Separation Correlations

T's and Y's
Separators

3. Pumps

Jet
Centrifugal
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scheme had to be developed and incorporated in BE computer codes. In this
scheme the number of axial nodes in heat structures is varied in such a way
that the fine mesh exists only in the region where large axial variations
of wall temperature and of heat flux exist. Figures 4-49 and 4-50,
illustrate this scheme as implemented in RELAP5/M002. Figure 4-49, shows a
typical heat-structure geometry with one fluid control volume connected to
each heat structure. The dots are radial mesh points. At the initiation
of reflood, each heat structure is subdivided into two axial intervals (see
Figure 4-50). Thereafter, the number of axial intervals in the solid may
be doubled, halved or remain unchanged depending on a set of rules related
to the void fraction and to regions of nucleate and of transition boiling.
Thus, as the quench front propagates along the solid, each heat-structure
mesh first increases then decreases the number of (mesh) intervals.

The second problem that had to be resolved, was concerned with the
development of an adequate model for calculating the transient gap
conductance. Figure 4-51, illustrates how a particular BE code (TRAC
PF1/MOD1) models the fuel-cladding system as four regions, that is, as
solid fuel, cracked fuel, gas gap and cladding. Gap changes are found by
calculating radial displacement of each region caused by thermal
expansion. Heat transfer rates are calculated by considering three
components: gas gap conductance, fuel-cladding interfacial contact and
fuel-cladding thermal radiation.

Numerical methods used in various BE computer codes to solve heat
conduction equations and their coupling to T/H calculations are discussed
in Chapter 5 and references listed therein.

4.3.2.3 Reactor Kinetics Model. Reactor kinetics models are used in
BE computer codes to calculate core power. In codes which simulate PWRs,
this power is calculated using the space independent or point kinetics
approximation. As this model is based on the assumption that power can be
separated into space and time functions, it is adequate for cases in which
the space distribution remains nearly constant. However for BWR
applications, this approximation becomes inadequate as there are many
reactor transients which exhibit space dependent neutron kinetic effects.
For this reason capabilities of recent BWR/BE codes have been upgraded to
include 1-D (in TRAC BF-1) and 3-D (in RAMONA-3B) kinetics models.

To calculate decay heat, both PWR and 8WR codes use the 1979 ANS
standards.

4.3.2.4 Numerical Solution Techniques. The selection of a numerical
technique for solving the set of partial differential equations (PDE) that
describe the system and processes, is governed by several factors that
include: a specified accuracy, computational stability ("robustness") and
efficiency.
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Figure 4-49. An elementary heat structure unit for reflood in RELAP5/MOD2.
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Figure 4-51. Fuel-rod geometry model in TRAC PF1/MOD1.
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The finite-difference equations in the first versions of BE computer
codes, were written in a semi-implicit form (using donor cell differencing
for the convected terms) and solved using the staggered-difference scheme
developed originally in References 4-10 and 11. Applications of these
first code versions to NPP analyses, revealed that a rather long time was
required to execute the calculations. This problem had to be addressed in
subsequent code versions; the way it was resolved is outlined below.

The required computing time varies depending on computer type, size of
the problem, simulation time and transient scenario. In general, computer
run time is roughly proportional to the number of hydrodynamic volumes
(meshes) included in a problem and inversely proportional to the time step
used. For the semi-implicit scheme, this time step is determined by: the
user specified maximum time step, the most restrictive material Courant
limit and the truncation error. If the time step exceeds the Courant
limit, the semi-implicit solution produces numerical oscillations and
uncontrolled errors.

To capture the important phenomena that occur in various components of
a NPP during a transient or accident, a BE computer code requires between
250 and 500 volumes to model a NPP. For large break loss of coolant
accident (LOCA) analyses, although the simulation time is short (on the
order of minutes) small time steps are required. For small break analyses,
although larger time steps can be accommodated, the simulation time can run
for hours. Thus, either for large or small breaks LOCA studies, the
semi-implicit scheme can lead to long computing times.

To resolve the conflicting requirements of computing accuracy and of
efficiency needed for USNRC's analyses, novel numerical methods and
solution procedures had to be developed. The problem was addressed at LANL
during the development of TRAC PF1. A stability enhancing two-steps (SETS)
method was developed in References 4-12 and 13, which for one dimensional
flow, eliminates the time step restriction imposed by the material Courant
stability limit. The method is discussed in more detail in
References 4-12, 13, and 14, here we shall note only its essential features.

The material Courant stability limit (and its restrictions on the
maximum time step) can be eliminated by changing the differencing scheme
from semi-implicit to fully implicit. However, this would have required
also solving a much larger set of linearized equations resulting in a
prohibitively costly time advancing scheme. For a practical solution, the
number of such calculations had to be reduced. The solution was sought and
found in the development of various nearly implicit schemes
References 4-12, 13, 14, 15, 16, and 17. The basic idea first developed in
References 4-12 and 13, is to solve the set of equations (conservation and
closure) in steps (whence the name "two-step" method in References 4-12,
13, and 14, "multi step" in Reference 4-15, "fractional step" in
Reference 4-16, etc.).

The benefit of implementing these novel solution schemes in BE
computer codes, was a significant increase in computing efficiency. For
example, by implementing SETS in TRAC PF1 and TRAC-PF1/Modl, the speed for
calculating a typical NPP problem, was increased by a factor of about 5
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to 6. It is noteworthy that this improvement in computing efficiency was
achieved without a significant loss of computing accuracy. Presently, the
method is being extended to two and three dimensions.

4.3.2.5 Overall Execution Strategy. The strategy for executing
calculations varies from code family to code family. Strategies developed
for particular codes are discussed in Chapter 5 and references listed
therein. Here, we shall describe the procedure that a typical BE computer
-code (for example TRAC-PFl/MOD1) follows in executing calculations during
one time step. This will illustrate the type and number of computations
which have to be made, in order to provide a code with capabilities
required for addressing problems of interest to USNRC.

Each time step in transient calculations consists of several sweeps
through all components of the system. The purpose of these sweeps is to
converge to the solution of the nonlinear difference equations. The
solution is determined by a specified convergence criterion. The state of
the system is advanced through time by a sequence-of prepass, outer
iteration and post pass calculations called by a subroutine that controls
the overall execution strategy. A simplified flow diagram that illustrates
how a code executes calculations during one sweep is shown in Figure 4-52.

In a BE code based on the two-fluid model, the dependent variables are
pressure P. vapor void fraction a, velocities of vapor Vv, and of liquid
VL, temperatures of vapor Tv and of liquid TL, and the temperatures of

the solid material Ts. At the start of a new time step, the calculated
values of P. Tv and TL are used by the code to determine thermodynamic

properties, that is, internal energies (ev, eL) densities (pv, PL0'

viscosities (vv, QL) and thermal conductivities (Kv, KL) of the two

phases. The code proceeds then to calculate thermodynamic properties of
the solid material.

Wall to fluid heat transfer is calculated in the next step. First,
the code determines the appropriate thermal (heat transfer) regime. For
single phase flow, the selection is made from regimes in list B of
Table 4-3, whereas for the phase flow, a regime is selected from those
shown in Table 4-4 list B. The code proceeds then to select and calculate
the appropriate critical heat flux (CHF) and/or heat transfer coefficients
from Table 4-4 list C2 or from Table 4-3 list C2. The selection logic used
in TRAC-PF1/MOD1, to determine wall to fluid heat transfer coefficients, is
illustrated in Figure 4-53.

The next step is to calculate wall to fluid friction and form losses.
Again, the code determines first the flow regime (from Table 4-3 list A, or
from Table 4-4 list A) and proceeds then to calculate appropriate friction
factors and form loss coefficients (from Table 4-3 list C1 or from
Table 4-4 list Cl).

The next stage consists of calculating the exchanges of momentum and
of energy between the vapor and liquid. From list A, shown in Table 4-4,
the code selects first the appropriate flow regime. The selection logic
used in COBRA-TRAC for vertical two-phase flow, is illustrated in
Figure 4-54. For a selected flow regime, the code proceeds then to
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Figure 4-52. Simplified execution flow diagram for TRAC PF1/MOD1.
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Figure 4-54. Vertical, two-phase flow regime selection logic in COBRA-TRAC.
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calculate: the interfacial area concentration (Ai/VT) from Table 4-4,

lists DI or 02, the drag coefficient (Table 4-4 list El, and the heat
transfer coefficient from Table 4-4 list E2.

The next sequence of calculations that are illustrated in Figure 4-52,
are characteristic of TRAC-PFl/MOD1 which uses the SETS method (discussed
in the preceding subsection). The sequence and the reasons to follow it,
are discussed in more detail in References 4-12, 13 and 14. Briefly, the
sequence starts with the stabilizer step in the momentum equations, it
proceeds with the solution of the basic set of equations and it ends with
the stabilizer step for the scalar (mass and energy) field equations.

The code then proceeds to unfold (solve for) the new values of
dependent variables. These are then used to calculate the gap conductance,
to solve heat conduction equations in the solid (fuel rods and walls) and
to calculate the temperature (Ts) of the solid. The code then compares the
new variables to the old ones. If the solution is within the specified
convergence criterion, the new variables replace the old ones, and the code
advances the calculations to the next time step. If the solution does not
satisfy the convergence criterion, the code iterates.

To perform the sequence of calculations just described, a BE computer
code has to perform about 10,000 operations per mesh cell per time step.
For a NPP nodalization consisting of 500 mesh cells, this amounts to about
5 million operations for each time step. A typical time step for a large
break LOCA, is about 10 milliseconds. This illustrates the computing
requirements brought about by the modeling capabilities (and complexity) of
BE computer codes.

4.3.3 BE Codes--Developmental Stages

The formulation of a typical BE computer code was described in the
preceding section, in what follows we shall discuss stages and activities
of a BE code development program. This will illustrate the kind of effort
required to produce a code of this complexity (and capabilities). The
developmental process is shown in Figure 4-55.

The mission of a BE computer code determines the number and type of
conservation equations (that is, one, two or three fields, 1D, 2D or 3D
representation in X,Y,Z or X, R, 6, etc.)

These in turn, determine the number and type of closure equations.
For a BE code, these are selected on the basis of their applicability to
NPP operating conditions. If correlations available in the literature do
not meet the desired requirements, model tests are performed to provide a
data base for developing appropriate models and/or correlations. The
formulation is completed by selecting the finite difference scheme and
solution strategy. The selection is guided by the desired accuracy and
speed of calculations.

The development process proceeds then with coding; approximately
70,000 Fortran statements are used in a typical BE computer code. With
coding in progress or completed, the code is exercised on test problems to
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Figure 4-55. Developmental stages of a BE computer code.



check out the numerical scheme for stability, accuracy and speed.
Following this stage, models of special components (for example of pumps,
pressurizer, etc.) are developed. Data from separate effects tests are used
for this purpose.

A BE computer code is then ready for the first stage of developmental
assessment, that is, the assessment against an array of data from separate
effects tests. Effects of nodalization as well as of other input parameters
are also tested at this time. Code improvements necessitating several
iterations may be required before satisfactory results are obtained.

After completing satisfactorily the first stage of developmental
assessment, the code is ready for the second, that is, for assessment
against data from integral effects test facilities. Code capabilities to
calculate component interactions and system dynamics are tested during this
stage. Sensitivity studies are also conducted to determine effects of
nodalization and of other parameters on code performance. Here again, code
improvements may be required resulting in several iterations.

The development of a BE computer code is completed with the issuance
of the code manual and of a report that presents the results of
developmental assessment. The code is then "frozen" and released to USNRC
and its contractors which will conduct an independent assessment of its
capabilities.

For the first version of a typical BE computer code, the developmental
process outlined above requires a 5-6 man effort over a period of
approximately 4 years. This period is reduced to about two years for
subsequent versions of the code.

4.3.4 BE Codes - Assessment and Quality Assurance

To evaluate capabilities of BE computer codes as well as to assure
their quality, USNRC developed a review and assessment procedure which is
illustrated in Figure 4-56. Technical reviews of code.development and
assessment efforts are made by groups of experts from universities,
industry, national laboratories and USNRC. Whereas the assessment of BE
codes, is performed by teams and/or contractors other than the code
developer (whence the name of "independent assessment" for this activity).
This two tier procedure, was designed to ensure USNRC with technical inputs
(opinions and judgments) from impartial sources not connected to the code
development effort.

The process starts with code development. To guide, assist and review
the work performed by code developers, USNRC established in 1974, an
Advanced Code Review Group (ACRG). Its membership (as those of other
Review Groups) was limited to USNRC staff members. However to bring to BE
code development programs a wide range of technical viewpoints and
expertise, the meetings of ACRG were attended by consultants which were
selected on basis of their knowledge and experience in: continuum
mechanics, heat transfer, fluid mechanics, numerics, computer code
simulation, PWR and BWR design and operation. A list of consultants which
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participated at one time or another, in the meetings of ACRG, is shown in
Table 4-5. Code development activities reviewed by this group are shown in
Figure 4-56.

Following its release by the developer, a BE computer code is
transmitted to one or more National Laboratories (Contractors "B" "C" "D,"
in Figure 4-56) to perform an independent assessment of its capabilities.
This Includes:

1. Performing assessment calculations using data from: model tests,
separate effect and Integral effects tests and from NPP when
available.

2. Quantifying code uncertainties

3. Identifying code errors

4. Suggesting code improvements

5. Performing sensitivity and nodalizatlon studies, and

6. Preparing assessment reports

Assessment calculations performed with early versions of BE codes,
were reviewed by the Code Assessment Review Group whose consultants are
listed in Table 4-6. However as a result of establishing the International
Code Assessment Program (ICAP), assessment calculations performed with more
recent versions of BE codes, are being reviewed by the ICAP Program Group
(see Figure 4-56).

The assessment of USNRC's BE computer codes performed by members of
ICAP, is similar in scope to that assigned to U.S. National Laboratories
under Independent assessment. However, there is an Important difference.
Whereas, domestic contractors perform the assessment primarily using data
from test facilities and NPP in the U.S., ICAP members use data from their
own plants and facilities some of which are just coming on line. As a
result, the data base for assessing USNRC's BE computer codes, has been
greatly augmented through ICAP. Furthermore, through this program, USNRC
has gained an access to a large pool of experts who provide independent
evaluations of its BE computer code.

After the assessment process has been completed, recommendations and
evaluations of review groups are transmitted to USNRC (see Figure 4-56)
which becomes then responsible for two activities. First, with the
assistance from a contractor, USNRC:

1. Integrates the results of all assessment programs,

2. Evaluates code uncertainties, and

3. Prepares a final report on code capabilities
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TABLE 4-5. LIST OF ACRG'S CONSULTANTSa

Prof. S. G. Bankoff,
Northwestern University

Prof. G. Birkhoff,
Harvard University

Prof. G. Carrier
Harvard University

Prof. I. Catton
Univ. of Calif., Los Angeles

Prof. A. E. Dukler
University of Houston

Prof. P. Griffith
Mass. Inst. of Tech.

Prof. R. T. Lahey
Rennselaer Polyt. Inst.

Prof. P. Lax
New York University

Dr. S. Levy
S. Levy Inc.

Prof. E. Marble
Calif. Inst. of Techn.

Prof. V. E. Schrock,
Univ. Of Calif. Berkeley

Prof. T. Theofanous
Purdue University

Prof. C. Truesdell
Johns Hopkins University

Dr. L. J. Agee
Electric Power Research Inst.

Dr. F. Aguilar
Babcock and Wilcox

Dr. J. Betancourt
Combustion Engineering

Dr. J. 0. Cermak
Westinghouse Co.

Dr. G. Dix
General Electric Co.

a. Affiliations while attending ACRG's meetings.
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TABLE 4-6. LIST OF CONSULTANTS TO THE CODE ASSESSMENT REVIEW GROUP
(*Affiliations while attending review group meetings)

B. Bingham,
Babcock and Wilcox

Prof. G. Birkhoff
Harvard University

Dr. G. Brockett,
Intermountain Technologies Inc.

Dr. J. Cermak,
Westinghouse Co.

Dr. Davey,
Los Alamos National Laboratory

Dr. G. Dix,
General Electric Co.

Dr. J. Dietrich,
Combustion Engineering

Dr. G. Fee
Oak Ridge National Laboratory

Dr. R. Fernandez,
Electric Power Research Institute

Prof. A. F. Henry,
Massachusetts Institute of Technology

Dr. J. C. Kouts,
Brookhaven National Laboratory

Prof. W. Rohsenow,
Massachusetts Institute of Technology

Prof. T. Theofanous
Purdue University

Dr. T. E. Wilkins,
Idaho National Engineering Laboratory

Dr. L. J. Ybarrondo
Idaho National Engineering Laboratory
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The second activity is directed at generating an improved version of
the code. To this end USNRC:

1. Evaluates recommendations and suggested improvements

2. Establishes priorities

3. Formulates a plan for implementing code improvements, and

4. Directs the code developer to execute the program plan.

The code developer (contractor "A," in Figure 4-56) assumes then the
responsibility for all error corrections and code improvements. He will
also perform additional calculations as necessary, to assess the results.
After completing them, the code developer produces a final report and
releases the final version of a code.

This procedure, developed by USNRC for assessing capabilities of a BE
computer code and for assuring its quality, takes about six years to
execute. Four of these years are needed to develop the first version of a
BE computer code, two additional ones are needed to complete its assessment
and generate an improved version.

4.3.5 BE Codes--Summary of Developmental Methodology

In summary, to provide codes with capabilities needed to address and
resolve problems of interest to USNRC, a new generation of codes had to be
developed. To this end USNRC and its contractors had to:

1. Develop a thermo-hydraulic model for BE codes, which in scope,
magnitude and details had no precedence in the technology. This
state of the art T/H modeling, led to very complex BE computer
codes capable of addressing an unprecedented number of two-phase
flow problems and issues.

2. Develop new schemes (time mesh rezoning) and detailed models (for
transient gap conductance) needed to calculate accurately and
efficiently heat transfer processes in fuel rods.

3. Provide 1-D and 3-D nuclear kinetics modeling capabilities in BE
codes designed for BWR applications.

4. Develop new numerical techniques and procedures for solving the
complex set of equations with an accuracy and efficiency demanded
by USNRC's applications. This state of the art computing
capability, has been incorporated in the latest versions of BE
computer codes.

5. Design and carry out over a period between 4 and 6 years, a
program directed at producing a BE computer code of such
complexity (up to 70000 statements) and capabilities.
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6. Develop and implement a procedure to assess capabilities of BE
computer codes and to assure their quality. The procedure (which
may last up to two years per code version) is based on technical
reviews by group of experts and on independent assessment
conducted in this country and abroad by specialists from eleven
countries using data from an array of domestic and foreign test
facilities and NPP.

As a result of these efforts and accomplishments USNRC's BE computer
codes:

1. Have been exposed and subjected to scrutiny and evaluations by
experts in this country and abroad, to an extent that no other
codes have been in the past.

2. Have become the most used, tested and assessed codes in the world

3. Have become repositories of reactor T/H safety research results

4. Synthesize the knowledge of NPP thermo-hydraulic modeling

5. Have been widely accepted as the standard tool for performing NPP
safety studies.

4.4 Code Scaling, Applicability and Uncertainty (CSAU)
Evaluation Methodology

4.4.1 Introduction

USNRC best estimate (BE) thermal-hydraulic (T/H) codes are used to
calculate postulated accident scenarios ranging from large break LOCAs to
small break LOCAs and operational transients with and without intervention
by operators. For such calculations to be relevant to NPP safety analyses,
it is necessary to address the following three questions:

1. Has the code the capability to scale up phenomena observed in
small scale test facilities to full size NPP?

2. Has the code the capability to address a particular scenario or a
set of scenarios for a given plant design? and

3. What is the uncertainty with which the code calculates important
parameters, say the peak cladding temperature (PCT), in a full
scale NPP?

Capabilities of BE T/H codes were discussed in Section 4.3. The need to
further examine very carefully and in some detail, questions related to
scaling, code applicability and code uncertainty is predicated by the
following factors:

1. All integral tests and most of the separate effect tests have
been conducted in scaled-down test facilities which have scale
distortion. Consequently, it is necessary to assess the effects
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of such distortion on processes and/or parameters of interest to
a NPP accident scenario or set of scenarios.

2. BE codes rely upon a large number of empirical correlations and
parameters. Such empirical relations are often "tuned" to
improve their agreement with certain data sets (obtained very
often from scaled down facilities). Consequently, it is
important and necessary first to identify the parameters which
have been "tuned" and then to assess the effects of such "tuning"
on NPP calculation.

3. A code can have "compensating errors" because several parameters
may have been "tuned" to produce agreement with certain data
sets. Consequently, it is necessary and important to determine
whether or not such compensating errors exist and if so, to
identify scenarios for which these compensating errors may
produce non-conservative results.

4. BE codes are compared to a large bank of separate effects and
integral effects test data. They will give reasonable agreement
with a number of tests but not necessarily with all of the data.
Consequently, it is important to identify the reasons for such
discrepancies if the code is to be applied with confidence to a
large variety of scenarios and plant conditions.

5. BE codes will show some sensitivity to noding and some of their
empirical relations had to be simplified or adjusted to improve
their numerical stability. Consequently, to perform reliable NPP
calculations it is necessary to assess the effects of noding and
of these adjustments.

6. BE codes may have some correlations or parameters which are not
supported by any experimental data or are based on data which do
not cover the range of interest to NPP application.
Consequently, it is very important to identify such correlations
and parameters and to assess their effects on NPP safety analyses
of a particular scenario or of a set of scenarios.

The CSAU evaluation method developed by USNRC to address these questions
related to scaling, applicability and code uncertainty is discussed in this
section.

Scaling methods and criteria used to design test facilities and
specify test conditions are described in Section 4.4.2. Code documentation
needed:

1. To assess the potential capability of a code to scale a
particular process
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2. To evaluate the potential applicability of a code to analyze a
particular scenario and

3. To identify and assess the effects of compensating errors

is discussed in Section 4.4.3 together with document requirements.
Section 4.4.4 presents and discusses the CSAU evaluation method.

4.4.2 Scaling of Test Facilities and Test Conditions

As noted in Section 4.1, scaling plays a central role in the RES
methodology developed by USNRC to address NPP safety issues.

In a test program scaling is a technique whereby a designer tries to
maintain geometric, kinematic and dynamic similarity between physical
processes occurring at full scale and those taking place in a scale-down
test facility. Generally, an exact similitude cannot be achieved, see
Kline (Reference 4.18). In such a circumstance the designer attempts to
optimize the similitude for processes of greatest interest. This may lead
to distortions of other processes of lesser importance. As Figure 4-1,
indicates the selected scaling criteria are used not only to design the
test facility but also to specify test conditions. It is therefore
imperative that all important processes be identified and scaled otherwise
scale distortions may alter or eliminate one or more of the significant
processes or such distortions may introduce spurious processes which are
atypical of full scale plant conditions. Consequently, the success of an
experimental program rests on engineering judgment and experience in
identifying relevant processes and in selecting appropriate criteria to
scale them.

The applicability of results of water reactor safety experiments to a
full size nuclear power plant depends upon the scaling criteria to which
the test facility was designed. Several different scaling techniques have
been employed in the various test facilities used for water reactor safety
research. These techniques are summarized by Kiang, (Reference 4.19) and
include linear scaling, volume scaling, and single- and two-phase scaling
criteria developed by Ishii and Kataoka (Reference 4.20).

As LOCA scenarios are T/H transients, the most important consideration
in deriving appropriate scaling criteria was to preserve power and flow
distributions as well as time. This leads to the so called "power to
volume" scaling method conceived and developed in the LOFT program in the
early 1970s (Reference 4.21).

For this method, each component in the test facility is designed with
a fluid volume that had been reduced, relative to the prototype plant, by a
scale factor determined by dividing the test facility power by the power of
the prototype. As discussed by Nahavandi, (Reference 4.22) this technique
results in a facility that maintains full elevation of its components, with
respect to the prototype plant, but which has components with much reduced
fluid volume diameters. With idealized volume scaling, the time scale,
fluid mass and energy distributions, velocities, accelerations, and lengths
are preserved the same in the test facility as in the prototype plant.
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Thus, the volumetric heat generation rates in the code, and the volumetric
heat removal rates in the steam generators, will be the same as for the
prototype plant. In addition, since the time scale and the mass and energy
distributions) are maintained relative to the prototype plant, rate
dependent phenomena should be accurately simulated in the test facility.

As indicated above, volume scaling has been the preferred method for
sizing an integral system for use in Investigating thermal-hydraulic
phenomena associated with reactor related transients. However, in
application of volume scaling, it is necessary to consider several scaling
effects and inherent deficiencies of the scaling criteria. In practice, it
is generally not possible to construct a perfectly volumetrically scaled
system simply because it is not possible to simultaneously maintain the
length, elevation, area, volume and pressure drop relationships required by
strict volume scaling. Thus, compromises and deviations from strict volume
scaling criteria are necessary in the construction of test facilities. For
example, a compromise must be made in the design of loop piping in order to
obtain piping pressure drops typical of those in a full size plant.
Generally, the pipe diameters must be oversized and horizontal lengths
shortened in order to provide the correct piping hydraulic resistances (and
corresponding pressure drop) while maintaining the correctly scaled pipe
fluid volume. Deficiencies inherent in the volume scaling criteria, on the
other hand, cannot necessarily be "designed around," but must be taken into
consideration when an analysis of the test facility response is performed.
Examples of such deficiencies in volume scaled facilities include excessive
structural heat transfer and differences in flow regime development and
transition relative to a full size plant. The structural heat transfer
problem in volume-scaled facilities (especially in very small scaled
facilities) is a result of an overly large structural surface area to fluid

volume ratio,a which can cause either excessive heat transfer to the
fluid, or too large a system heat loss depending on the transient type and
time into a transient. The flow regime problem in volume-scaled facilities
is due to the fact that flow regime influences such things as critical flow
and heat transfer characteristics; and flow regime development and
transition are affected by pipe diameter (Reference 4.23).

As "power to volume" scaling preserves height but reduces
considerably, the diameter of fluid volumes, test facilities designed
according to this scaling criterion have a very large L/D, that is, they
are "tall and skinny." Consequently, the upper head, the plena (upper and
lower) as well as the downcomer, are distorted. The downcomer for example,
has not only a narrow gap but it also has a very large surface to volume
ratio. These distortions will affect processes such as ECC bypass, mixing,
liquid entrainment and deentrainment in the upper plenum, liquid carry over
to the steam generators and steam binding" which are important during the
refill and reflood period of a large break LOCA (see discussion in
Section 4.2). However, it is important to note that the effects of these
distortions are to produce conservative results.

a. Note that this is not the case for fuel rods in the core or for tubes
in the steam generator in volume-scaled facilities.
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Linear scaling (Reference 4.22) is a technique whereby linear
dimensions of the test facility are directly reduced by a fixed scale
factor, relative to the prototype plant. This technique results in a test
facility which is a miniature replica of the prototype plant. Linear
scaling has the advantage that loop fluid transport time and acoustic wave
propagation times are reduced by the known scale factor. Thus timing of
events are directly scaled. However, linear scaling has some distinct
disadvantages. Accelerations need to be scaled by the inverse of the time
factor. This results in rate controlled phenomena (such as flashing and
flow regime development and transition) being distorted in time relative to
the prototype. Additionally, linear reduction of lengths, areas, and
volumes results in a model system with very small geometric
characteristics. Thus for systems where heat transfer processes are
important, linear scaling cannot be easily applied, as heating surfaces
(such as heater rods or steam generator tubes) must be reduced to small
diameters. This combination of drawbacks tends to make strict linear
scaling an unattractive candidate for scaling of integral nuclear safety
related facilities.

Recently, new sets of scaling laws have been derived by Ishii and
Kataoka (Reference 4.20) based on different formulations of the
conservation equations than were used in developing the techniques
described above. They used formulations for single and two-phase flow and
arrived at scaling criteria more familiar to classical scaling relationships.

Ishii-Kataoka scaling which is probably the most general criteria to
date, ensures dynamic similarity for single-phase loop flow and for certain
types of two phase flow. The height scale is the choice of the designer
and can be chosen to facilitate flow resistance matching. However, if a
full height model is selected, the scaling becomes identical with the
volume scaling described above. The linear scaling described above is also
a subset of the Ishii-Kataoka scaling. Different relationships result
whether one is considering forced or natural circulating single- and
two-phase systems. The criteria, although rigorously developed, are
somewhat dependent on the constitutive relationships selected.

"Power to volume" scaling was used in a "top-down approach" for the
overall design of T/H integral test facilities used to investigate large
break LOCA scenarios. However, as a result of TMI and the interest in
small break LOCAs, this criterion had to be abandoned when addressing T/H
phenomena in horizontal pipes. Taitel and Dukler (Reference 4.23) and
Zuber (Reference 4.24) have shown that T/H processes such as flow regimes,
counter-current flow and critical flow from a small break in a horizontal
pipe (see discussion in Section 4.2) obey Froude number scaling rather than
power to volume. Consequently, most facilities recently designed such as
ROSA-IV in Japan, BETHSY in France, MIST in the US and others, have hot
legs scaled according to Froude number. This was done in order to avoid
severe scale distortion effects on T/H processes important to small breaks.

Thus, the recent test facility design approaches follows a "top-down"
scaling method applied to the overall facility. This method is then
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modified at the component level in order to address particular T/H
phenomena of interest to a scenario or to a NPP design.

As mentioned previously, all scaling criteria have certain advantages
and disadvantages. Consequently, a single facility generally cannot
simulate all phases of a plant transient equally well, and some phases of
the simulation may be distorted relative to expected plant behavior. The
NRC has long recognized the problems associated with scaled testing and
that such problems are generally more pronounced as scale size is reduced.
To experimentally address this situation, the NRC has supported experiment
facilities of various scale sizes and facilities built to different scale
criteria. Those facilities include thermal-hydraulic systems both in the
U.S. and abroad. Examples include programs such as LOFT, Semiscale,
FLECHT, FIST, MIST and 2D/3D (described in Appendix A) all of which use
modified forms of volume scaling. Those programs range from small systems
such as Semiscale (about 1/1700 scale by volume) to large systems such as
LOFT (about 1/60 scale by volume). Furthermore, one of the Semiscale
facilities, the Mod-1 system, was built to be a small version of the LOFT
facility, and counterpart experiments were run in both. Results of those
counterpart experiments (Reference 4.25) helped demonstrate that, with some
minor exceptions, the response in Semiscale was nearly the same as that in
LOFT. Results such as those help confirm the adequacy of the scaling
method. Information to be produced by the various facilities involved in
the IST program will help address the question of scaling technique. In
that program, counterpart experiments are being run in full-height
facilities constructed according to volume scaling criteria and in a
reduced-height facility constructed according to Ishii criteria. Results
from those facilities are providing more information on the question of
scaling method advantages and disadvantages for transients involving
natural circulation flows. The recent report by Larson (Reference 4.26)
discusses in detail, the strengths and weaknesses of the various scaling
methods.

4.4.3 Code Documentation to Address Scaling and Code Applicability

As discussed in Section 4.3, the capability of a BE code to model and
calculate postulated NPP accident scenarios is provided by the field
equations and by the closure relations. The field equations provide a code
with overall capabilities to model three dimensional flows, to account for
effects of thermodynamic non-equilibrium, of unequal phase velocities, of
phase separation, of noncondensibles etc. The closure relations enable a
code to model and calculate particular processes and/or limiting phenomena
of interest to NPP accident scenarios.

Most if not all of the closure relations and limiting phenomena listed
in Section 4.3, are obtained from experiments performed in scaled down
facilities. Furthermore, as noted above, these closure relations
(correlations, parameters etc) are often modified, that is "tuned", in
order to obtain better agreement with certain test data. This "tuning"
process can easily lead to the existence of compensating errors in a code.
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Consequently, in order to assess whether or not a code can be applied
to calculate a postulated scenario (or a set of scenarios) for a specific
NPP, it is necessary:

1. To determine whether or not the closure relations are adequate to
model phenomena and processes important to the specific scenario
and NPP designs.

2. To determine whether or not the closure relations have the
capability to scale-up processes from test facility to conditions
of interest to NPP applications.

3. To identify closure relations (correlations, parameters,
constants) which have been "tuned".

4. To determine whether or not this "tuning" could have been
affected by potential scale distortion of the facility.

5. To assess the effect of "tuning" on full scale plant calculations.

6. To determine whether or not the code has compensating errors and
if so, to identify scenarios for which the code may or will
generate non-conservative results.

In order to be able to address these items, USNRC requested that code
developers provide additional documentation and that code assessors
generate assessment reports of greater scope and depth. Specifically, the
Los Alamos National Laboratory was requested to provide a "Model and
Correlations Quality Assurance" document (in what follows referred to as
the QA document) for all of its T/H codes starting with TRAC-PF1/MOD1.
Similarly, the Idaho National Engineering Laboratory was requested to
generate such documents for its codes starting with RELAP5/MOD2 and
TRAC-BF1. (See References 4.31 and 4.32.)

The objectives and requirements of a QA document and of code
assessment reports are summarized below. How these documents are used in
the overall CSAU method to address code scaling capability and
applicability as well as to evaluate the effects of scale distortion, of
code "tuning", and of compensating errors is taken up in Section 4.4.4.

4.4.3.1 Objectives and Requirements of a QA Document. The QA
document has three objectives, that is:

1. To provide detailed information on (the quality of) closure
equations, that is, on correlation models and/or criteria used in
the code

2. To describe how these closure relations are coded in the program
and assure that what is listed in the code manual is indeed what
the code uses
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3. To provide a technical rationale and justification for using
these closure relations (as coded in the program) in the range of
interest to NPP safety evaluations.

Consequently, for correlations, models, criteria or constants used in the
code, the QA document must

1. Provide information on:

a. Its original source
b. Its data base
c. Its accuracy
d. Its applicability to NPP conditions

2. Provide an assessment of effects, if it is used outside its data
base

3. Describe how it is implemented in the code, that is, how it is
coded

4. Describe any modification required to overcome computational
difficulties

5. Provide an assessment of effects due to implementation (item 3)
and/or due to modifications (item 4) on code overall
applicability and accuracy.

4.4.3.2 Requirements of Code Assessment Reports. To gain confidence
in the predictive capability of a BE code when applied to NPP accident
scenarios it is necessary for code assessment reports:

1. To assess code capability and quantify its accuracy to calculate
various parameters of interest such as: cladding temperature,
inlet and outlet flows for various components, pressure drops,
liquid inventory distribution, temperature distributions, etc.,

2. To determine whether or not the calculated results are due to
compensating errors,

3. To assess whether or not the calculated results are
self-consistent and present a cohesive set of information that is
technically rational and acceptable,

4. To assess whether or not the timing of events calculated by a
code are in agreement with experimental data, and

5. To explain any unexpected or at first glance, strange result
calculated by the code. This is particularly important when
experimental measurements are not available to give credence to
calculated results. In such cases, rational technical
explanations will go a long way towards generating credibility
and confidence in the code.
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Furthermore, whenever there is a disagreement between calculated results
and experimental data it is necessary:

6. To identify and explain the cause for discrepancy, that it, to
identify and discuss the deficiency in the code (or if necessary,
to discuss the inaccuracy of experimental measurements).

7. To address the question of how important the code deficiency is
to overall results, that is, to parameters and issues of interest,

8. To explain why this code deficiency may not have an important
effect on the particular scenario, or

9. To discuss what changes should be made to code models and
correlations in order to obtain better agreement should the
discrepancy, that is, the code deficiency, have a significant
impact on overall results.

With respect to code input model and sensitivity studies (if
performed), it is necessary for code assessment reports:

10. to provide a nodalization diagram along with a discussion of the
nodalization rationale

11. to specify and discuss the boundary and initial conditions as
well as the operational conditions for the calculation.

12. to discuss modifications to the input model (nodalization,
boundary, initial and/or operational conditions) resulting from
sensitivity studies (if conducted)

13. to present and discuss results of sensitivity studies (if
performed) on closure relations or other parameters

14. to provide guidelines for performing similar analyses.

4.4.4 Code Scaling, Applicability and Uncertainty (CSAU) Evaluation
Methodology

This section describes the CSAU evaluation method developed by USNRC,
its contractors and consultants to address in a unified and systematic
manner, questions related to the scaling capability of a BE code, to its
applicability to scenarios of interest to NPP safety studies and to
evaluate uncertainties in calculating parameters of interest when the code
is used to perform a calculation for a specified scenario and NPP design.
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The method evolved through many meeting and discussions held over a
period of a year. Also, it has significantly benefited from similar
meetings and activities conducted by the CSNI Task Group on Status and
Assessment of Codes for Transients and ECCS.

4.4.4.1 Bottom-up and Top-down Methods. Two distinct approaches have
been proposed in the past to assess a BE code and to determine its
uncertainty: one is the bottom-up approach, the other, the top-down.

In the bottom-up method, each model and all the closure relations in a
code are examined and assessed in a uniform function. Sensitivity studies
are performed on every single model to assess its effects on calculated
results. Although this method is rigorous, it is definitely impractical in
view of the number of calculations that would be required. It has been

estimated that for N important parameters 2(N+1)2 calculations would be
required to complete such a sensitivity study. A BE code such as TRAC
PF1/MOD1 has over 175 significant parameters in the closure equations.
Consequently, the number of required sensitivity calculations would be
enormous rendering the bottom-up approach impractical if not impossible to
realize.

In the top-down approach one identifies significant phenomena which
have influence on the overall results for a scenario or for a distinct
class of scenarios. The capability of the code to calculate these
significant phenomena is assessed against test data. Finally, sensitivity
studies are performed on parameters and/or models which affect the
significant phenomena. It is evident that the top-down approach has
several attractive features, for example, the reduced number of sensitivity
calculations. However, it still has important shortcomings, that is, it
does not offer a method to address the questions related to scaling and to
compensating errors among others. The CSAU method, which removes these and
other shortcomings, is described below.

4.4.4.2 Outline of the CSAU Evaluation Method. A flow diagram for
the CSAU method is shown in Figure 4-57. It consists of several stages of
Interacting activities. This section gives an overview and summarizes the
main features.

1. The CSAU method considers only processes that are important to
the specific scenario (or class of scenarios). Consequently, it
includes the process identification and ranking of Stage 1.

2. Data from separate effects test (SET) facilities are used in the
CSAU method to:

a. Evaluate the capability and associated uncertainty of the
code to model processes important to the scenario, and

b. Assess code capability and associated uncertainty to
scale-up these processes (some to full scale). This
uncertainty due to scale is used (in Stage 9) to evaluate
the total uncertainty. Consequently, SET facilities are
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used (in Stage 5) to address and resolve questions concerned
with scaling.

3. The CSAU method addresses the question concerned with
extrapolating (up to full scale) the results based on data from
integral effects test (IET) facilities (which by necessity,
include some scale distortions as discussed in Section 4.4.2)

This Is achieved by recognizing and taking advantage of the fact
that scale distortions do not have the same effect throughout the
transient. Some phases of the transient are well simulated
(scaled), others may be affected by scale distortions (see
Section 4.4.2). Consequently, the method classifies (in Stage 7)
the IET code assessment results in two groups according to
whether or not test data were affected by scale distortion.
(This classification discussed in a subsequent section, is based
on a detailed examination of processes performed in Stage 1.)
Results that are not affected by scale are used directly to
evaluate the total uncertainty (in Stage 9) whereas those that
may be affected, are subject to further examination (in Stage 8).

4. The end product of the CSAU method is a statement on the total
uncertainty (Stage 9) to calculate a particular parameter, say
PCT, for the specified scenarios (or class of scenarios) and for
a specified NPP. It takes into account the effects of
nodalization, models (closure relations), input and scale
(through Stage 7). The procedure (of Stage 9) to evaluate the
total uncertainty Is scenario dependent. Section 4.4.4.11
outlines the procedure for evaluating the total uncertainty for a
PWR large break LOCA scenario.

Additional features of the CSAU method include:

5. A diagnostic analysis (Stage 2), which is performed with the help
of the QA document, to identify potential limitations and to
evaluate code capabilities.

6. A qualitative evaluation of the applicability of the code to the
specified scenario (Stage 3), which is performed by comparing the
modeling requirements of Stage 1 to code capabilities (and
limitations) of Stage 2. The qualitative assessment Is made
before performing any calculation. Consequently, it may prevent
inappropriate calculations from being performed or being used (if
already conducted).

7. An efficient and scenario relevant matrix for assessing code
capabilities (Stage 4), which is generated by comparing modeling
requirements for the specified scenario (from Stage 1) to
potential modeling and scaling capabilities (from Stage 2) and
considering the unresolved scaling issues (from Stage 8).
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8. A task for detecting compensating errors (Stage 6), which is
performed with the help of the QA document, through a careful
consistency analysis of calculated results and their comparison
to test data. As discussed in a Section 4.4.4.8, the importance
of determining and identifying compensating errors which may
exist in the code cannot be overemphasized if one considers the
potential application of the code to the spectrum of scenarios of
interest to NPP safety studies.

9. A qualitative evaluation of code "tuning" which can be performed
(at Stage 3) with the help of the QA document following the
procedure described in Item 4, for Stage 7. Thus, the QA
document is used to identify parameters which have been "tuned"
and the set of data used for this purpose. As in Stage 7, the
facility is examined for scale distortion to determine whether or
not such distortions (if present) would have affected the data.
For an affirmative answer, the results of Stage 1 and Stage 2 are
then used:

a. to'identify which process may be influenced by the scaling
distortion introduced in the code via the "tuning" process
and,

b. to assess the relevance to NPP calculations (Stage 3).

It can be concluded from this overview of the CSAU method, that it can
address in a unified and systematic manner, all concerns and potential
issues raised in Section 4.4.1 and 4.4.3. It is important to note that not
all activities shown in Figure 4-57 have to be carried out for all
scenarios, plant conditions and plant designs. However, when a need arises
to resolve some of the concerns and issues, a method will be available to
respond to this need.

Additional details about activities of various states (specifically
those concerned with total uncertainty) are discussed in sections that
follow. As the CSAU method is presently being tested and assessed for PWR
large-break LOCA, this discussion will be illustrated by activities and
results related to this scenario.

4.4.4.3 Identification and Ranking of Processes. One of the
cornerstones of the CSAU method just described, is the identification and
ranking of processes that are important to a specific scenario (or set of
scenarios). This section discusses these two activities and illustrates
their application to a PWR large break LOCA.

Background, Objectives and Requirements

It was noted in Section 4.4.4.1 that it is not feasible to assess and
examine all parameters and models in a BE code In a uniform fashion (a
characteristic of bottom up approach). Consequently, the CSAU method like
the top-down approach, assesses and examines only a reduced number of
selected parameters and closure relations. The selection is made according
to the importance that a process (modeled by closure relation(s)) has in a
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particular scenario. It is therefore imperative for both methods (CSAU and
"top-down"), that all important processes be identified and assessed for
their relevance to the scenario. Note that this is the same requirement a
facility designer has to meet in order to perform experiments relevant to
LWR safety studies (see Section 4.4.2).

The CSAU method expands on the "top-down" approach, as heretofore,
applied to (or proposed for) code uncertainty studies, in two respects:

1. The processes are identified not only for the entire system, but
also for its components.

2. All identified processes in components and system, are
numerically ranked.

The reason to consider each component separately (and not only the
entire system) is predicated by the fact that the effects of scale
distortion (when present) in a component change as processes evolve and
change during the transient event.

Relating components to important processes makes it possible to
identify at what stage of the transient a known distortion of a component,
say downcomer, upper plenum etc, can affect (distort) the results and/or
the subsequent evolution of the transient. With this information
available, questions concerned with scaling, scaling distortion and
"tuning" can be addressed as discussed in Items 2, 3 and 9, of the
preceding section.

The reason to numerically rank the processes is based on the need to
provide a systematic and consistent approach for all activities shown in
Figure 4-57. Furthermore, with a well-defined ranking of important
processes (Stage 1), code capabilities (Stage 2) and calculated results
(Stage 5), the prioritization of code modeling improvements can be made
very easily.

Format and Procedure

The development of process identification and ranking tables (PIRT) is
based on the collective technical judgment of a group of experts with years
of experience in:

o designing LWRs
o designing test facilities
o running tests
o analyzing test results
o performing code calculations, and
o analyzing calculated results

related to LOCA. Members of such a group are drawn from national
laboratories, universities, industry and NRC. A group meeting is held to
identify and rank processes for a given scenario.
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The procedure to identify processes is similar to that used in
Section 4.2, to describe a PWR large-break LOCA scenario, that is,

1. The scenario is divided into operationally characteristic time
periods.

2. For each period, processes and phenomena are identified for each
component following a closed circuit throughout the system. This
is done to differentiate cause from effect.

3. This activity starts with the first period and It lasts until all
potentially significant processes have been identified to the
satisfaction of the entire group.

4. The process is repeated sequentially from time period to time
period, until the end of the scenario.

Once the identification of processes has been completed, the group
proceeds to rate them. The rating is performed for a fixed time period
starting with the first one.

The rating scale ranges from 1 (lowest) to 9 (highest) in order to
make it compatible with the "Analytical Hierarchy Process (AHP)
(Reference 4-27). Reasons for considering AHP include:

o hierarchic structuring (representation and decomposition)
o priority discrimination (ranks elements by relative importance)
o logical structuring (elements are grouped logically and ranked

consistently).

An attractive feature of AHP when applied to a LOCA problem, is that
the relative importance of any given process is determined only through
pairwise comparison with other processes taken one at a time. The AHP then
includes some matrix arithmetic to assimilate all individual decisions in a
global conclusion. Thus, AHP combines features of the deductive approach
(that focuses on the parts, as in the "bottom-up" approach) with the system
approach (that concentrates on the workings of the whole system, as in the
"top-down" approach).

It is important to note that once developed, a process identification
and ranking table (PIRT) for a specified scenario (or set of scenarios) can
be used:

1. To assist uncertainty evaluations of any BE code, and

2. To assist scaling and design consideration of a test facility

Thus, if used in a combined fashion, a PIRT could provide equal consistency
to analysis and to experimentation.

Application to PWR Large Break LOCA

To test the feasibility and merit of the proposed format and
procedure, USNRC organized a meeting in January of 1987, where the method
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was applied to a PWR large-break LOCA. It was attended by 24 participants
having technical profiles and affiliations mentioned on the previous page.
They brought to the meeting more than 300 man-years of experience with LOCA
and LOCA-related problems.

Results of the two-day meeting are summarized in the first three
columns of Table 4.7. The next three columns show the results obtained at
the Idaho National Engineering Laboratory, by applying AHP to the same
problem. The numbers on this table reflect the influence a process has on
cladding temperature. Note that Table 4.7 shows only processes that the
group identified and considered to be important (ranks 7, 8, and 9).
Table 4.7 has been re-examined at the Idaho National Engineering Laboratory
and some changes and revisions were made. Consequently, it is a final
version of a PIRT for a PWR large-break LOCA.

Three important conclusions were drawn from this "method feasibility
testing" meeting.

1. A PIRT can be developed (rather efficiently) following the format
and procedure described above.

2. In a given component, the importance of a particular process
changes with the evolution of the transient. For example, liquid
entrainment and deentrainment in the upper plenum is unimportant
during blowdown, but is important during the reflood stage (see
Item 3 in Table 4.7).

3. The importance of a given component (that is, of all processes
occurring therein) changes during the transient. As Table 4.7
shows during blowdown, all processes that take place in the
downcomer, in upper and lower plena, etc. have little effect on
cladding temperature. The latter is primarily affected by
processes in the fuel, the core, at the break and in the pump.
However, during reflood, the pump plays no role whereas the
downcomer, upper plenum etc. become important. This is a
consequence of the physics described in Section 4.2.

The importance of these last two conclusions on a method to address
questions of scaling and code uncertainty is discussed in more detail in
Sections 4.4.4.9 and 4.4.4.11.

4.4.4.4 Diagnostic Analysis. A diagnostic analysis is code
specific. Consequently, only objectives and overall approach will be
discussed here. All activities associated with these objectives are
performed before starting code calculations.

Objectives

The objectives of a diagnostic analysis are:

1. To qualitatively assess code capabilities and limitations to
address a scenario or class of scenarios.
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TABLE 4-7. PROCESS IDENTIFICATION AND RANKING TABLE (PIRT) FOR PWR LARGE
BREAK LOSS-OF-COOLANT ACCIDENT (Final Results)

Importance

Component

1. Fuel rod

2. Core

3. Upper
Plenum

Phenomenon

stored energy

oxidation

decay heat

gap conductance

DNB

Post CHF

Rewet

Reflood HT
plus quench

Nucleate
boiling

One-phase vapor
natural
convection

3-D flow

Void distribution,
generation

Entrainment/
deentrainment

Flow reversal,
stagnation

Entrainment/
deentrainment

Experts
80 RFL RFD

9

8

8

.8

Scaled
AHP

BD RFL RFD

9 2 2

- 1 7

2 1 8

3 1 6

6 2 2

5 8 4

8 6 1

- - 9

7

8

8

7

9

4 2 2

- 6 4

9

9

1

4

3

6

7

7

2 3 6

3 1 1

9 1 1 9

BD-blowdown
RFL-refill
RFD-reflood
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TABLE 4-7. (continued)

Importance

Experts
BD RFL RFDComponent

4. Hot Leg

Phenomenon

Phase
separation

Countercurrent
flow (drain/
fallback)

Two-phase
convection

Entrainment/
deentrainment

Flow reversal,
stagnation

Void
distribution,
generation

Two-phase
convection

Early quench

Scaled
AHP

BD RFL RFD

2 1 2

1 2 6

2 1 5

9 '1 1 9

2 1 -

1 1 4

2 2 3

t

5. Pres-
surizer

7 7

Critical flow
in surge line

Flashing, steam
expansion

Steam binding

7 - _

7 2 2

- 2 96. Steam
Generator

9

7. Pump

Delta-p, form
losses

Two-phase

Differential
pressure form loss

2 2 2

9 5 9

3

5

38 8

BD-blowdown
RFL-refill
RFD-reflood
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TABLE 4-7. (continued)

Importance

Component Phenomenon
Experts

BD RFL RFD

Scaled
AHP

BD RFL RFD

8. Cold Leg,
Accumula-
tor

Condensation,
oscillations

9 2 9 5

Noncondensible gas

HPI mixing

9 - 1 9

- 3 2

9. Downcomer Entrainment/
deentrainment

8 2 8 2

Condensation

Hot wall

3-D

9 _ 9 2

5 7

9

- 4 3

2 7 2

1 8 2Countercurrent,
slug, nonequilibrium
flow

Flashing 1

Liquid level
oscillations

- 3 7

Two-phase
convection

2 3 2

Saturated
nucleate
boiling

1 2 2

10. Lower
Pleunum

Sweep-out 7 2 6 5

Hot wall 7 1 7 6

Multidimensional
effects

1 2 7

BD-blowdown
RFL-refill
RFD-reflood
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TABLE 4-7. (continued)

Importance

; Component

11. Break

Experts
Phenomenon BD RFL RFD

Critical flow 9 7

Scaled
AHP

BD RFL RFD

9 7 1

Flashing

Containment
pressure

3 2

2 4

1

2

12. Loop Two-phase
differential
pressure

Oscillations

Flow split

7 7 7 6

7

7

9 - 7

7 7

9

2

BD-blowdown
RFL-refill
RFD-reflood
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2. To identify scenario calculations which should be interpreted
and/or accepted with caution.

3. To qualitatively evaluate whether or not sensitivity studies may
be required.

4. To identify code deficiencies which preclude an application of a
code to the scenario.

Procedure

A code's capability to calculate a scenario for a NPP design, rests on
four elements:

1. Field (conservation) equations: which provide code capability to
address global processes,

2. Closure equations: which provide code capability to model
particular processes,

3. Numerics: which provide code capability to perform efficient and
reliable calculations, and

4. Structure and Nodalization: which address code capability to
model plant geometry and perform efficient and accurate plant
calculations.

Consequently, these four elements must be considered when evaluating
the applicability of the code to a scenario of interest to NPP safety
evaluations.

In the diagnostic analysis, a qualitative assessment of these four
elements is made by relating them to the modeling requirements specified
for a given scenario in a PIRT. This is done with the help of the code
manual and the QA document. Specifically, these two documents are used:

1. To determine whether or not, field equations provide an adequate
framework for the code to model global processes such as:

o multidimensional flows in vessel
o multidimensional flows in steam generator
o boron injection and separation due to gravity
o noncondensible gas evolution, accumulation etc.

should these be ranked as important, in the PIRT.

2. To determine whether or not code structure and nodalizations
allow the modeling of important design characteristics of a
specified NPP.

3. To identify in the QA document closure equation(s) which enable
the code to calculate a process ranked as important in the PIRT.
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4. To assess whether or not these closure equations, as implemented
in the code, have an adequate data base, accuracy and scale-up
capability to be used in a NPP study concerned with the specified
scenario.

5. To evaluate whether or not the scale-up capability of a closure
equation needs to be assessed against data from separate effects
test facilities.

6. To evaluate whether or not code calculations of the scenario
should be accepted with caution because of limitation of closure
relations.

7. To evaluate whether or not sensitivity studies are required
because of closure equation(s) deficiency.

8. To identify deficiencies which preclude the code from being
applied to the specified scenario.

To facilitate the comparison'of modeling requirements (Stage 1) and
code potential capabilities (Stage 2), a set of preliminary criteria was
developed together with a ranking system based on the scale "1 to 9" (for
reasons stated in the preceding section). Thus,

Rank 9: Closure equation covers the range of interest (geometry,
temperature, flows, pressure, power, etc.) to NPP applications

Conclusion: Code has the capability to scale the particular process
(modeled by the closure equation) from test facility to NPP

Rank 5: Closure equation is accurate but data base (test condition
and/or geometry) Is limited

Conclusion: Code has the potential capability to scale-up process from
test facility to NPP conditions

Assessment calculations may be required using data from a
separate effects test facility of large scale.

If not, code calculations should be "flagged" to determine
whether or not sensitivity calculations are needed.

Rank 2: Closure equation is not supported by any data (it is "home
made" for the code)

Conclusion: Code does not have a capability to scale-up the particular
process (there is no data base from which to scale-up)

Code calculations should be "flagged". Whether or not they
can be used for evaluating NPP safety has to be determined
by performing sensitivity studies and risk assessment
calculations. These calculations will have to be performed
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for each scenario considered as there is no technical reason
to expect that a "home made" relation is "universally
applicable", i.e., that it will have the same effect for all
scenarios of interest.

An uncertainty should be assigned to the calculated results.

Rank 1: Codes does not have closure relations to model an important
process (or processes)

Code structure and/or nodalization preclude modeling of
significant design (geometrical) aspects of plant

Conclusions: Calculations should not be performed
A significant uncertainty should be assigned to results if
such a calculation is performed

As noted above, these criteria and their ranking are preliminary. Both are
presently being refined at national laboratories.

4.4.4.5 Qualitative Evaluation of Code Applicability. This is a code
specific activity to performed (in Stage 3, of Figure 4-57) before starting
code calculations. The objectives are:

1. To qualitatively evaluate whether or not the code can be applied
to the scenario(s)

2. To identify code limitations or deficiencies which should be:

o assessed by means of sensitivity studies
o addressed through experimentation
o considered when evaluating code total uncertainty

3. To guide the formulation of an efficient and scenario oriented
code assessment test matrix.

This qualitative evaluation is performed by comparing code capability
and limitations (from Stage 2) to scenario modeling requirements (from
Stage 1).

4.4.4.6 Code Assessment Test Matrices. General matrices have been
developed which can be used to assess any BE code. These matrices are
discussed in Chapter 5. However, for code uncertainty evaluations, it may
be necessary to modify such broad based matrices in order to take into
account some characteristic aspect of:

o NPP design
o a specific scenario
o a particular code

Matrices of Stage 4 are designed for such a purpose. Specifically,
code capabilities and limitations (from Stage 2) are compared (in Stage 3)
to modeling requirements for a specific scenario and NPP (from Stage 1).
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This qualitative comparison, together with information on scale distortion
effects (from Stage 8), defines the needs and scope of a code assessment
test matrix relevant to code uncertainty evaluation.

As discussed in Section 4.4.4.3, in order to address the problem of
scaling, the CSAU method identifies and ranks important phenomena for each
component. Consequently, the SET matrix includes tests performed with
components of various scales (up to full-scale if necessary and possible).

4.4.4.7 Code Assessment. The overall objectives of code assessment
(Stage 5, Figure 4-57) are reflected in the assessment requirement
enumerated in Section 4.4.3.2. Consequently, they will not be discussed
again. Here we note however, that a set of overall code assessment
criteria (Figure 4-58) was proposed recently by the Los Alamos National
Laboratory to provide a unified and systematic approach to code
assessment. As these criteria are presently being used and assessed at
national laboratories, some refinements and changes are probable.
Nevertheless, they illustrate the effort of NRC and its contractors to
develop a consistent and quantitative set of criteria to be used in
analysis and experiments.

Code assessment is performed using test matrices of Stage 4. This
section will discuss the treatment and use of SET and IET assessment results.

Set Data

Data from SET facilities are used in the CSAU method:

1. To evaluate the capability and associated uncertainty of the code
to calculate processes important to the scenario, and

2. To evaluate code capability and associated uncertainty to
scale-up these processes (some up the full NPP conditions).

As important processes occur in various components (thereby ranking
their Importance to the scenario), the assessment of code scale-up
capability is based on SET conducted with components over a wide range of
scale. The emphasis is therefore on component testing.

Results of SET related code assessment are Illustrated in sketches of
Figure 4-59. Sketch-b shows the capability (or deficiency) of the code to
scale-up a process/component identified in the PIRT as being important to
the scenario. The uncertainty and bias obtained from such a plot are used
to evaluate the total uncertainty as discussed in Section 4.4.4.11.

IET Data

For a large break LOCA (the scenario discussed in this and subsequent
sections), IET facilities are used to determine PCT. One or more
temperature peaks can occur during such transients. The CSAU method
classifies these PCT's in two groups according to whether they occur during
blowdown or during reflood. For brevity the first is called the blowdown
peak or the "early" PCT, the latter is referred to as the reflood peak or
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Descriptors for characterizing agreement
between test and TRAC results*

l.9
I

OF4

EXCELLENT -
AGREEMENT
RANK 9

MODERATE -
AGREEMENT
RANK 7

MINIMAL -
AGREEMENT
RANK 2

INSUFFICIENT -
AGREEMENT
RANK 1

-NO
1.
2.
3.

- MINOR CODE/MODEL DEFICIENCIES
1. Major trends correctly predicted
2. TRAC values frequently outside data uncertainty
3. Correct conculsions will be reached if use the

code in similar applications

-SIGNIFICANT CODE/MODEL DEFICIENCIES
1. Some major trends incorrectly predicted
2. Some TRAC values far outside data uncertainty
3. Incorrect conclusions may be reached
4. Issue warning to user community

- MAJOR CODE/MODEL DEFICIENCIES
1. Major trends not predicted
2. Most TRAC values far outside data uncertainty
3. Issue warning to user community

CODE/MODEL DEFICIENCIES (this application)
Major and minor trends correctly predicted
Calculation usually with data uncertainty
Use code with confidence-similar applications

*TRAC results are integrated reflection of
TRAC and input models

Figure 4-58. Proposed assessment criteria.
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Figure 4-59. Use SET to assess code capability to scale important
process.
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the "late" PCT. As noted in Section 4.4.4.2, such a classification is made
to differentiate test data not affected by scale distortion of an IET
facility from those which may be (or are). The technical rationale is
discussed in more detail in Section 4.4.4.9.

As a consequence of this classification, the results of code
assessment are presented In terms of two plots Illustrated in Figure 4-60.
Each plot yields a corresponding code uncertainty and bias. Their use in
determining total code uncertainty is discussed in Section 4.4.4.11.

Nodalization

Nodalization has a most important effect on code calculations as it
influences their accuracy and determines their feasibility. In general,
calculations performed with finer nodalization will yield results that are
in better agreement with experimental data. However, finer nodalization
requires longer computing time and, therefore, costs more. Consequently, a
nodalization that may yield excellent results when applied to SET and/or
IET facilities may not be used (because of cost and time) in NPP
calculations of the same scenarios (or process). It is evident that if the
SET and IET calculations are to be relevant to NPP applications and
evaluations, they have to be performed with the same noding.

Consequently, the CSAU method requires that SET, IET and NPP
calculations use the same number of nodes to describe corresponding
components. For example, the numbers of nodes used to model a downcomer in
SET, IET and NPP calculations must be the same. Procedures which can be
used to establish the required number of nodes, are discussed in
Section 4.4.4.11.

4.4.4.8 Compensating Errors. Compensating errors in a code are most
often a result of the "tuning" process a code may have been subjected to in
order to improve comparison of the calculated results to a certain set of
data.

Objectives of activities carried out in Stage 6, of Figure 4-57, are:

1. To determine whether or not the code has compensating errors.

2. To identify the sources of these errors, should they exist in the
code.

3. To assess which processes may be affected by them.

4. To identify scenarios for which the code may (or will) generate
non-conservative results because of these compensating errors.

Whether or not a code has compensating errors is to be determined with
the help of the QA document and through a careful consistency analysis of
calculated results and their comparison to test data. The importance of
detecting and identifying compensating errors which may exist in a code
cannot be overemphasized when assessing the applicability of a code to the
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Figure 4-60. Use of PCT data from IET facility.
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spectrum of scenarios of interest to NPP safety analyses. This fact can be
illustrated by a brief example.

Assume that the calculated peak cladding temperature (PCT) for a large
break LOCA is in very good agreement with the corresponding PCT data
measured in a scaled down test facility. However, a more detailed analysis
shows poor agreement between calculated and measured void fractions in the
core. A further examination of the QA document indicates that heat
transfer coefficients in the core have been "tuned". What is the
conclusion? In such a case one must conclude that the good agreement
between calculated and measured PCTs is due to compensating errors between
core heat transfer coefficient and void fraction (that is, interfacial
shear correlations). What are the consequences and implications? If the
code is to be used to calculate another large break in the same test
facility one would again expect good agreement. Whether or not the code
can be used with confidence, to calculate PCTs for a large break LOCA in a
full scale NPP will depend on further assessment results (for different
scales) and perhaps on sensitivity studies. However, the code will not be
applicable to any scenarios where code inventory and core uncovery are of
primary concern. As the mixture level is determined by the void fraction
distribution, an error in modeling voids may not be compensated by an error
in modeling heat transfer during core uncovery.

4.4.4.9 Identification and Treatment of Scale Distortion Effects.
One of the important features of the CSAU method is that it can be used to
address (in Stage 7, Figure 4-57) questions of scaling and of scale
distortion effects. This section provides the technical rationale in
support of these capabilities and illustrates the method by applying it to
the PWR large break LOCA scenario.

Background, Objectives and Procedure

As discussed in Section 4.4.2, all IET facilities have scale
distortions, a consequence of design compromises that had to be made. For
example, in facilities designed according to "power to volume" scaling, the
diameter of fluid volumes is considerably reduced. Consequently, some
components such as the upper head, downcomer, plena (upper and lower) have
considerable scale distortions.

The important observation to be made here is the fact that scale
distortions (in some of the components) do not have a constant effect
either on the results or on the evolution of a transient. Some processes
may not be affected by these distortions while others, which are affected,
may not be important (or relevant) during a particular phase (period) of
the transient. For example, liquid entrainment/deentrainment in the upper
plenum (UP) will be definitively affected by reduction of the UP diameter.
However, this process is not important during the blowdown phase of a PWR
large break LOCA (whereas it is in reflood, see Table 4-7). Consequently,
some phases of a transient may be well simulated in a facility while others
may not be because of scale distortion effects.

The CSAU method uses this observation to address questions concerned
with scaling and code uncertainty due to scaling. Specifically, it
classifies the IET code assessment results in two groups according to
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whether or not test data (used in these calculations) were affected by
scale distortions. The procedure is as follows.

1. A PIRT is used to identify important processes/components for a
specified phase of a scenario, such as blowdown, etc.

2. The facility which provided data used for code assessment is then
examined to identify components that are well scaled and to
differentiate them from those which have scale distortion. This
evaluation is based on scaling criteria used in designing the
facility and its components.

3. Results from such an evaluation of facility design (Item 2) are
used to determined whether or not the important
processes/components (Item 1) are affected by scale distortion
(if present).

4. If important components and/or important processes are not
affected by scale distortions, the results of code assessment
calculations are used directly to evaluate code total uncertainty.

5. If important components have significant scale distortion which
influence important processes, then results of code assessment
are subject to further examination.

The method and procedure are illustrated below.

Application to a PWR Large Break LOCA

The meeting of January 1987 (discussed in Section 4.4.4.3), convened
to test the feasibility of developing a PIRT for a PWR large break LOCA,
was also used to evaluate effects of scale distortions of code assessment
calculations of this same scenario.

To this end, the group proceeded to examine IET facilities used to
assess capabilities of BE codes to calculate a large break LOCA.* As noted
in Section 4.4.2, all of these facilities were designed according to the
power to volume scaling which preserves time, fluid mass and energy
distributions, velocities, accelerations, length, rod diameter and pitch,
volume and power ratios between facility and prototype. Consequently, the
core and important transient processes in the core are well simulated in
facilities based on the power to volume scaling design criterion. However,
as length and fluid volume ratios are preserved, the ratio of diameters is
not preserved. Consequently, these facilities have upper heads, downcomers
and plena that are considerably distorted. These distortions will have an
effect on ECC bypass, liquid entrainment/deentrainment in upper plenum,
liquid carry-over to steam generator, that is, on processes that occur
during EC bypass-refill and reflood phases of a large break LOCA.

* The result of these assessment calculations are discussed in Chapter 5.

4-131



After comparing the important processes/components shown in the
(preliminary) PIRT (Table 4-7) to the above characteristics of IET
facilities, the group concluded unanimously that:

1. BLOWDOWN PHASE. Test conditions for the presently available data
relevant to the blowdown period are prototypical. Consequently,
no scaling effects due to distortions are to be expected on peak
clad temperatures if they occur during blowdown. This conclusion
was reached based on the full-height characteristics of most of
the core heat transfer facilities, including both the separate
effects and integral facilities designed to measure blowdown
phenomena. A further consideration was the prototypical
thermal-hydraulic and fluid boundary conditions used to drive the
experiments.

2. REFILL/REFLOOD PHASES: Present facilities based on power to
volume scaling have scale distortions in the upper plenum, hot
leg, cold leg, downcomer, and lower plenum. These distortions
may affect phenomena such as ECC bypass and steam binding
important to refill and reflood. The subject distortions in the
current subscale facilities are expected to be conservative with
respect to PCT, but must be confirmed. Particular examples of
effects caused by scale distortions include ECC bypass resulting
from hot walls in the downcomer. Because of the high surface
area-to-fluid volume ratio in a subscale facility, this hot wall
effect may be large, and the bypass phenomena resulting from this
distortion may not be representative of full scale plant
response. Other scale distortions resulting from the use of the
subscale facilities include three-dimensional effects in the
plena as well as in the core, none of which can be represented in
an essentially one-dimensional experimental facility. The
three-dimensional effects of entrainment/deentrainment in the
upper plenum can have an effect on the carryover of entrained
water to the hot leg. This, in turn, affects the amount of water
delivered to the steam generator, which may result in a greater
or lesser degree of steam binding and a subsequent impact on the
reflood rate in the core.

It is for these two reasons that two plots shown in Figure 4-59, are
used to present the result of code assessment against IET data.

4.4.4.10 Evaluation of Scale Distortion Effects. Two methods are
available to assess effects on scale distortion (carried out in Stage 8, of
Figure 4-57) on code applications. One is to perform experiments in a
larger facility or with a larger component, the other is to perform
sensitivity studies. Which method is to be selected will depend on the
particular scale distortions, on the availability of larger facilities
and/or components, etc. It is to be determined on a case by case basis.
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For example, for the large break LOCA scenario discussed above, the
group concluded that test data from a full scale facility such as UPTF are
needed to assess the effects of scale distortions on the processes and
components listed in Conclusion 2, above. It is expected that such data
will confirm the expected conservatism relative to small scale IET
facilities and will aid in determining code uncertainty at full scale.

4.4.4.11 Evaluation of Total Uncertainty. Application of computer
codes to evaluate plant transients requires a quantitative assessment of
the accuracy, that is, how good are the calculated results and what is the
uncertainty in these numbers.

Code assessment calculations are performed to assess code capability
to calculate processes important to a scenario and to provide a code
accuracy statement expressed in terms of a bias and a variance band. The
bias is the mean of the difference between calculations and that which is
measured. It may reflect an inadequacy of the code to predict a process
and/or a systematic measurement error. The variance is the variation
between the actual code-data difference and the mean of the code-data
difference. It may be due to a "user" effect, such as nodalization
schemes, and/or due to a data scatter resulting from uncertainties
associated with instrumentation, noise, test conditions, etc. When a full
scale facility is not available to provide data needed for an accuracy
statement, it is.necessary to extrapolate (extend, scale-up) the bias and
the variance to full scale. In NPP calculations, an additional uncertainty
is introduced due to plant parameters.

Consequently, in order to generate a "code uncertainty statement" to
calculate a specific scenario in a specific NPP, it is convenient to
categorize uncertainties as follows:

1. Uncertainties due to code and experiments, which include closure
relations, models, numerics, code structure, instrumentation,
noise and test conditions.

2. Uncertainty due to nodalization.

3. Uncertainty due to scaling.

4. Uncertainties due to plant parameters, which include operating
conditions (such as peak linear power, burnup etc.), plant
physical parameters (such as geometries, flow resistances etc.)
and boundary conditions (such as break size and location,
containment pressure, safety injection flow rates etc.).

This section discusses the procedure used in the CSAU evaluation
method to assess the effects of these four uncertainties.
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Overview

A flow diagram for determining the total uncertainty of a BE code to
calculate the peak cladding temperature (PCT) for a PWR large break LOCA is
shown in Figure 4-61. The main features of the method are:

1. The uncertainty due to nodalization is addressed in the CSAU
method by using the same nodalization for NPP, SET and IET
calculations (Stages 4, 5 and 6 in Figure 4-61), as discussed in
Section 4.4.4.7.

NPP calculations are first performed with a specific
nodalization. The adequacy of this nodalization is then tested
for key components in SET assessment calculations. If the
results are not satisfactory, a change is made to the NPP
nodalization and the process is repeated (see iteration in
Figure 4-61). When the nodalization of key components yields
satisfactory results, it is used for corresponding key components
in the IET assessment calculations. If changes are needed, they
are made following the interaction scheme shown in Figure 4-61.

Using the same nodalization for NPP, SET and IET calculations
provides a uniform basis for their assessment and comparison.
This eliminates a spurious "user" effect from an uncertainty
evaluation.

2. Uncertainties due to code and experiments are evaluated in SET
and IET assessment calculations (Stages 5 and 6, in Figure 4-61)
as discussed in Section 4.4.4.7.

3. Uncertainties due to scale and/or scale distortion are evaluated
for SET and IET assessment calculations (in Stage 7, Figure 4-61)
(see discussion below).

4. An estimated uncertainty is introduced (in Stage 8, Figure 4-61)
to account for code deficiencies and/or for an inadequate data
base, if unidentified in SET and IET assessment calculations
and/or in the diagnostic analysis (as discussed in
Section 4.4.4.4 and 4.4.4.5).

5. Uncertainties due to NPP input parameters and state are evaluated
in Stage 9 of Figure 4-61.

6. The total uncertainty is evaluated by combining the above
uncertainties.

The procedure and activities associated with the various stages shown
in the flow chart of Figure 4-61 are outlined below. The results of some
of these activities are illustrated in Figure 4-62.
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I

Figure 4-61. Flow diagram for determining total uncertainty of code
to calculate PCT for a PWR large break LOCA.
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Procedure

1. Establish Range and Conditions.

This activity specifies the range of code application and
therefore the condition (or scenarios) for which code uncertainty
statements will be required.

2. Select NPP and Frozen Code.

This activity reflects the fact that relevant uncertainty
evaluations can be made only with a frozen code applied to a
specific NPP or to a generic NPP.

3. Provide Complete Code Documentation.

This activity reflects the fact that a code uncertainty
evaluation can be made only for a code with complete
documentation which includes code manual, user guide, Q/A
document and assessment reports. The need for and use of these
documents will not be discussed here as they were noted and
stressed throughout this chapter.

4. Perform NPP Calculations and Document Results.

For a specified scenario (or set of scenarios) this activity
reflects the fact that the uncertainty will be evaluated in terms
of the specific nodalization used in NPP calculations.
Therefore, the code uncertainty statement will be relevant only
to this particular nodalization.

For a PWR large-break LOCA scenario the requirements and
activities of Stage 4, are

a. Perform PWR calculations to identify the LOCA with the worst
(BE) early PCT, and the LOCA with the worst (BE) late PCT
(see sketch 4, in Figure 4-62).

b. Provide inputs for all cases.

c. Identify nodalization used for each key component. A method
to identify key components (or processes) using a PIRT, was
discussed in Section 4.4.4.3.

d. Document results so that they can be reproduced by an
independent qualified user.

5. Compare Calculations (NPP and SET) for key components.

This activity assess the code's capability to model
processes/components important to the scenario and provides code
accuracy statements. As discussed in Section 4.4.4.7, key
components in SET calculations have the same nodalization as the
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corresponding NPP components. Selection and justification of the
SET assessment matrix was discussed in Section 4.4.4.5. The
specific requirements and activities of Stage 5 are

a. Assess code capability to model key process/components using
SET data and provide code accuracy statements.

b. Use the same component nodalization as in NPP calculations.

c. Use previous comparisons/assessments done with same
nodalization. If not

o change NPP nodalization to match previous comparisons, or
o repeat comparison using reactor nodalization, or
o show that nodalization is unimportant

d. Identify key components for which:

o SET are not statistically significant (inadequate data
base)

o calculations do not agree with SET data (large bias and
variance)

o SET facilities do not cover the entire scale range.

e. Justify the selection of the SET data matrix used for code
assessment calculations. Draw limit lines on 95% confidence
lines (see sketch 5e in Figure 4-62)

f. For a SET matrix which does not cover the entire scale
range, plot uncertainty vs scale, extrapolate to full scale
and estimate how much uncertainty increases or decreases at
full scale (see sketch 5f in Figure 4-62).

g. Recognize experimental uncertainties when comparing
calculations to tests.

6. Compare Calculations NPP and SET.

For a large break LOCA this activity assesses code capability to
model processes/components important to this scenario and to
provide a statement on code accuracy to calculate peak cladding
temperature (PCT) for the nodalization used in NPP (Stage 4) and
SET (Stage 5) calculations. The specific requirements and
activities of Stage 6, are:

a. Assess code capability to model the scenario and to
calculate PCT. For reasons discussed in Section 4.4.4.7,
subdivide measured PCT into early PCT (blowdown) and late
PCT (reflood). Note that a test run can have one early or
one late PCT. If more than one late (delayed) PCT use the
highest one.
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b. Use the same nodalization of key components as in NPP and
SET calculations, if not follow the procedure described in
item 5c above.

c. Justify selection of IET data matrix used for code assessment.

d. Classify PCT calculations in early and late PCT, as
discussed in Section 4.4.4.7. For reasons discussed in
Section 4.4.4.9, early PCT is not affected by scale
distortion in the vessel whereas the late (delayed) PCT may
be affected. For the late PCT, plot calculated PCT minus
measured PCT versus scale (see sketch 6D in Figure 4-62) and
extrapolate to full scale.

e. Compare calculated PCTs (both early and delayed) versus
measured ones by forming plots shown in Figure 4-60 or in
sketches 6E in Figure 4-62. Draw limit lines or 95%
confidence lines.

7. Determine Effect of Scale.

This activity addresses two aspects of the scaling problem. One
is to evaluate the effect on uncertainty when SET data used for
code assessment do not cover the entire scale range. The other
is to evaluate the effect on code uncertainty when IET data used
for code assessment may be affected by scale distortions of some
components of the facility. Several methods are being
investigated to determine these effects. Two are outlined below.

a. For SET data, that is, for key components which do not cover
the entire scale range, use results of item 5f above to
estimate the range of uncertainty at full scale. Perform
NPP calculations to determine changes in PCT caused by
varying relevant parameters over the estimated range of
uncertainty. Perform these calculations for each key
component with an inadequate data base and combine
uncertainties to produce an uncertainty due to an incomplete
scale range.

b. For the late PCT (reflood), use results of item 6d to
estimate PCT uncertainty due to scale distortion. Other
methods which do not require such an extrapolation are also
being investigated.

c. Use the results of 7a and 7b above to develop a PCT due to
effects of scale.
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8. Estimate Code Deficiencies.

An estimated uncertainty is introduced (in Stage 8) to account for:

a. Key components which do not have an adequate SET data base
for code assessment.

b. Code assessment calculations of a key component which are in
poor agreement with SET data.

c. Key components/processes modeled by inadequate closure
equations identified in a diagnostic analysis, as discussed
in Sections 4.4.4.4 and 4.4.4.5.

To evaluate an uncertainty due to these potential deficiencies,
use judgment or perform NPP calculations with increased
uncertainties in these key components.

9. Effect of Reactor Input Parameters and State.

Uncertainties in plant parameters and state must be evaluated in
order to estimate their effect on PCT. These uncertainties are
related to:

o Plant conditions, such as peak linear heat rate, hot
assembly rod power, peak power location, hot assembly
burnup, core average fluid temperature.

o Plant physical parameters, such as flow areas, volumes, loop
resistances, pump resistance and degradation etc.

o Boundary conditions, such as: break size and location,
containment pressure and safety injection flow rate.

Using the nodalization established in Stage 4, NPP calculations
are performed with and without this set of uncertainties in order
to determine their effect on PCT.

10. Total Uncertainty.

The total uncertainty is obtained by adding uncertainties due to:

o Code and experiment (Step 6E)
o Scaling (Step 7A or 6D)
o Deficiencies (Stage 8)
o Plant parameters and state (Step 9)
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Denoting by a the bias and uncertainty, the method can be expressed as

oPCT = aPCT (code + experiments) + OPCT (scaling)
+ oPCT(deficiencies) + oPCT (plant parameters and state)

4.4.4.12 Comments. It should be noted that the flow diagram in
Figure 4-61 focuses on the NPP nodalization, that is, SET and IET
assessment calculations are carried out with the nodalization established
in NPP calculations. Thus, the emphasis is on realistic plan nodalization
(realistic in terms of computing time and cost). If changes of
nodalization are required to improve comparison with SET and IET data, they
start with NPP calculations following the iteration scheme shown in
Figure 4.61. However, other iteration schemes are also possible. For
example, a scheme could be established by iterating first between SET and
IET assessment calculations until a nodalization is obtained that yields
satisfactory agreement with experimental data. NPP calculations are then
performed using this nodalization. In this second scheme, the emphasis is
placed on code capabilities, that is, on obtaining the best agreement with
experimental data. Presently, these and other schemes are being explored
and assessed.

To summarize, the CSAU method discussed above was developed by USNRC,
its contractors, and consultants to address, in a unified and systematic
manner, questions related to:

1. Scaling capability of a BE code,

2. Applicability of a-BE code to scenarios of interest to NPP safety
studies, and

3. Evaluation of uncertainties in calculating parameters of interest
when the code is used to perform a NPP calculation of a specific
scenario.

The method is presently being applied to a PWR large-break LOCA, with
the results expected by the end of 1988.

4.5 Development of Instrumentation for Reactor Safety Programs
The need for special and carefully planned instrumentation in

LOCA-ECCS research arose from: (1) the special conditions and requirements
of LOCA-ECCS experiments; (2) the need to ensure that a physical-based
understanding of these experiments could be developed from the data; and
(3) the need to compare appropriate experimental results with computer code
predictions so that the computer codes could then be confidently used to
calculate behavior in plants. In general, the required LOCA-ECCS
experimental measurements to satisfy these needs are:

o Fluid thermodynamic state measurements (usually pressure and
temperature).
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o Metal (particularly fuel rod cladding) thermodynamic state
measurements (usually temperature).

o Core heat generation rate measurements (usually nuclear flux for
a nuclear core, or electrical power for an electrically simulated
core).

o Fluid mass flow rate measurements, both overall rates into and
out of large systems and local rates within a system (usually
single-phase mass flow in the first case and two-phase component
mass flows in the latter).

o Fluid (particularly water) accumulation measurements within
systems (usually hydrostatic differential pressure).

o Pressure balance and loss measurements around a system (usually
differential pressure).

The above measurements cover the basic elements of a mass, momentum and
energy equation formulation of a nuclear plant LOCA analysis. At the time
of the start of LOCA-ECCS research, techniques to make all of the
measurements discussed above except two-phase flow measurements had already
been developed. However, the application and interpretation of these
techniques in LOCA-type facilities and conditions (e.g., steam/water, high
pressure and temperatures) had not been developed. Accordingly, the need
for instrumentation development arose from two main considerations:

o The necessity to "adapt" existing measurement technologies to the
requirements specific to LOCA-ECCS research.

o The unavailability of instrumentation for measuring two-phase
flows.

Instrumentation development for reactor safety programs began in the early
1960s under the direction of the U.S. Atomic Energy Commission. This
program continued under ERDA and then in 1976 was transferred to NRC.
Initially all development was directed at specific experimental programs as
opposed to an overall instrumentation development program. In 1976 NRC
organized the Instrumentation Review Group to review, evaluate and
recommend an overall program for further instrumentation development. The
following is a brief discussion of the instrument development program and
the results.

Before instrumentation development could proceed, the measurements
requiring significant development had to be identified and requirements
established. The major measurements identified for development were:
(a) fuel rod cladding temperatures; (b) reactor fuel pellet temperatures;
(c) fuel rod pressure; (d) primary coolant densities; (e) local and global
fluid velocities in the primary system; and (f) reactor vessel liquid
level. The requirements established for each measurement included
operability in the harsh (two-phase flow, high temperature and radiation)
environment and needed range, response and accuracy. Furthermore, for

4-142



two-phase flow measurements, an entire approach for calibration had to be
developed since there were no calibration "standards' for two-phase flow.

One particularly difficult problem in two-phase flow measurements was
the pipe size. Almost all of the test facilities involved pipe sizes of
four inches or smaller, except LOFT, which had 14-inch Sch 160 reactor
coolant piping (approximately 11 inches ID). In the many small pipe size
facilities, full flow instruments (in which the entire pipe flow passes
through the sensor) could be used, while in the LOFT project, full flow
turbine meters, etc., were not practical and free field or local
measurements over the flow field had to be made. This led to two separate
development efforts. In a free field situation the transducer size is
normally minimized to prevent interaction between sensors located at
different points over the flow field. Thus, units developed for full flow
measurements in a three-inch pipe were too large to be used for free field
measurements in an 11-inch ID pipe. Also, calibration of the free field
two-phase flow measuring instruments was somewhat more complicated. While
one of these instruments could be calibrated similarly to a full flow
instrument, the questions of flow bypassing the free field sensor and flow
distribution effects had to be addressed. In all cases, the method of
combining the measured values to obtain the total flow provided a
measurement analysis problem.

An inherent problem In two-phase mass flow measurements is that the
two phases can have different velocities and that there is a variety of
possible flow regimes. Thus, in the equation for the mass flow in a pipe,

* 1.
M = J pu dA

A

the density (p) as well as the velocity (u) can vary substantially over the
pipe area. Thus local measurements must be sufficient in number and
location to give a valid cross-sectional average mass flow. In addition,
while a differential pressure or velocity measurement (along with pressure
and temperature) may be sufficient to determine a single-phase mass flow,
three independent measurements (in addition to P,T) are theoretically
needed in two-phase flow. This is because, in addition to fluid densities,
the individual phase velocities and the phase weighting (e.g., void
fraction) are unknowns. In many instances developmental testing and
modeling showed that two measurements were sufficient in specific
applications. These two can be, for example, density and velocity,
velocity and momentum flux or density and momentum flux. For reasons like
the above, measurement analysis became an integral part and extension of
two-phase flow instrumentation development work.

The need to performance test and calibrate instruments established the
need for two-phase flow calibration facilities. The instrumentation review
group evaluated the capabilities of then-existing instrument testing
facilities to determine which of them could meet which requirements.
Additional facilities were developed and built as part of the
instrumentation development program.
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The review group met annually over a span of several years
(References 4.28-30) and evaluated the state-of-the-art of the two-phase
flow measurement and calibration problems and recommended several new
efforts within the program. Over this period the NRC instrument
development program and other programs (e.g., other domestic and foreign
programs) were responsible for substantial progress in making two-phase
flow measurements. This progress reduced dramatically the uncertainty
bounds in these measurements and in general provided data of sufficient
usefulness to develop and assess codes such as RELAP and TRAC.

A description of the instrument development program and results is
provided in Appendix C.

4.6 Experimental Programs

The NRC has performed extensive experimental research on ECC
performance during a LOCA. These experimental programs were designed to
provide the data needed for developing code models and assessing
best-estimate thermal-hydraulic computer codes. Over the past fourteen
years, the NRC has obtained both separate effects and integral systems
effect data on critical flow, ECC bypass, reflood, refill, flow blockage,
reactor coolant pump operation, core uncovery, level swell, post-CHF heat
transfer, and other phenomena that are important to understanding reactor
system behavior during a LOCA. Some of these experimental programs are
discussed in Chapter 6. Also, Appendix A presents a description of each of
the experimental facilities and their test objectives.
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5. BEST-ESTIMATE CODE DEVELOPMENT PROGRAMS AND RESULTS

In 1975, the reactor coolant system computer codes were based on the
fundamental assumption that the liquid and its vapor were in thermal and
mechanical equilibrium; that is, their temperatures were equal, and both
flowed with the same velocity. In fact, these two fluids were considered to
act as a homogeneous mixture, a pseudofluid whose properties could be
defined by the steam tables. The assumption of thermal and mechanical
equilibrium allowed the thermal-hydraulic behavior to be represented with
only three field equations (conservation of the mass, momentum, and energy
of the mixture) supplemented by the equation of state (steam tables) and
the constitutive equations for wall shear and wall heat transfer. The
numerical solution of these equations was based on the lumped-parameter
approximation in which the system was represented by a collection of,
control volumes (nodes) interconnected by "junctions." Although the nodes
could be connected in arbitrary ways, implying multidimensional flow, the
conservation of momentum was, in fact, written and solved as a
one-dimensional case for each flow "junction." These codes, which were
different versions of RELAP-4, including its numerical solution method,
were based on the Bettis Atomic Laboratory's FLASH-4 code. (The earlier
versions of RELAP were based on earlier versions of FLASH.)

This type of code was found to be very suitable for bounding
calculations (determination of upper limits), which do not demand attention
to details in the modeling of individual physical processes. The
RELAP-4/MOD 3 code version was adapted in 1974 to comply with the ECCS
Acceptance Criteria and was incorporated into the Water Reactor Evaluation
Model (WREM) package (Reference 5-1), which included other codes designed
for analyzing the PWR reflood regime (FLOOD code) as well as PWR and BWR
hot channels (TOODEE and MOXY, respectively).

The next effort in improving RELAP-4 concentrated on introducing
features necessary for describing the consequences of a small break. The
primary new feature allowed for the separation of liquid and vapor by
gravity. To this'end, the conservation of energy equation was modified to
account for the separate convective fluxes of liquid and vapor.
Specification of the individual fluxes was accomplished through the
addition of another constitute equation that defined the magnitude of the
relative velocity (the difference between the velocities of the two phases)
in terms of the local void fraction. Moreover, it was found possible to
use the Wallis flooding correlation to define the limits on the relative
velocity in countercurrent flow situations. Models were also introduced to
allow consideration of the separated cocurrent or countercurrent flow in
horizontal pipes. The RELAP-4/MOD 5 version, which was released to the
public through the National Energy Software Center (formerly the Argonne
Code Center) in the Summer of 1976, incorporated all of these improvements
plus some improvements in correlations for heat transfer during blowdown,
treatment of choked flow, and general cleanup of coding. The MOD5 became
the first LOCA best-estimate code, although it was still limited to the LWR
blowdown regime. Additional features were necessary to extend its
applicability to the reflood regime in PWR and BWR plants. These
improvements in the RELAP-4 code allowed some calculations of the
best-estimate type, but it was known that they were of limited value.
Hence a program for developing advanced system analysis codes was started.
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Until 1983, NRC pursued a policy of "development in parallel paths" in
developing advanced codes. According to this policy, different approaches
to best estimate modeling of the transient two-phase flow processes were
explored simultaneously in order to establish which approach was most
suitable. In addition, using both TRAC and RELAP5 in plant calculations
provides more confidence in calculations. It became clear that the
approach adopted by the Los Alamos National Laboratory in its TRAC code was
acceptable for the best-estimate advanced code for detailed analysis of LWR
systems. The TRAC approach eliminates various limitations of the earlier
nodal code. It employs multidimensional modeling for all fluid regions
within the reactor vessel and one-dimensional modeling for loop piping, the
steam generator, and the pressurizer.

Several versions of the TRAC code were developed. TRAC-PD2 is a
detailed large-break LOCA code for PWRs, while TRAC-PF1 is a fast-running
small-break LOCA code for PWRs. TRAC-PF1/MOD1, the latest released version
of the code, has capabilities for calculating large- or small-break LOCAs
as well as all types of system transients. Details are contained in
Section 5.3. With the completion of TRAC-PF1/MOD2 (two-step numerics in
3-D vessel and improved core void distribution model), the major planned
code development work will be completed. Future changes are limited to
error corrections and improvements in user convenience. Based on
priorities, model improvements will also be made.

In a parallel effort, the Idaho Nati6nal Engineering Laboratory
developed the RELAP5 and TRAC-BWR codes. RELAP5 is a one-dimensional
thermal-hydraulic code; it is therefore a simplified best-estimate code.
The code meets NRC needs concerning

1. The ability to predict, reasonably well, the results of a variety
of integral and separate-effect tests,

2. Computational speed, and

3. User convenience.

The RELAP5/MOD1 code is primarily a small-break LOCA code and utilizes five
conservation equations. The RELAP5/MOD2 code utilizes six conservation
equations and approaches the capabilities of TRAC-PF1/MOD1 in simulating
some transients. Details are contained in Section 5.3. As with the TRAC
code the major code development work is completed and changes are limited
to error corrections and improvements in user convenience. As priorities
permit model improvements will be made in this code.

The TRAC-BWR development was initiated at the INEL in 1979. It
started with modifications in an early version of TRAC-PD2, obtained from
the Los Alamos National Laboratory. Over the years since that initiation,
considerable work has been done on building new models and BWR specific
capabilities in a series of TRAC-BWR programs. From the start this
development was coordinated with the General Electric Company and the EPRI,
because of their interest and experience in BWR technology. The first
public release of this code was TRAC-BD1 in 1982, and the current version
of the code, released in 1986, is TRAC-BF1.
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TRAC-BWR codes retain the two-fluid, six equation flow description
feature of the original TRAC-P code but, they employ a different set of
constitutive relations for interfacial exchanges of mass, momentum and
energy. Also, the equations governing wall friction, boiling heat transfer
and predicting critical heat flux are made BWR specific. New models for
one-dimensional flow in BWR fuel bundles with radiation heat transfer to
the box walls at high temperatures are included. The initial TRAC-BWR
development was focused on capabilities for large break LOCAs. However,
later versions of the code included small break capabilities and the latest
version, TRAC-BF1, has additional capabilities such as a one-dimensional
neutron kinetics and the balance of plant modelling capabilities that are
useful in operational transients and ATWS calculations.

The different versions of TRAC-BWR have been assessed in different
projects, sponsored by the U.S. NRC. Independent assessments have been
performed at the INEL and the Brookhaven National Laboratory (BNL).

5.1 Assessment Methodology

Code assessment is performed at two levels. The first level,
developmental assessment, is conducted by the code developers during the
code development stage. The scope of developmental assessment includes

1. Checkout of individual models or correlations with test data
obtained in basic or "model development" experiments,

2. Comparisons of code modules or of components codes with data
obtained in separate-effect experiments, and

3. Limited comparisons of systems codes with data obtained in
integral tests.

While performing these comparisons, the code developers are free to modify
and improve the code.

Code developers must also assess the code's ability to address
thermal-hydraulic phenomena in full-size LWR geometries by determining
whether the models and correlations used contain the necessary scaling
information. During the developmental assessment, sensitivity studies are
also made concerning system noding, time-step effects, and the consequences.
of various assumptions and simplifications.

The second level of code assessment, independent assessment, is
performed by personnel who were not involved in the development of the
code. The primary goal of the independent code assessment is to arrive at
a qualified judgment of the accuracy with which the code can predict
full-scale LWR plant accidents and transients. Other goals are to provide
feedback to code developers on code errors and deficiencies of physical
models for developing improved versions and comprehensive user guidelines
to the user community. The independent assessment is performed at two
levels: the first level, domestic assessment, is conducted by DOE
laboratory personnel who were not involved in the development of the code;
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the second level, international assessment, is conducted by organizations
with whom the NRC entered into bilateral code exchange agreements in which
the NRC provides the foreign parties with thermal-hydraulic codes and the
recipients provide NRC with code assessment work using their own test
data. In addition, the agreements provide NRC with access to foreign test
data.

The assessment process may be viewed as consisting of the following
tasks:

1. Formulate assessment matrices for each class of transient
studied, e.g., large-break LOCA, small-break LOCA.

2. Select key parameters for these classes.

3. Perform assessment calculations. Compare the test data with the
results of calculations for the key parameters.

4. Perform uncertainty analyses for the capability of the codes to
predict test data and plant transients.

Now these tasks will be briefly reviewed:

5.1.1 Formulation of Assessment Matrices

The code must be exercised to test its ability to model different
phenomena for the spectrum of transients occurring in each class.
Different transients within each class may occur because of different
equipment failures, recovery techniques or break sizes. PWR transients may
be classified as large break-LOCAs, intermediate- and small-break LOCAs,
and various other transients. Large-break LOCAs are characterized by
strong turbulence during blowdown and reflood; for small-break LOCAs,
gravity effects, stratification, and natural circulation are important
phenomena to be simulated. Small-break LOCAs may be subcategorized
according to whether

1. The break size is sufficiently large to remove decay heat,

2. The break size is too small to remove decay heat and steam
generators are necessary;

3. HPI is sufficient to maintain inventory, and

4. HPI is insufficient to maintain inventory and the pressure must
therefore be reduced to permit low-pressure or accumulator
injection.

Depending on the ECCS system design and functionability, the above four
categories may not all be independent of each other. The break location as
well as the size can vary; the break may occur in the hot leg, the cold
leg, the coolant pump, or the pressurizer, including a relief valve that is
stuck open. The break may also occur in a steam generator tube, which
would allow flow to or from the secondary system.

5-4



BWR events may be classified according to LOCAs and transients. The
largest pipe break size possible, a recirculation line break, is
considerably smaller than the design basis rupture of a cold leg in a PWR.
Additional features important to modeling that differ from PWRs include jet
pumps, the absence of a pressurizer and steam generators, and the presence
of an automatic depressurization system, channel boxes, etc.

Experiments are selected to cover the range of important phenomena for
the different classes of transients. In order to be able to extrapolate
the results of code assessment to full-size LWRs, it should be shown that
the code is also a good scaling tool. Hence formulation of the assessment
matrix consists of following tasks:

1. Select data from integral test facilities of different scales.
These facilities are primarily subscale facilities. Very limited
(only TMI-2) data on severe transients such as a LOCA are
available from full-scale LWR plants. Hence, subscale integral
test facilities are used to perform uncertainty analyses.

2. Determine whether relevant thermal-hydraulic phenomena are
modeled well enough to justify application of the code to LWR
plant conditions for which full-scale data are unavailable. This
implies application of the code to full-scale (or large-scale)
separate-effect tests and basic-tests. Select relevant
separate-effect or basic tests.

Tables 5-1 through 5-4 show relevant phenomena for various types of
accidents and transients for PWRs and BWRs. These tables are based on ones
originally developed by the OECD/CSNI Principal Working Group 2
(Reference 5-2). Tests with the largest scale should be selected if
similar experiments have been performed at different scales. Critical flow
tests conducted in MARVIKEN or HDR, being essentially full scale, should
receive emphasis over small-scale experiments to answer scaling questions.

Scale is not the only criterion, however, because each experimental
facility has its own particular design and scaling compromises. LOFT, for
example, can not be used to study loop asymmetries. The selection process
will have some compromises.

Inherent atypical features of the experiment facilities influence the
determination of the assessment matrix. The models and correlations in the
code are developed to be independent dimensions. Because of limitations in
the instruments and facilities used to develop correlations, however, this
may not necessarily be the case, and the independence of the code to
scaling effects must be ascertained. If the code accurately predicts
experiments conducted in facilities that have different scales and were
designed with different scaling compromises, confidence that the code will
provide equally valid results when applied to the full-scale power plant is
increased. Supplementing integral facility experiments with large- or
full-scale separate-effect experiments is essential, as is actual power
plant data.
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In addition to phenomenological and scaling considerations,
formulation of the assessment matrix must take into account different
design configurations. The MIST facility, for example, models the Babcock
and Wilcox system, whose significant features include once-through steam
generators and vent valves (Reference 5-3). Other design variations
include cold leg injection, combined injection, and upper plenum injection
ECCS set points.

5.1.2 Selection of Key Parameters

Key assessment parameters are used to define the code's accuracy. The
code is focused on the fuel cladding andthe pressure boundary; hence their
condition determines the variables requiring quantification of the code
accuracy. Table 5-5 summarizes key parameters used in assessing the codes
for different transients for PWRs and BWRs.

Because of its direct relationship to fuel damage, cladding
temperature is the primary key parameter for LOCAs and its uncertainty is
always calculated. In a small-break LOCA with no core heatup, the primary
key parameter is the core inventory. Uncertainties in predicting primary
key parameters constitute the overall uncertainty, which is determined
through comparisons of test data and code calculations. Analyses are
performed using integral system tests from the assessment matrix. These
tests should be selected in such a way that the transient scenarios belong
to the same category. If scaling questions arise, evaluation of the
uncertainties in other key parameters may be required so that their impact
on the uncertainty in cladding temperature is better understood.

5.2 Code Uncertainty and Scaling

The determination of code uncertainty, including uncertainty due to
scaling the results of small experiments to a plant, forms a major part of
the ECCS rule revision. A number of activities concerning code uncertainty
are in progress by both the NRC and U.S. industry. The General Electric
Company has already developed a methodology for jet pump boiling water
reactors to determine code uncertainty that was approved by the NRC staff
under SECY-83-472 (Reference 5-4). Since that time, a number of vendors
and utilities have submitted to NRC proposed methods of determining code
uncertainty for use under either SECY-83-472 or the ECCS rule revision.
The NRC Office of Nuclear Regulatory Research (RES) has also developed a
method (described in Section 4.4) to evaluate uncertainties of NRC codes
such as TRAC and RELAP, and to assist in the review of licensing submittals.
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TABLE 5-5. KEY ASSESSMENT PARAMETERS FOR VARIOUS LOCA SCENARIOS

PWRS BWRS

Large-Break LOCAs

Continuous-Valued Key Parameters:

Cladding temperature at the peak power region X X
Primary system pressure X
System pressure x
Primary system break flow X
Break flow X
ECC injection flow rate X X

Single-Valued Key Parameters:

Blowdown peak cladding temperature X X
Reflood peak cladding temperature X X
Times of CHF at the core high power region X X
Times of blowdown and reflood PCT X X
Times of ECC systems initiation X X
Time of signal generation for MSIV closure X
Times of rewet or quench at the core high power X X

region

Intermediate- and Small-Break LOCAs

Continuous-Valued Key Parameters:

Cladding temperature in high power region or upper X X
core region (if core heats up)

Vessel or core collapsed liquid level X X
Primary system pressure X
System pressure x
Primary system break or valve flow X
Break flow x
ECC injection rates X X
Secondary side pressure X
Secondary side valve flow (if any) X
Natural circulation flow rate (if pumps are X X

tripped or degraded)
Feedwater flow rate (if operable) X
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TABLE 5-5. (continued.)

PWRS BWRS

Single-Valued Key Parameters:

Blowdown peak cladding temperature X X
Refill/Reflood peak cladding temperature X X
Minimum core liquid level X X
Maximum secondary-side pressure X
Time of signal generation for MSIV closure X
Times of CHF at the high power region X X
Times of blowdown and reflood PCT X X
Times of accumulator initiation X
Times of rewet or quench at the high temperature X X

region or upper core region
Times of HPI and LPI initiation X
Times of reverse heat transfer initiation in X

steam generator,
Times of loop seal clearing X
Times of core uncovery and recovery X X
Time of ECCS initiation X
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To test and demonstrate the proposed methodology, RES has determined
the uncertainty of calculating peak cladding temperature (PCT) for
large-break LOCAs by means of TRAC PF1/MOD1 (Reference 5-5). Figure 5-1
shows the uncertainty of the PCT.

RES has subjected this methodology to independent peer review and
allowed for public comment prior to implementing the final ECCS Rule.
While the method developed by RES will not be a formal licensing
requirement and applicants will be free to propose their own methods, it is
expected that the RES methods may set a precedence and, therefore, is an
important part of the ECCS Rule revision.

5.3 Best Estimate Codes

In the early 1970s the available thermal-hydraulic codes were based on
the homogeneous equilibrium field equations describing two-phase flow with
a single mass-conservation equation, a single momentum equation, and a
single energy equation. The homogeneous assumption implied that the liquid
and vapor velocities were the same, and the equilibrium assumption implies
that the liquid and vapor temperatures were the same, further implying that
the phase-change rate was infinite. A further limitation of those codes
and the available computers was a severe restriction on the number of fluid
cells (control volumes) that could be used to describe a reactor system; a
very large problem would include about 50 control volumes. A consequence
of the limitation on the number of control volumes was that the codes were
one dimensional and could not model the multidimensional processes
occurring in the large reactor vessels.

In 1972 scientists were aware that fluid modeling could be extended to
multiple fields and multiple dimensions, but the computer capacities of the
day (speed and memory) together with the state of the art of numerical
schemes did not permit more detailed fluid modeling. By 1974 the first of
the new-generation computers with greatly increased computational speed
permitted scientists to begin exploring more detailed fluid modeling and
new numerical techniques for solving the field equations.

In 1974, the Atomic Energy Commission contracted with Los Alamos
National Laboratory to develop a new generation of computer codes capable
of modeling the nonequilibrium and unequal velocities between the liquid
and vapor phases that are expected to occur during a large-break LOCA; the
new code would also include a multidimensional treatment of the reactor
vessel with its associated internal components. This computer code was
designated the Transient Reactor Analysis Code (TRAC). In addition to the
two-field description of the reactor coolant and the three-dimensional
description of the reactor vessel, TRAC also included numerical schemes and
a data structure that increased the maximum number of fluid control volumes
to more than a thousand.

The first TRAC version, TRAC-Pl, was released in 1978. It was
followed by TRAC-PlA in 1979 and TRAC-PD2 in 1980. TRAC-PD2 included a new
description of the fuel rods in the core to better model the steep axial
temperature gradients that occur during the reflood process. This code was
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the first widely used production version available to the public and
represented a best-estimate analysis capability for large-break LOCAs.
Each new code version included error corrections and model improvements
relative to its predecessor. TRAC-PD2 provided the one-dimensional
modeling capability that was added to the COBRA code to produce COBRA-TRAC
at the Pacific Northwest Laboratory, and a full two-fluid developmental
version of TRAC-PD2 formed the basis for the development of the TRAC-BWR
code at the Idaho National Engineering Laboratory (INEL).

In parallel with these activities, a new advanced code called RELAP5
was being developed and applied in support of LOFT (Loss-of-Fluid Test) at
the INEL.

The Three Mile Island accident in 1979 provided the impetus for more
detailed modeling of small-break LOCAs and increased the awareness of all
other potential reactor accidents. The long time scale of the small-break
LOCA transient required computer codes to run much faster than was
necessary for large-break LOCA analysis, and these transients also required
the codes to represent in more detail the various trips and control
functions employed in reactors. These concerns drove the development of
TRAC-PF1, released in 1981, and TRAC-PF1/M0O1, released in 1983,
RELAP5/MOD2 released in 1984, and TRAC-BF1 released in 1986.

The following sections of this chapter are intended to provide some
information regarding the background and the main features of the BE T/H
codes developed for the U.S. NRC at different national laboratories.

5.3.1 The RELAP5 Code

5.3.1.1 Objective. The RELAP5 computer code is designed to model
current generation pressurized water reactors (PWRs). Developed for the
Office of Nuclear Regulatory Research, this code is. being used by the
Offices of Nuclear Reactor Regulation and Nuclear Regulatory Research in
the resolution of current safety issues, in the evaluation of plant
operator guidelines, and as a tool for auditing safety analyses submitted
by licensees. In addition, the code is in wide use by the nuclear industry
both in this country and abroad for design and safety analyses.

5.3.1.2 Development Background. The series of RELAP-codes began with
RELAPSE (REactor Leak And Power Safety Excursion), which was released in
1966. Subsequent versions of this code are RELAP2 (Reference 5-6), RELAP3
(Reference 5-7), and RELAP4 (Reference 5-8) in which the original name was
shortened to Reactor Excursion and Leak Analysis Program (RELAP). All of
these codes were based on a homogeneous equilibrium model (HEM) of the
two-phase flow process. The last code version of this series is
RELAP4/MOD7 (Reference 5-9) which was released to NESC in 1980.

In 1976, the development of a nonhomogeneous nonequilibrium model was
undertaken for RELAP4. It soon became apparent that a total rewrite of the
code was required to efficiently accomplish this goal. The result of this
effort was the beginning of the RELAP5 project. As the name implies, this
is the fifth in the series of computer codes that was designed to simulate
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the transient behavior of LWR systems under a wide variety of postulated
accident conditions. RELAP5 follows the naming tradition of previous RELAP
codes, i.e., the odd numbered series are complete rewrites of the program
while the even numbered versions had extensive model changes, but used the
architecture of the previous code. Each version of the code reflects the
increased knowledge and new simulation requirements from both large and
small scale experiments, theoretical research in two-phase flow, numerical
solution methods, computer programming advances, and the increased size and
speed of computers.

The principal new feature of the RELAP5 series is the use of a
two-fluid nonequilibrium nonhomogeneous hydrodynamic model for transient
simulation of the two-phase system behavior. RELAP5/MO02 (Reference 5-10)
employs a full nonequilibrium, six equation, two-fluid model. The use of
the two-fluid model eliminates the need for the RELAP4 submodels such as
the bubble rise and enthalpy transport models, which were necessary to
overcome the limitations of the single fluid model. RELAP5/MOD2, which is
the final PWR version of the RELAP5 code, was produced by improving and
extending the modeling base that was established with the release of
RELAP5/MOD1 (Reference 5-11) in December 1980. For briefness, the following
description will be focused only on RELAP5/MOD2 without further discussion
of the features of the earlier versions of the RELAP code series.

5.3.1.3 RELAP5/MOD2 General Description. RELAP5/MOD2 is a
pressurized water reactor (PWR) system transient analysis code that can be
used for simulation of a wide variety of PWR system transients of interest
in light water reactor (LWR) safety. The primary system, secondary system,
feedwater train, system controls, and core neutronics can be simulated. The
code models have been designed to permit simulation of postulated accidents
ranging from large break loss-of-coolant accidents to accidents involving
the plant controls and fuel system. Transient conditions can be modeled up
to the start of metal-water reaction (beginning of fuel damage) . A
complete description of RELAP5/MOD2 is given by Ransom et al. in
Reference 5-10.

RELAP5/MOD2 is written in FORTRAN V and was developed specifically for
a CDC Cyber-176 computer operating under the NOS system. Compile time
options are provided to allow operation on Cyber-7600 or -176 machines
using SCOPE2 or NOS-BE and machines without large core memory (LCM), such
as the Cyber-175. Compile time options are also provided to allow operation
on CRAY-i and CRAY-XMP machines using either COS (default) or the CTSS
operating system. Extended core storage (ECS) cannot be used in place of
LCM since both block transfers and single level access to LCM is used.

Compared to large scale scientific machines now available, the small
core memory (SCM) accessible for storage of instructions and operand data
on the Cyber-176 is relatively small. To conserve memory, RELAP5 uses
FORTRAN language extensions to efficiently pack logical (1 bit) and small
integer (mostly 12 and 18 bit) quantities into the 60 bit words of the
Cyber computer. The packing has permitted additional and more complex
models to be added to RELAP5 and execution of more detailed and
comprehensive simulations without resorting to extensive swapping of data
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between SCM and LCM. The penalty is that conversion to other computers is
time consuming due to the dependence on the CDC 60 bit word. Conversion of
different versions of RELAP5 to other computers, such as CRAY-XMP, IBM, and
the CYBER 205 has been done or undertaken by private industries. Required
computing time varies depending on computer type, size of problem,
simulation time, and transient scenario. Simulation time for a large break
loss-of-coolant accident is usually short, on the order of a few minutes,
but small time steps are needed. Larger time steps can be used for small
breaks, but simulation time can be hours. In general, computer run time is
roughly proportional to the number of hydrodynamic volumes included in a
problem and inversely proportional to the time step size used.

5.3.1.3.1 Hydrodynamics--The RELAP5/MOD2 hydrodynamic model is a
one-dimensional, transient, two-fluid model for flow of a two-phase
steam-water mixture that can contain a noncondensible component in the
steam phase and/or a nonvolatile component in the liquid phase. The major
change from the RELAP5/MOD1 model is the addition of a second energy
equation that eliminates the need to constrain one of the phases at the
saturated state. Other improvements include a revised interphase drag
formulation, a new nonequilibrium wall heat transfer model, a revised wall
friction partitioning model, a revised vapor generation model that includes
wall heat transfer considerations, and the addition of several new special
process/component models.

The RELAP5/MOD2 hydrodynamic model contains several options for
invoking simpler hydrodynamic models. These include homogeneous flow,
thermal equilibrium, and frictionless flow models. These options can be
used independently or in combination. The homogeneous and equilibrium
models were included primarily to be able to compare code results with
calculations from the older homogeneous equilibrium model (HEM) based codes.

The two-fluid equations that are used as the basis for the RELAP5/MOD2
consist of two phasic continuity equations, two phasic momentum equations,
and two phasic energy equations. The equations are recorded in
differential stream-tube form with time and one space dimension as
independent variables and in terms of time and volume-average dependent
variables. Phenomena that depend upon transverse gradients such as
friction and heat transfer are formulated in terms of the bulk potentials
using empirical transfer coefficient formulations.

The two-fluid model has six dependent variables (seven if a
noncondensible component is present). These are; pressure, internal
energies of vapor and liquid, void fraction, steam quality, vapor velocity,
and liquid velocity. The noncondensible quality, which is defined as the
ratio of the noncondensible gas mass to the total gaseous phase mass, is
the seventh variable. The eight secondary dependent variables used in the
equations are phasic densities, vapor generation rate per unit volume,
phasic interphase heat transfer rates per unit volume, phasic temperatures,
and saturation temperature.

The difference equations are based on the concept of a control volume
(or mesh cell) in which mass and energy are conserved by equating
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accumulation to rate of influx through the cell boundaries. This model
results in defining mass and energy volume average properties and requiring
knowledge of velocities at the volume boundaries. The velocities at
boundaries are most conveniently defined through use of momentum control
volumes (cells) centered on the mass and energy cell boundaries. This
approach results in a numerical scheme having a staggered spatial mesh.
The scalar properties (pressure, energies, and void fraction) of the flow
are defined at cell centers, and vector quantities (velocities) are defined
on the cell boundaries. The term, cell, means an increment in the spatial
variable, x, corresponding to the mass and energy control volume.

The system model is solved numerically using a semi-implicit finite
difference technique. The user can select an option for solving the system
model using a nearly-implicit finite difference technique, which allows
violation of the material Courant limit. This option is suitable for
steady state calculations and for slowly-varying, quasi-steady transient
calculations.

The semi-implicit numerical solution scheme uses a direct sparse
matrix solution technique for time step advancement. It is an efficient
scheme and results in an overall grind time (CPU time per time step for
each hydraulic node) on the CDC Cyber 176 of about 0.0015 s. The method has
a material Courant time step stability limit. However, this limit is
implemented in such a way that single node Courant violations are permitted
without adverse stability effects. Thus, single small nodes embedded in a
series of larger nodes will not adversely affect the time step and
computing cost. The nearly-implicit numerical solution scheme also uses a
direct sparse matrix solution technique for time step advancement. This
scheme has a grind time that is 25 to 60% greater than the semi-implicit
scheme but allows violation of the material Courant limit for all nodes.

5.3.1.3.2 Constitutive Models--The constitutive relations
include models for defining flow regimes and flow regime related models for
interphase drag, wall friction, heat transfer, interphase heat and mass
transfer and reflood heat transfer. The constitutive relations include
flow regime effects for which simplified mapping techniques have been
developed to control the use of constitutive correlations. Three flow
regime maps are utilized. They are vertical and horizontal maps for flow
in pipes, and a high mixing map for flow in pumps.

5.3.1.3.3 Heat Transfer--A boiling curve is used in RELAP5 to
govern the selection of heat transfer correlations. In particular, the
heat transfer regimes modeled are classified as pre-CHF, CHF and post-CHF
regimes. Condensation heat transfer is modeled and the effects of
noncondensible gases are included.

The pre-CHF regime consists of models for single-phase liquid
convection, subcooled nucleate boiling, and saturated nucleate boiling.
The post-CHF regime consists of models for transition film boiling, film
boiling, and single-phase vapor convection. The critical heat flux (CHF)
is calculated with a separate correlation.
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Heat structures provided in the code permit calculation of the heat
transferred across solid boundaries of hydrodynamic volumes. Modeling
capabilities of heat structures are general and include fuel pins or plates
with nuclear or electrical heating, heat transfer across steam generator
tubes, and heat transfer from pipe and vessel walls. Heat structures are
assumed to be represented by one-dimensional heat conduction in
rectangular, cylindrical, or spherical geometry. Surface multipliers are
used to convert the unit surface of the one-dimensional calculation to the
actual surface of the heat structure. Temperature-dependent thermal
conductivities and volumetric heat capacities are provided in tabular or
functional form either from built-in or user-supplied data. Finite
differences are used to advance the heat conduction solutions.

5.3.1.3.4 Special Features--RELAP5/MOD2 has a number of special
features that have proven to be very useful in T/H analysis of PWRs. A
description of those features and their applications would be too lengthy
to be presented in this report. Following is a simple list of the most
important special features of RELAP5/MOD2. Detailed description of these
features, including their mathematical formulation and solution techniques,
are given in Reference 5-10.

o Abrupt area change for single-phase and two-phase flows.

o Accumulator component, including specific hydrodynamics and heat
transfer models.

o Centrifugal pump performance model with two-phase degradation
effects.

o Choked Flow, including special treatments for:

- Horizontal stratified choked flow.
- Nonhomogeneous, equilibrium two-phase flow.
- Subcooled choking.

o Control system.

o Countercurrent flow.

o Crossflow junction.

o Decay heat, including actinides contribution.

o Fine mesh-renodalizing scheme for heat conduction.

o Jet mixer for single-phase and two-phase flows.

o Liquid entrainment in horizontal stratification.

o Motor valve model.

o Reactor kinetics (point model) with reactivity feedback from
thermal-hydraulic variables.
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a Relief valve model.

o Servo valve model.

o Steam Separator.

o Steady state initialization capability.

o Trip system.

o Turbine component model.

o Vertical stratification.

5.3.1.3.5 Input Description--RELAP5 has a very general input
description capability that allows modeling any thermal-hydraulic
facility. The system can be as simple as a pipe, a single volume of fluid,
or as complicated as a multiloop PWR with many external connections. The
input deck for each problem is organized in a number of card blocks. Each
block has a unique numbering sequence that is used for automatic sorting by
the computer, regardless of the position of each card in the input deck.
This is a user facility that makes it easy to change the inputs for
different runs. The restating and renodalization capabilities of RELAP5
provide additional user conveniences for modifications in the system
modeling at different stages of the transient.

5.3.1.3.6 Assessment--Ever since the release of the first
version of RELAP5 in 1980, there has been a considerable activity on its
assessment by different institutions. The published works on various
assessments of RELAP5 are too numerous to be reviewed in this report. A
list of most relevant publications on RELAP5 assessments is included at the
end of this chapter. A brief reference to some of these, and their effect
on evolution of the RELAP5 series, are given in the following.

An extensive independent assessment effort on RELAP5/MOD1 was
conducted by Sandia National Laboratory, (Reference 5-12) and a substantial
amount of developmental assessment has been performed at the INEL on both
RELAP5/MOD1 and MOD2 (Reference 5-13).

Sandia's assessment of RELAP5/MOD1 found that the code was generally
capable of predicting the important thermal-hydraulic behavior of the
primary coolant system exhibited in a number of experiment facilities
simulating various loss-of-coolant accidents and operating transients. In
their summary report, they conclude:

"Results from a large number of integral test analyses show that the
primary system response (e.g., pressure and break flow) is
well-predicted in a wide variety of transients; most observed
discrepancies can be attributed to known problems already being
addressed by the code developers. Core heatup response (e.g., dryout
and PCT) is generally also well-predicted, particularly during the
blowdown phase of large break LOCAs."
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The assessment effort at Sandia provided a sound basis for many of the
code improvements effected between RELAP5/MOD1 and RELAP5/MOD2. These
included the adoption of a six-equation hydrodynamic model, incorporation
of a moving mesh reflood model, inclusion of a complete nonequilibrium heat
transfer package, and a substantive revision to the constitutive relations
(interphase mass transfer, heat transfer, and drag) as described earlier.
The development work was followed by an extensive developmental assessment
effort involving close to 50 cases, including phenomenological problems,
separate effects experiments, and integral experiments. The major focus of
developmental assessment Is on separate-effect experiments, in which
individual code models can be evaluated without the confounding effects of
integral system behavior.

Three representative examples of the developmental assessment results
are provided by comparisons of calculations and data for a Marviken III
critical flow test (Reference 5-14) the Bennett heated tube experiment
(Reference 5-15), and a condensation experiment conducted by Bankoff
(Reference 5-16).

The Marviken experiment was used primarily to evaluate the critical
flow model. In that experiment, a full size reactor vessel was blown down
through a discharge pipe and nozzle exiting the bottom of the vessel.
Figure 5-2 shows that good agreement between the measured and calculated
discharge flow was obtained, indicating that the RELAP5 critical flow model
adequately computes both subcooled and saturated critical flow.

The Bennett heated tube experiment was designed to investigate
critical heat flux (CHF) and post-CHF heat transfer. It employed a
1.26-cm-diameter vertically oriented heated tube, through which water
flowed upward at a pressure of 6.9 MPa. A steady-state CHF point along the
tube was established through adjustment of power, coolant flow rate, and
degree of inlet cooling subcooling. Figure 5-3 shows a comparison of the
measured and calculated tube wall temperature profile. The close agreement
indicates a good prediction of the critical heat flux location and heat
transfer in the post-CHF (downstream) region where superheated steam and
saturated liquid droplets coexist.

The condensation modeling in RELAP5/MOD2 was evaluated in part using
the Bankoff cocurrent steam/water mixing experiments. In those
experiments, subcooled liquid and superheated steam were introduced at one
end of a 1.6-m-long horizontal rectangular test section. The flow rates
were low, so the liquid/steam interface remained stratified along the test
section. Condensation of the steam at the liquid interface caused the flow
of steam to diminish down the test section. Figure 5-4 shows the
calculated and measured steam mass flow profile for test run 253. The
relatively good agreement indicates that the interface heat and mass
transfer models for condensation perform well under stratified flow
conditions. A similar experiment performed by Aoki (Reference 5-17) showed
that MOD2 could also provide good agreement when the flow regime was
dispersed.
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As part of the International Code Assessment and Applications Program
(Reference 5-18), independent assessment of RELAP5/MOD2 encompassing a wide
variety of experimental facilities and accident scenarios will be
performed. Independent assessment of MOD2 will also continue at the INEL
through use of the code for analysis of experiment programs (i.e.,
Semiscale, MIST, FIST, and ROSA-IV).

5.3.1.3.7 Applications--The first applications of RELAP5 began
with pretest calculations of LOFT and Semiscale experiments and was soon
extended to comparison of events in LOFT with full scale PWRs. Numerous
applications of RELAP5 in recent years are documented in technical
literature. A list of some publications dealing with RELAP5 applications
is included at the end of this chapter.

The RELAPS code continues to be used for planning and analysis of
thermal-hydraulic experiments, evaluation of unresolved safety issues,
auditing vendor and utility safety analyses, and studying the precursor
events in severe accident analysis. Recent applications of the code are
typified by analyses of pressurized thermal shock (Unresolved Safety Issue
USI A-49) and reactor coolant pump operation during a small-break
loss-of-coolant accident.

Analysis of 180 postulated overcooling transients for a three-loop
pressurized water reactor was recently performed using RELAP5
(Reference 5-19). Those calculations were made to determine the minimum
coolant temperature and maximum pressure the reactor coolant vessel would
be subjected to. Figure 5-5 shows the predicted response following a 0.093
square meter (one-square-foot) break on a steam line during hot standby
conditions, and Figure 5-6 shows a compilation of all the analyses. These
results were used in conjunction with fracture mechanics studies to
determine the risk of vessel failure.

One of the important technical issues to arise in the aftermath of the
Three Mile Island accident was the question of primary coolant pump
operation during a small-break LOCA. Specifically, the issue was whether
or not pump operation would aggravate coolant loss from the primary coolant
system. Relevant experiments were conducted in the LOFT and Semiscale
facilities, and counterpart RELAP5 calculations were performed
(Reference 5-20). Figure 5-7 shows a comparison between RELAP5 predictions
and LOFT test data for the coolant loss during two experiments that
differed only in primary coolant pump operation. The excellent agreement
obtained gave confidence in calculations performed for full-scale plants,
which contributed to a defensible regulatory position on the subject.

5.3.2 The Transient Reactor Analysis Code

In 1974, the Atomic Energy Commission contracted with Los Alamos
National Laboratory to develop a new generation of computer codes capable
of modeling the nonequilibrium and unequal velocities between the liquid
and vapor phases that are expected to occur during a large-break LOCA; the
new code would also include a multidimensional treatment of the reactor
vessel with its associated internal components. This computer code was
designated the Transient Reactor Analysis Code (TRAC). In addition to the
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two-field description of the reactor coolant and the three-dimensional
description of the reactor vessel, TRAC also included numerical schemes and
a data structure that increased the maximum number of fluid control volumes
to more than a thousand.

The first TRAC version, TRAC-Pl, was released in 1978. It was
followed by TRAC-PIA in 1979 and TRAC-PD2 in 1980. TRAC-PD2 included a new
description of the fuel rods in the core to better model the steep axial
temperature gradients that occur during the reflood process. This code was
the first widely used production version available to the public and
represented a best-estimate analysis capability for large-break LOCAs.
Each new code version included error corrections and model improvements
relative to its predecessor. TRAC-PD2 provided the one-dimensional
modeling capability that was added to the COBRA code to produce COBRA-TRAC
at the Pacific Northwest Laboratory, and a full two-fluid developmental
version of TRAC-PD2 formed the basis for the development of the TRAC-BWR
code at the Idaho National Engineering Laboratory.

While maintaining the large-break LOCA capability represented by
TRAC-PD2, TRAC-PF1 and TRAC-PF1/MOD1 provided improved descriptions of the
fluid in the one-dimensional components and an improved numerical scheme in
the one-dimensional components and added the necessary components to
provide a complete one-dimensional modeling capability of reactor systems
with greatly improved computational speed. These codes also generalized
the trip logic and added control-system models. Also, the code structure
of TRAC-PF1 and TRAC-PF1/MOD1 was modified to permit the codes to be
converted easily to many of the newer computers. The TRAC-PF1/MOD1 version
represents the current state of the art in integral-system
thermal-hydraulic analysis tools for transients in PWRs and is applicable
to large- and small-break LOCAs and most non-LOCA transients,
provided there are no large asymmetries in the core power such as would
occur in a rod-ejection transient.

5.3.2.1 TRAC-PD2 Code--Objective. The development of TRAC-PD2
primarily addressed phenomena important to large-break LOCA analyses, but
the models are sufficiently general to permit extending the applications to
small-break LOCAs. A developmental version of the code provided the
initial analyses of the Three Mile Island accident. Following the release
of the code, the code was assessed against experiment data for large-,
Intermediate-, and small-break LOCAs and the code was applied to analyze
hypothetical large- and small-break LOCAs in full-scale nuclear plants.

5.3.2.1.1 Description--The TRAC code is an advanced
best-estimate system code for analyzing light-water reactor accidents. The
Nuclear Regulatory Commission sponsored the development of the code at the
Los Alamos National Laboratory. TRAC-PD2 (Reference 5-21) was released to
the National Energy Software Center at the Argonne National Laboratory in
October 1980. This version of TRAC is the third in a series of publicly
available codes intended primarily for the analysis of large-break LOCAs in
PWRs. However, because of the generality incorporated into the
thermal-hydraulic modeling, TRAC-PD2 can be applied directly to small-break
LOCAs and some non-LOCA transients although the limited trip capability can
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make this process difficult. The generality of the code also permits
direct application to a large variety of analyses ranging from blowdowns in
simple pipes to integral LOCA tests in multiloop test facilities to
separate-effect tests (integral tests involve the simulation of multiple
system components and generally cover several phases of a LOCA transient).

Reference 5-21 describes the TRAC-PD2 code. The code is completely
modular by component and function. The one-dimensional components (PIPE,
TEE, VALVE, PUMP, PRIZER, ACCUM, and STGEN) describe pipes, tees, valves,
pumps, pressurizers, accumulators, and steam generators. The VESSEL
component provides a two-dimensional Cartesian-geometry or a
three-dimensional cylindrical-geometry hydraulic description for vessels
and their related internals, including the reactor core. The FILL and BREAK
components provide velocity and pressure boundary conditions, respectively,
for the one-dimensional components.

The one-dimensional components utilize a five-equation drift-flux
hydraulic model with a choice of either fully implicit or semi-implicit
numerical techniques (on a component basis). The VESSEL component
implements a complete two-fluid, six-equation hydraulic model with a
semi-implicit numerical scheme. Therefore, the code can model
nonhomogeneous nonequilibrium fluid conditions. The required constitutive
relations include a dependence on the flow regime.

The code also provides a comprehensive heat-transfer capability. The
one-dimensional components, except for the ACCUM and the PRIZER, represent
pipe walls with a one-dimensional (radial) heat-conduction solution.
Lumped-parameter heat slabs represent the structural mass in the VESSEL
component. The fuel rods (or fuel-rod simulators) in the core are
represented by a two-dimensional conduction solution (radial and axial)
with dynamic fine-mesh rezoning in the axial direction to resolve large
temperature gradients associated with both bottom reflood and falling-film
quench fronts.

These attributes of the code combine to provide a consistent code
input and thermal-hydraulic analysis capability for generating the
steady-state initial conditions and calculating the entire large-break LOCA
sequence, including blowdown, refill, and reflood. While the code permits
renoding on restart, renoding is not required at any time during the
complete analysis.

The code provides a generalized restart capability to permit the
complete analysis to continue in reasonable increments of computer time
through a linked series of jobs. Although it is never required, the user
may change component, trip, and time-step data on restart at his
convenience and may add or delete components as desirable. This
generalized restart capability permits the user to renode during the
calculation to delete fine noding that is no longer required or to add fine
noding in regions where more detail is needed. The code also includes
extensive time-step control logic that looks at the Courant limit in the
semi-implicit numerics and at changes in pressures, void fractions, and
temperatures throughout the fluid system and at temperature changes in the
heat slabs and fuel rods.
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A set of updates to correct coding errors in TRAC-PD2 resulted in a
code designated TRAC-PD2/MOD1 (Reference 5-21,5-22). The input
specifications for TRAC-PD2/MOD1 are identical to those for TRAC-P02. This
document will not distinguish between the two code versions.

The Idaho National Engineering Laboratory (INEL) has developed a TRAC
version for application to boiling-water reactors (BWRs); this BWR version
of TRAC is based on a developmental derivative of TRAC-P02 with a complete
two-fluid hydrodynamic model in both the one- and three-dimensional
components. Also, the Pacific Northwest Laboratory (PNL) has used the
one-dimensional TRAC components in conjunction with the COBRA
three-dimensional vessel to create the COBRA-TRAC code.

5.3.2.1.2 Capabilities--Because of the detailed modeling in
TRAC-PD2, most of the physical phenomena important in LOCA analysis can be
treated. These capabilities include:

1. Emergency core coolant (ECC) downcomer penetration and bypass
including the effects of countercurrent flow and hot walls.

2. Lower plenum refill with entrainment and phase separation effects.

3. Bottom reflood and falling-film reflood quench fronts.

4. Multidimensional flow patterns in the core and plenum regions.

5. Pool formation and countercurrent flow at the upper core support
plate (UCSP) region.

6. Pool formation in the upper plenum.

7. Steam binding.

8. Average-rod and hot-rod cladding temperature histories.

9. Alternative ECC injection systems, including hot-leg and
upper-head injection.

10. Direct injection of subcooled ECC water without the requirement
for artificial mixing zones.

11. Critical flow (choking) using fine nodalization and fully
implicit numerics in the one-dimensional components.

12. Liquid carryover during reflood.

13. Metal-water reaction.

14. Waterhammer effects.

15. Wall friction losses.

16. Mixed one- and three-dimensional calculations.
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The TRAC-PD2 code can be applied to large-break LOCAs to address
questions involving ECC bypass, lower-plenum refill, and reflood; the code
can investigate alternative ECC injection and combined injection, single
failures in the safety systems, delays in starting diesel generators, etc.
The limited trip capability in the code and the lack of a critical-flow
model accounting for nucleation delay limits the application of the code to
small- and intermediate-break LOCAs, but within the constraints of the
trips and tables, these transients can be approached. The very restrictive
reactor-kinetics model in the code prevents application to anticipated
transients without scram (ATWS) and boron-dilution transients. Subject to
other constraints, the code can be used where multidimensional flow
patterns are important in the vessel, but the VESSEL component is not
intended to resolve multidimensional flows at the subchannel level. The
code can calculate transients in which natural-circulation flows in the
primary system are important but has difficulty correctly calculating the
separation of the phases in horizontal pipes and cannot calculate reflux
cooling. The code cannot track either dissolved boron in the liquid or an
incondensible gas in the vapor phase. The ability to address primary
system refill problems is limited by noding detail; as the cell length goes
to zero, the calculated results get better. The code cannot be applied
directly to those transients in which one expects to observe thermal
stratification of the liquid phase in the one-dimensional components
without the support of other calculational tools; the VESSEL component can
resolve the thermal stratification of liquid only within the limits of its
three-dimensional noding, that is, only coarsely.

5.3.2.1.3 Applications--TRAC-PD2 has been used in a variety of
applications. Some of the accident types studied are large- and
small-break LOCAs, operator strategies for mitigating an accident, steam
generator tube ruptures, loss-of-feedwater events, main steam line breaks,
steam-generator overfill, and reactor-vessel ruptures.

The code was used to study a 200% double-ended cold-leg-break LOCA in
a typical U.S. PWR (Reference 5-23). As modeled, the reactor system
represented a typical PWR with four loops, three intact and one broken,
with cold-leg ECCS. The finely noded TRAC model employed 440
three-dimensional vessel cells and 300 one-dimensional cells that modeled
the four primary loops individually. The calculated peak cladding
temperature of 950 K occurred during blowdown, and the cladding temperature
excursion was terminated at 175 s, when core quenching was complete.
Accumulator flows were initiated at 10 s, when the primary-system pressure
fell below 4.08 MPa, and the refill phase ended at 36 s, when the lower
plenum refilled. During reflood, the code predicted the quenching of the
core to progress simultaneously from both the bottom and the top of the
core. Liquid entrainment from the vicinity of the lower quench front
provided the liquid necessary for the quenching process at the top of the
core and formed a small, saturated pool (0.3 m deep) above the UCSP. The
vapor flow from the core entrained some liquid and carried it into the
steam generators, where the liquid vaporized. The code calculated strong
multidimensional effects in the reactor vessel, particularly with respect
to rod quenching. The calculation shows that some rods located in core
regions closest to the intact cold legs (ECCS injection points) quench
125 s earlier than rods located in core-regions next to the broken-loop.
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Reference 5-24 documents the calculated response of the Westinghouse
Zion-i PWR to transients initiated by loss of main feedwater with the
auxiliary feedwater unavailable. The normal response mode in which the
emergency systems perform as designed was first studied to identify
critical equipment performance and operator actions necessary for normal
recovery. Subsequent analyses addressed the effects of additional
equipment failures such as valves sticking open and delayed or degraded
operation of emergency systems. Alternative strategies developed for
operator actions not covered in the existing emergency procedures were
tested in TRAC-PD2 calculations to evaluate their effectiveness in
preventing core uncovery.

The TMI Unit 2 accident, which ushered in increased awareness of
small-break LOCAs and non-LOCA transients, may be characterized as a
small-break LOCA with degraded ECCS. Shortly after the accident, an early
developmental version of TRAC-PD2 was used to analyze the transient
(Reference 5-25). The TRAC calculation used a model of the Unit 2 reactor
that consisted of fewer than 100 cells. The coarsely noded input
dramatically reduced the computer time required for the calculation.
Calculated values for the primary-system pressure, primary coolant
temperature, and pressurizer level agree well with the available plant
data, and the calculations were helpful in reconstructing the course of the
accident. The Los Alamos calculations were the first calculations of the
accident and also the first test of TRAC against an actual full-scale
system transient. The early results have not changed substantially with
time and agree to a large extent with later independent analyses.

5.3.2.1.4 Assessment--The assessment of TRAC is a two-stage
process. The first stage is the developmental assessment and is coupled
closely to the code development process. Developmental assessment
principally Involves posttest analyses of a variety of thermal-hydraulic of
experiments. The primary objectives of developmental assessment are to
define the validity limits of the methods, models, and correlations in the
developmental version of the code and to establish values for various
empirical parameters; these objectives are achieved by comparing the
calculated results with experiment data. Other objectives include the
determination of code sensitivity to input data, model assumptions, and
solution techniques; recommendation of standard calculational procedures
for various classes of problems; and identification of code and model
Improvements or additional experiments needed to assess the advanced TRAC
models.

Independent assessment is the second stage of the assessment process.
This second stage begins following the release of the code for external
use. Independent assessment uses publicly available and documented
versions of TRAC. The process utilizes both pretest and posttest analyses
of experiments. The primary objective is to determine the predictive
capability of the code when applied to new tests involving different scales
and facility configurations. All of the developmental assessment objectives
also apply to independent assessment; however, in independent assessment,
the results are factored into the future code development without updating
the current released code except for the case of error corrections.
Discrepancies between the calculations and data are resolved by performing
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additional posttest analyses as required. Guidance for future code
development and recommendations for future experiments also are provided.
Code changes related to better representation of boundary conditions and
improved editing of output information are allowed in the independent
assessment process if the basic modeling and calculation techniques are not
changed.

The final results of the TRAC-PD2 developmental assessment are
reported in Reference 5-26. Table 5-6 describes the tests analyzed during
the developmental assessment. The analyses were performed with the
released version of TRAC-P02; these analyses therefore constitute the
initial set of independent assessment results for TRAC-PD2. The
developmental assessment places more emphasis on separate-effect tests to
investigate the details of the calculation; the process utilizes a smaller
number of integral tests to confirm the logic linking the various models
and components.

The independent assessment (Reference 5-27) also involves both
separate-effect and integral tests. Table 5-7 briefly describes the
separate-effect tests, and Table 5-8 describes the integral tests. The
tests selected for independent assessment complement and expand the
developmental-assessment set. The Marviken tests provide a more extensive
testing of the TRAC critical-flow calculation and investigate the
interphasic mass transfer in more depth. The Battelle Columbus Laboratories
(BCL) tests, which are similar to the Creare tests used in developmental
assessment, include a more typical geometry and add a transient refill test
to study ECC bypass. The Full-Length Emergency Cooling Heat-Transfer
(FLECHT) Separate-Effects and Systems-Effects Test (SEASET) is similar to
the FLECHT tests in the developmental assessment but is run with the new
smaller-diameter Westinghouse fuel-rod simulators.

Results from a FLECHT-SEASET test modeled using TRAC-PD2 are reported
in Reference 5-27 for test 31504. Fifteen axial cells were used to model
the heated core region. Figures 5-8 and 5-9 show the code versus data
comparison at two elevations in the upper core regions. At the upper
elevation the peak temperature is underpredicted but the quench time is
only in error by about 5%. Code errors will be factored into the code
uncertainty for reactor licensing applications.

TRAC-PD2 was also used to perform pretest prediction of the Japanese
reflood tests. The Japanese CCTF and SCTF test facilities are the largest
reflood facilities in the world (about 1/20 scale). Comparisons of
TRAC-PD2 (Reference 5-28) and CCTF test C1-16 temperatures at four
elevations are shown in Figures 5-10 through 5-13. All but the highest
elevation is predicted well. Upper elevations are difficult to predict
because a quench front is coming from the core top as well as the bottom.
The heat transfer was incorrect at 3 meters but the water buildup was about
right as shown in Figure 5-14.

The Primarkreislaufe (PKL) Tests K9 and K5.4A provide a check of the
refill and reflood behavior of the code in an integral system. The
integral tests also extend the application of TRAC-PD2 to small-break and

5-34



TL -

TABLE 5-6. TRAC-PD2 DEVELOPMENTAL ASSESSMENT ANALYSES

1
i

NIF

Number Exoeriment Thermal-Hvdraulic Effects

1 Edwards' Horizontal-Pipe (Standard Problem 1)

21 Centro Informazoni Studl Experienze (CISE)
Unheated-Pipe Blowdown (Test 41)

3 CISE Heated-Pipe Blowdown (Test R)

4 Marviken Full-Scale Vessel Blowdown
(Tests 4 and 24)

5 Thermal-Hydraullc Test Facility (THTF) (Test 177)

6 Bennett Tube Experiments

7 Creare Countercurrent Flow Tests

8 Full-Length Emergency Core Heat-Transfer (FLECHT)
Forced-Flooding Tests (Tests 17201 and 4831)

9 Semiscale Mod-1 Test S-02-8

10 Semiscale Nozzle Critical Flow

11 Semiscale Mod-1 Test S-06-3

12 Loss-of-Fluld Test (LOFT) Nonnuclear Test Li-4

Separate effects; one-dimensional Blowdown
critical flow, phase change, slip, and wall
friction

Same as (1) plus wall heat transfer, flow-area
changes, and gravitational effects

Same as (2) plus critical heat flux (CHF)

Same as (1) plus full-scale effects

System effects; two-dimensional
Carteslan-geometry vessel model with rod heat
transfer and rewet models

Separate effects; wall heat transfer, CHF,
phase change, and slip

System effects; countercurrent flow,
interfaclal drag and heat transfer, and
condensation with the VESSEL component

System effects; reflood heat transfer,
quench-front propagation, and liquid
entrainment and carryover

Integral synergistic effects; one-dimensional
flow, phase change, slip, wall friction nozzle
critical flow, threb-dimenslonal vessel with
rod heat transfer Including nucleate boiling,
departure from nucleate boiling (DNB), and
post-DNB

Separate effects; one-dimensional critical
flow with area change

Same as (9) plus reflood heat transfer,
quench-front propagation, and liquid
entrainment and carryover

Integral effects during blowdown and refill;
larger scale than Semiscale

Same as (11) at larger scale

&n

13 LOFT Nuclear Test L2-2



TABLE 5-7. TRAC-PD2 INDEPENDENT ASSESSMENT ANALYSES; SEPARATE-EFFECT TESTS

Number Experiment Thermal-HIvdraulle Effects

1 Marviken Full-Scale Vessel Blowdown (Tests 4, 13, Large-scale one-dimensional critical-flow tests
20, 22, and 24) with phase change, slip, and wall friction

2 Battelle Columbus Laboratories (BCL) (Tests 262xx, Countercurrent flow in an annular downcomer
263xx, 265xx, and 29111) with Interfacial drag and condensation to

investigate ECC bypass

3 Full-Length Emergency Core Heat-Transfer (FLECHT) Forced-reflood test to investigate quench-front
Separate-Effects and Systems-Effects Test (SEASET) tracking, liquid entrainment, and liquid
Forced-Flooding Test 31504 carryover

en
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TABLE 5-E

Number

1

2

3

4

5

6

7

B. TRAC-PD2 INDEPENDENT ASSESSMENT ANALYSES; INTEGRW

Experiment

Primarkreislaufe (PKL) Test K9 and K5.4A

Semiscale Mod-3 Small-Break LOCA Tests S-SB-P1,
S-SB-P2, S-SB-P3, S-SB-P4, and S-SB-P7

Semiscale Mod-3 Small-Break LOCA Test S-07-100

Loss-of-Fluid Test (LOFT) Small-Break LOCA Tests
13-1 and L3-7

LOFT Small-Break LOCA Tests L3-5 and L3-6

LOFT Intermediate-Break LOCA Tests L5-1 and L8-2

LOFT Large-Break LOCA Tests L2-3 and L2-5

Thermal-Hydraulic Effects

Full system simulation of gravity-driven
refill and reflood transients

A series of small-break LOCA tests to
Investigate the effects of pump operation and
break location

A small-break LOCA with a larger break size
and delayed ECC Injection

Two small-break LOCA tests to investigate
break-size sensitivity at a larger scale

Two small-break LOCA tests to investigate the
effect of pump operation at a larger scale

Two intermediate-break LOCA tests to
investigate the effect of pump operation

Two large-break LOCA tests with different pump
operation to change the transient
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intermediate-break LOCA analyses by using data from the nonnuclear
Semiscale Mod-3 facility and the Loss-of-Fluid-Test (LOFT) facility. The
LOFT large-break LOCA Tests L2-3 and L2-5 test the code at higher power
densities than were used in Test L2-2 for developmental assessment.
Test L2-3 is the same as Test L2-2 but at a higher power; Test L2-5 is the
same as Test L2-3 but with different pump operation to change the
core-inlet flow early in the transient.

The code calculates many of the thermal-hydraulic phenomena very well,
and the list of the good comparisons far exceeds the problem comparisons.
It is difficult to describe the problem areas without sounding alarmist;
many of the models that need improvement nonetheless provide good answers
for many situations. Some of the improvements that are needed affect the
code very little; other improvements provide more flexibility and reduce
the effort required of the user in obtaining improved results. In any
case, as changes are made to the code, the developers should be aware of
the areas in which the models perform well and should retain that capability.

The Marviken critical-flow comparisons indicate that the fine noding
scheme for calculating critical flow with the code works very well when the
period of subcooled flow is not long. When the upstream conditions are
subcooled and the nonequilibrium effects control the flow, the code
underpredicts the critical flow because the vapor-generation model, which
is close to equilibrium, does not provide any delay in nucleation. This
delayed nucleation results from the finite time required for bubbles to
nucleate and to grow to a stable size. The delayed nucleation should be
related to the residence time at particular fluid conditions. However, the
vapor-generation model in TRAC is driven by the magnitude of the liquid
superheat. The code predicts the flow through longer nozzles better than
flow through shorter nozzles because the wall-friction effects drive the
flow toward equilibrium.

Because the code does not calculate the subcooled critical flow well
and because the subcooled critical flow significantly affects the system
mass inventory, alternative methods are used to calculate the break flow
for the small- and intermediate-break LOCA tests. The scheme in which the
wall friction is adjusted by changes in the hydraulic diameter is inferior
to the case in which the entire friction is lumped into the additive
friction (and the friction factor remains constant). The technique in
which the orifice is represented by a single cell with zero friction is
superior to either method using friction to control flow. Resolution of
this problem requires improvement in the vapor-generation model or
incorporation of a critical flow model that is not affected by the lack of
nucleation delay.

The BCL comparisons indicate that the code calculates the lower-plenum
refill reasonably well. The case with low subcooling in the injected
liquid provides the best comparisons and indirectly indicates that the
calculated flow patterns and interfacial drag are reasonable. The cases
with higher subcooling in the injected liquid provide evidence that
condensation effects in the downcomer are more important to the refill
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process than interfacial drag. The code performs more like an on/off

switch in terms of the flooding curve than the data indicate for the higher

subcooling cases.

The LOFT large-break LOCA calculations show that the lower-plenum

refill is driven by flow oscillations in the Intact- and broken-loop cold

legs. This behavior is significantly different from the quasi-steady

liquid flows in the intact-loop cold-leg simulators in the BCL facility.

In LOFT, when the cold-leg liquid flows are away from the vessel, the

lower-plenum refill rate is very low (or even negative at some points).

When the cold-leg liquid flows are toward the vessel, the lower-plenum

refill rate is very high. The LOFT data support the calculated behavior of

the refill process. The LOFT refill behavi.or suggests that the small

differences observed in the BCL comparisons are not important to the

calculated refill in integral systems.

The FLECHT-SEASET comparisons for forced reflood indicate that the

code calculates the reflood behavior and cladding quenching through the

core midplane very well. Near the top of the core, the code calculates a

top-down rewet of the cladding, which is caused by excessive liquid

entrainment and carryover. The calculation cools the cladding via heat

transfer to dispersed-droplet flow; the data, while indicating the cooling
effects of the dispersed flow, do not show the top-down rewet behavior.

The comparisons to the PKL integral gravity-driven refill and reflood

tests also show that the code calculates the reflood process acceptably

well. However, the two PKL tests exhibit a top-down rewet of the cladding

near the top of the core. For these tests, the code does not calculate

this top-down rewet except in the outer region of the core in one test.

This change in the calculated behavior reflects a difference between forced

and gravity-driven reflood. In the case of forced reflood, the code forces

the liquid past the quenching elevation, and the increased vapor generation

associated with the quenching process entrains the liquid. In the

gravity-driven reflood, the pressure increase associated with the vapor

production from the quenching process forces the mixture level in the core

down and reduces the amount of liquid above the quench front available for

entrainment.

The interphase condensation model in the code calculates well the

behavior of the ECC injection in the broad spectrum of break sizes covered

in the comparisons. In particular, the condensation-induced flows in the

LOFT large-break LOCA experiments appear correct. However, when the

injection rates become very large, as in the case of LOFT L3-6 and L8-2, or

the primary system is excessively voided, as In the PKL tests and LOFT

L8-2, the condensation rate is obviously excessive. In the case of the PKL

tests, the condensation caused by the initial ECC injection causes

calculated flows that delay the start of reflood in the tests. In the case

of LOFT L3-6 and L8-2, the condensation associated with the very large

injection rates produces flow oscillations that challenge the stability of

the code and that are not representative of the data.
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Several cases were encountered in which the VALVE component does not
adequately describe the actual valve in terms of flow area and hydraulic
resistance as the valve opens and closes. Even the conceptually simple
check valve is subject to this problem when the pressure difference across
the valve is not large, as in the case of the valve controlling accumulator
injection during a small-break LOCA. Resolution of this problem requires
both code improvements and better characterization of valves.

The ACCUM component in TRAC assumes complete separation of the liquid
and vapor phases; when this assumption is violated, a mass error results.
This problem can be minimized by using large comparably sized cells in
modeling accumulators. However, the preferred solution requires that the
developers make the phase separation in the ACCUM component consistent with
assumption, in which case the cell size will have little impact on the
calculated results.

The VESSEL heat slabs are based on lumped-parameter modeling.
Consequences of this modeling are that it is inadvisable to represent all
of the structural mass when that structure is thick and that the heat
transfer rate between the fluid and the heat slab is large. For long
transients, such as small- and intermediate-break LOCAs, these
lumped-parameter slabs force a reduction in the total energy in the system
(including the fluid and the structure) or alter the timing of the energy
transfer. LOFT L5-1 and L8-2 are two possible cases in which the
limitations of the VESSEL slabs adversely affect the results. The stored
energy in the downcomer and lower-plenum slabs apparently enters the fluid
too rapidly and alters the fluid conditions upstream of the break.
Resolution of this problem requires that at least a one-dimensional
conduction solution be substituted for the lumped-parameter model.

The comparisons to the small-break LOCA tests reveal that the code
needs a horizontal-stratified-flow model to distribute liquid and vapor
more evenly in horizontal pipes when the velocities are low. While the
lack of this model does not adversely affect the overall results, certain
details of the comparisons would improve. In particular, the inclusion of
the model should improve the distribution of liquid inventory within the
primary system.

The early rewet behavior of the LOFT L2-3 and L2-5 transients
highlights a deficiency in the heat-transfer correlations. The code
correctly calculates the hydraulics leading to the rewets, but when the
rewet occurs above about 700 K, the code first must cool the fuel cladding
in film boiling before the heat-transfer mode can return to transition and
nucleate boiling. The differences between the calculation and the data
suggest that the minimum film-boiling-temperature correlation or the
film-boiling heat-transfer correlation or both require improvement. The
rewets are occurring at high pressure and low quality, conditions for which
the current correlations are not developed. This heat-transfer deficiency
may lead to an overprediction of cladding temperature but cannot cause the
code to underpredict cladding temperature.

Several areas of the facility descriptions need to be improved. There
is evidence in the comparisons that indicates the calculations are
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sensitive to heat losses, leakage paths that bypass the core, and the pump
characterization. The facilities should measure both the total magnitude
of heat losses and their distribution. Even if the heat losses are small
relative to the decay heat, the integral of the losses over a long
transient may be important. The leakages between the hot and cold sides of
the primary system have an important impact on the balance of core flow as
the flows approach zero and can alter the level depression in the core.
The pump model in the code appears to be adequate (it cannot calculate
cavitation effects, but the current tests do not indicate significant
cavitation effects), but the homologous curves describing the pump
performance can affect the results. In particular, the analyses of
small-break LOCAs with the pumps running require a good description of the
pump.

In summary, notwithstanding the above comments, the comparisons
described in this report show that the TRAC-PD2 (and TRAC-PD2/MOD1) code
provides an excellent analysis tool for large-break LOCAs. The code
calculates the thermal-hydraulic phenomena in LOFT L2-3 and L2-5 reasonably
well, including the subtle flows leading to the early rewet behavior in the
core. The FLECHT-SEASET and PKL comparisons indicate that the code can
calculate satisfactorily the important phenomena associated with reflood,
and the LOFT large-break comparisons show that the code calculates the
final rewet phase of the transients well, although slightly late. The code
calculates the lower-plenum refill in LOFT in a mannhi consistent with the
data. The small- and intermediate-break results are good and indicate
that, with care, the code can be applied successfully to these transients.
The problem areas in the code become more significant, but the code
calculates the general trends correctly and the details of the tests
surprisingly well in some cases. In particular, the calculations of LOFT
L3-5 and L3-6 are excellent, and the code calculates the correct system
response to the operation of the pumps. The comparisons support the
application of the code to the full range of break sizes that are of
interest in LOCA analysis.

The TRAC-PD2 code performed the first successful calculation of the
TMI accident. The code is an accurate analysis tool for large-break LOCAs
and one capable of calculating entire accident scenarios. The code has
been used extensively in support of the NRC's participation in the 2D-3D
experiment programs (large-break-LOCA oriented) in Japan and Germany.

5.3.2.2 TRAC-PF1 Code. The development of TRAC-PF1 maintained the
models necessary for applying the code to large-break loss-of-coolant
accidents (LOCAs) and added or modified models as necessary to enhance the
application of the code to small-break LOCAs and to some operational
transients. In particular, many user-convenience features were added or
enhanced to promote the application of the code to transients involving
more complex control of the nuclear plant.

5.3.2.2.1 Description--The TRAC code is an advanced
best-estimate system code for analyzing LWR accidents. The NRC sponsored
the development of the code at the Los Alamos National Laboratory.
TRAC-PF1 (Reference 5-29) was released to the National Energy Software
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Center at the Argonne National Laboratory in the fall of 1981. This
version of TRAC is the fourth in a series of publicly available codes
intended primarily for the analysis of PWRs. The code is capable of
performing small-, intermediate-, and large-break LOCA analyses and many
non-LOCA analyses. The generality of the code also permits direct
application to a large variety of analyses ranging from blowdowns in simple
pipes to integral LOCA tests in multiloop test facilities to
separate-effect tests (integral tests involve the simulation of multiple
system components and generally cover several phases of a LOCA transient).
The TRAC-PF1 code is based on a developmental derivative of TRAC-P02 with a
complete two-fluid hydrodynamic model in both the one- and
three-dimensional components; during the development process, substantial
changes were made in the numerics and models.

Reference 5-29 describes the TRAC-PF1 code. The code is completely
modular by component and function. Both the one- and three-dimensional
components utilize a full two-fluid thermal-hydraulic (six-equation) model
with the capability to track an noncondensible in the gas phase and a
solute in the liquid phase. Inherent in the six-equation thermal-hydraulic
model is the capability to model nonhomogeneous, nonequilibrium fluid
conditions. The six-equation two-fluid model in the one-dimensional
components represents a significant change from TRAC-P02 and makes it
easier to calculate countercurrent flow and to incorporate stratified flow
models. The noncondensible-gas and liquid-solute tracking are new
capabilities not present in TRAC-P02. The one-dimensional components
implement a new numerical technique, the stability-enhancing two-step
(SETS) numerics, that permits the time step to exceed the material Courant
limit; the SETS numerics replace both the semi-implicit and fully implicit
numerics that were used previously in the TRAC-PD2. The SETS numerics
require only slightly more computational time per time step than the old
semi-implicit numerics, a penalty easily offset by the increase in
time-step size for most transients. The three-dimensional VESSEL component
uses semi-implicit numerics and is therefore subject to the material
Courant limit. The required constitutive relations, which include a
dependence on the flow regime, have been further generalized in an effort
to expand the range of applicability.

The TRAC-PF1 code retains the TRAC-PD2 one-dimensional components
(PIPE, TEE, VALVE, PUMP, PRIZER, ACCUM, and STGEN) to describe pipes, tees,
valves, pumps, pressurizers, accumulators, and steam generators. In order
to add the capability to represent reactor systems in a fully
one-dimensional mode and thus to make available for slow transients the
full value of the SETS numerics, a one-dimensional CORE component was added
to represent the reactor core; this CORE component, which is based on the
old PIPE component, incorporates the fuel-rod modeling that is included in
the three-dimensional VESSEL component.

The inconsistency in assumed and calculated phase separation at the
boundary junction of the ACCUM component is corrected to prevent the
observed mass error in TRAC-PD2; this correction was greatly simplified by
changing from the old drift-flux hydraulic model to the two-fluid model.
The PIPE component was modified to include an accumulator flag; this change
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permits the user to model accumulators with PIPE components and to model
the injection of nitrogen into the primary system as the accumulators
empty. With the PIPE component, the heat structures associated with
accumulators can now be modeled.

The PRIZER component, which provides several user-convenient features
for modeling pressurizers and for running steady-state calculations, was
modified to have both the inlet and outlet junctions (TRAC-PD2 had only the
outlet junction). This change allows modeling pressurizer sprays directly
and modeling of the various relief valves at the top of pressurizers.

The VESSEL component continues to provide both a two-dimensional
Cartesian-geometry and a three-dimensional cylindrical-geometry modeling
capability for the reactor vessel to represent the downcomer, upper and
lower plenums, upper head, core, and the associated internal structures.
The lumped-parameter heat slabs in the TRAC-P02 VESSEL were converted to
one-dimensional heat slabs to better simulate the heat transfer between the
fluid and the vessel structures.

The code retains, with only minor changes, the rest of the
comprehensive heat-transfer capability in TRAC-PD2. The heat-transfer
correlations cover forced and natural convection to single-phase liquid,
subcooled and saturated nucleate boiling, transition boiling, film boiling,
and forced convection to single-phase vapor with separate correlations for
the critical-heat-flux (CHF) and minimum-film-boiling temperatures. In
addition to the one-dimensional VESSEL heat slabs mentioned previously,
TRAC-PF1 uses a one-dimensional (radial) heat-conduction solution to
represent the pipe walls associated with all one-dimensional components
except the ACCUM, PRIZER, FILL, and BREAK. The fuel rods (or fuel-rod
simulators) in the one-dimensional CORE component and in the
three-dimensional VESSEL core are represented by a two-dimensional
conduction solution (radial and axial) with dynamic fine-mesh rezoning in
the axial direction to resolve large temperature gradients associated with
both bottom-reflood and falling-film quench fronts. The TRAC-PF1 code
includes for the first time the ability to define new material properties
on input and no longer limits the user to the limited list of built-in
material properties for heat slabs and rods.

The RELAP5 critical-flow model from the TRAC-BWR code was incorporated
with modifications. This model eliminates the need to rely on fine noding
schemes near choking planes to model critical flow. And because the model
includes its own vapor-generation modeling, the critical-flow model
dramatically reduces the break-flow modeling problems observed in TRAC-PD2
when calculating small-break LOCAs or when calculating critical flows in
pipes with small length-to-diameter ratios; in particular, the model
attempts to account for delayed nucleation effects in the interphase mass
transfer.

A special horizontal flow regime for stratified flow was incorporated
into the one-dimensional components and the necessary terms to drive
horizontal countercurrent flows based on void-fraction gradients were added
to the momentum equation. This new capability enhances the applications of
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the code to small-break and non-LOCA transients when natural circulation
dominates instead of pumped flow. The change was required to calculate
reflux cooling in steam generators after the natural-circulation flow is
interrupted because of the decreasing primary-system inventory.

These attributes of TRAC-PF1 combine to provide a consistent code
input and thermal-hydraulic analysis capability for generating the
steady-state initial conditions and calculating entire transient
sequences. While the code permits renoding on restart, renoding is not
required at any time during the complete analysis.

The code provides a generalized restart capability to permit the
complete analysis to continue in reasonable increments of computer time
through a linked series of jobs. Although it is never required, the user
may change component, trip, time-step, and material-property data on
restart at his or her convenience and may add or delete components as
desirable. This generalized-restart capability permits the user to renode
during the calculation to delete fine noding that is no longer required or
to add fine noding in regions where more detail is needed. The code also
includes extensive time-step control logic that looks at the Courant limit
in the VESSEL (in the SETS numerics, the logic permits the time step to
exceed the Courant limit by a factor of one million) and at changes in
pressures, void fractions, and temperatures throughout the fluid system and
at temperature changes in the heat slabs and fuel rods.

5.3.2.2.2 Capabilities--Because of the detailed modeling in
TRAC-PF1, most of the physical phenomena important in large- and
small-break LOCA and non-LOCA analysis can be treated. These capabilities
include:

1. Emergency core coolant (ECC) downcomer penetration and bypass,
including the effects of countercurrent flow and hot walls.

2. Lower plenum refill with entrainment and phase separation effects.

3. Bottom reflood and falling film reflood quench fronts.

4. Multidimensional flow patterns in the core and plenum regions.

5. Pool formation and countercurrent flow at the upper-core support
plate (UCSP) region.

6. Pool formation in the upper plenum.

7. Vaporization of liquid flowing through the steam generator primary.

8. Average-rod and hot-rod cladding temperature histories.

9. Alternative ECC injection systems, including hot-leg and
upper-head injection.
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10. Direct injection of subcooled ECC water, without the requirement
for artificial mixing zones.

11. Critical flow (choking) using the critical-flow model (the
detailed noding technique of TRAC-PD2 can still be used).

12. Liquid carryover during reflood.

13. Metal-water reaction.

14. Water hammer effects.

15. Wall friction losses.

16. Natural-circulation flows.

17. Horizontally stratified flows, including horizontal
countercurrent flows driven by void-fraction gradients down the
pipe.

18. Transients requiring very general trip capability.

19. Liquid-solute (boron) tracking.

20. Noncondensible-gas tracking, including the injection of the
noncondensible gas from the accumulators and the effects of the
noncondensible gas on interfacial condensation.

21. Mixed one- and three-dimensional calculations or fully
one-dimensional calculations.

22. Fast computational speed for one-dimensional problems when the
transient is reasonably slow, as in small-break LOCA and some
non-LOCA transients.

23. Point reactor kinetics with rudimentary representation of the
reactivity feedback associated with the average fuel temperature,
the average coolant temperature in the core, and the average void
fraction in the core.

The TRAC-PF1 code can be applied to the same large-break LOCA problems
to which TRAC-P02 can be applied; in addition to the TRAC-PD2 large-break
LOCA capability, TRAC-PFI can address the effects of nitrogen injection as
the accumulators empty. The generalized trip capability together with the
SETS numerics in the one-dimensional components permits the code to be
readily applied to many small- and intermediate-break LOCAs and non-LOCA
transients in which the control functions can be represented as trips and
tables. The constrained representation of the reactivity feedback in the
reactor kinetics limits the application to anticipated transients without
scram (ATWS), and boron-dilution transients cannot be calculated. Subject
to other constraints, the code can be used where multidimensional flow
patterns are Important in the vessel, but the VESSEL component is not
intended to resolve multidimensional flows at the subchannel level. The
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code can calculate transients in which natural-circulation flows and phase
separation in the primary system are important; the code can also calculate
transients involving reflux cooling. The code can calculate the effects of
an incondensible gas on natural-circulation and reflux cooling modes;
although the code currently does not permit the incondensible gas to evolve
from oxidation of the fuel cladding or from solution from the liquid. The
ability to address primary-system-refill problems is limited by noding
detail; as the cell length goes to zero, the calculated results get
better. The code cannot be applied directly to those transients in which
one expects to observe thermal stratification of the liquid phase in the
one-dimensional components without the support of other calculational
tools; the VESSEL component can resolve the thermal stratification of
liquid only within the limits of Its three-dimensional noding, that is,
only coarsely. The code is useful as support to other more detailed
analysis tools in resolving such questions as pressurized thermal shock.

5.3.2.2.3 Applications--TRAC-PF1 has been used for a variety of
applications. Some of the accident types include boron-dilution events
(required modification to the reactor kinetics); transients having the
potential to induce pressurized thermal shock (PTS) in the reactor vessel
such as runaway feedwater, steam-line breaks, and small-break LOCAs;
loss-of-feedwater events; steam-generator tube ruptures; and overcooling
transients. The code has also been used to investigate operator and
procedural strategies for dealing with accident initiators.

The code was applied as one part of a program to assess the risk of a
PTS to the reactor vessel during postulated overcooling transients. The
thermal-hydraulic analyses fell into three general accident categories:
steam-line breaks, runaway-feedwater transients, and small-break LOCAs.
These postulated accidents included multiple operator and equipment
failures. The results were provided to the Oak Ridge National Laboratory
(ORNL) to determine the probability of vessel failure and accident
occurrence for an overall assessment of PTS risk. As ORNL specified, the
overcooling transients were simulated for 7200 s after the initiation of
the transient. The analyses were performed for a Combustion Engineering
PWR, Calvert Cliffs Unit 1.

The analyses identified the phenomena important to the PTS issue.
Flow stagnation in all reactor-coolant loops, which occurred in one
transient, could have severe consequences. We found the results to be very
sensitive to the initial conditions of the plant. If the plant were
initially at hot standby with zero power instead of all full power, the
decay heat would be much less, which would make it possible for the same
accident initiator to produce significantly lower downcomer temperatures.
However, routine operator actions may reduce the consequences of any of
these simulated accidents if the prescribed pressure-temperature
relationships are followed. The results of the PTS studies were documented
in Reference 5-30.

The NRC is currently investigating the adequacy of shutdown decay-heat
removal in PWRs. One part of this effort is to review feed-and-bleed
procedures that could be used if the normal cooling mode through the steam
generators were unavailable. Feed-and-bleed cooling is effected by
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manually activating the high-pressure-injection (HPI) system and opening
the power-operated relief valves (PORVs) to release the core decay energy.

The feasibility of the feed-and-bleed concept was evaluated as a
diverse mode of heat removal (Reference 5-31). TRAC-PF1 was used to
predict the performance of the Oconee-1 reactor, a Babcock and Wilcox (B&W)
design, the Calvert Cliffs-i reactor, a C-E design, and the Zion-1 and H.
B. Robinson-2 reactors, Westinghouse designs. The feed-and-bleed concept
was successfully applied in each of the four plants studied provided the
feed and bleed was Initiated no later than the time at which the secondary
heat sink was lost.

The feed-and-bleed operation was successful in the Oconee-1 and Zion-1
analyses if it was initiated no later than the time of primary-system
saturation. When the feed-and-bleed operation was initiated at the time of
primary-system saturation in the Calvert Cliffs-1 analysis, a core dryout
occurred, although the core heatup was eventually terminated by coolant
injection. Feed-and-bleed initiation at the time of primary-system
saturation was not investigated in the H. B. Robinson-2 analysis.

5.3.2.2.4 Assessment--The assessment of TRAC is a two-stage
process. The first stage is the developmental assessment and is coupled
closely to the code development process. Developmental assessment
principally involves posttest analyses of a variety of thermal-hydraulic
experiments. The primary objectives of developmental assessment are to
define the validity limits of the methods, models, and correlations in the
developmental version of the code and to establish values for various
empirical parameters; these objectives are achieved by comparing the
calculated results with experiment data. Other objectives include the
determination of code sensitivity to input data, model assumptions, and
solution techniques; recommendation of standard calculational procedures
for various classes of problems; and identification of code and model
improvements.

Independent assessment is the second stage of the assessment process.
This second stage begins following the release of the code for external
use. Independent assessment uses publicly available and documented
versions of TRAC. The primary objective is to determine the predictive
capability of the code when applied to new tests involving different scales
and facility configurations or different initial and boundary conditions.
All of the developmental assessment objectives also apply to independent
assessment; however, in independent assessment, the results are factored
into the future code development without updating the current released
code. Discrepancies between the calculations and data are resolved by
performing additional posttest analyses as required. Code changes related
to better representation of boundary conditions and improved editing of
output information are allowed in the independent assessment process, as
are error corrections, if the basic modeling and calculational techniques
are not changed.

The final TRAC-PF1 developmental-assessment results are reported in
Reference 5-31. Table 5-9 describes the tests analyzed during the
developmental assessment. The analyses were performed with the released
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TABLE 5-9. TRAC-PF1 DEVELOPMENTAL ASSESSMENT ANALYSES

F-
I

Number ExDeriment

1 Dartmouth air-water test

2 Prlmarkreislaufe (PKL) ID1-4

3 PKL ID1-9

4

5

PKL ID1-15

Semiscale Mod-3 Test S-SB-P1

6 Semiscale Mod-3 Test S-SB-P7

7 Semiscale Mod-3 Test S-SB-2

8 Semiscale Mod-3 Test S-07-IOD

9 Loss-of-Fluid Test (LOFT)

10 Semiscale Mod-1 Test S-06-3

11 LOFT L2-2

Thermal-Hydraulic Effects

Separate-effect test of air-water countercurrent flow in a pipe

Separate-effect natural circulation test in an integral facility,
single- phase liquid

Separate-effect natural circulation test in an integral facility,
two- phase liquld-vapor mixture

Separate-effect reflux-cooling test in an Integral facility

Integral synergistic effects in a small-break LOCA with an early
pump trip; 2.5% cold-leg break with high- pressure injection

Integral synergistic effects in a small-break LOCA with pumps
running; 2.5% cold-leg break with high-pressure injection; compare
to Test S-SB-P1 to investigate pumps-off/pumps-on behavior

Integral synergistic effects in a small-break LOCA with an early
pump trip; 2.5% cold-leg break with high- pressure and accumulator
injection; compare to Test S-SB-P1

Integral synergistic effects In a small-break LOCA with an early
pump trip; 10% cold-leg break with high- and low-pressure and
accumulator injection

Integral synergistic effects in a small-break LOCA with an early
pump trip; 0.13% cold-leg break with high-pressure injection,
larger scale and smaller break size than Semiscale small-break LOCAs

Integral synergistic effects in a large-break LOCA with normal ECC
Injection; 200% double-ended cold-legbreak, peak heat-generation
rate of 12 kW/ft

Integral synergistic effects in a large-break LOCA with normal ECC
injection, 200% double-ended cold-legbreak; peak heat generation
rate of 8 kW/ft; larger scale than Semiscale
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TABLE 5-10. TRAC-PF1 INDEPENDENT ASSESSMENT ANALYSES

Number Experiment

1 Semiscale Mod-2A Test S-NC-2B

2 Semiscale Mod-2A Test S-NC-5

3 Semiscale Mod-2A Test S-NC-6

4 Semiscale Mod-2A Test S-NC-7C

5 Semiscale Mod-2A Test S-UT-2

6 Semiscale Mod-2A Test S-UT-6

7 Semiscale Mod-2A Test S-UT-7

8 LOFT L5-1

9 LOFT L8-2

10 LOFT L9-1/L3-3

11 LOFT L6-7/L9-2

12 Crystal River transient
(2/26/80)

Thermal-Hydraullc Effects

Separate-effect natural-circulation and reflux-cooling test In a
one-loopintegral facility with progressive primary-system
Inventory depletion atdifferent power levels.

Separate-effect natural-circulation test In a one-loop Integral
facility with incondensable gas Injection

Separate-effect reflux-cooling test In a one-loop Integral
facility with incondensable gas injection

Separate-effect natural-circulation test in a two-loop facility

Integral synergistic effects In a small-break LOCA with an early
pump trip; 10% cold-leg break with upper- head and cold-leg ECC
Injection

Integral synergistic effects in a small-break LOCA with an early
pump trip; 5% cold-leg break with normal cold-leg ECC injection

Integral synergistic effects in a small-break LOCA with an early
pump trip; 5% cold-leg break with upper- head and cold-leg ECC
injection; compare to Test S-UT-6

Integral synergistic effects in an Intermediate-break LOCA with an
pump trip; 21% cold-leg break with normal intact-loop cold-leg ECC
Injection

Same test as LOFT L5-1 except for delayed ECC Injection until a
pre- scribed cladding temperature was observed.

Integral synergistic-effects test simulating a loss of feedwater
and auxiliary feedwater with a delayed reactor scram followed by a
stuck- open power-operated-rellef valve (PORV)

Integral synergistic-effects test simulating the Arkansas Nuclear
One Unit 2 cooldown transient; late In the transient a pump trip
is added I

Integral synergistic-effects test; full-scale plant transient
initiated by loss of power to the nonnuclear Instrumentation
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version of TRAC-PF1, and therefore these analyses constitute the initial
set of independent-assessment results for TRAC-PF1. The
developmental-assessment analyses covered large- and small-break LOCA tests
and natural-circulation and reflux cooling tests.

Following the release of TRAC-PF1, it was updated to correct errors
and to generalize the input (Reference 5-33, 5-34). The input changes
permit better representation of material properties in the heat slabs and
improve the representation of boundary conditions for several experiment
facilities. The independent assessment uses these updates.

For independent assessment, four tests from the Semiscale
natural-circulation test series, three Semiscale small-break LOCA tests,
two LOFT intermediate-break LOCA tests, two LOFT non-LOCA transients, and
the loss-of-feedwater transient in the Crystal River plant were analyzed;
Table 5-10 describes these tests. The independent-assessment results were
documented in Reference 5-35. The three tests from the Semiscale
natural-circulation test series investigated single- and two-phase
natural-circulation and reflux cooling without an incondensible gas, reflux
cooling with incondensible injection, and two-phase natural circulation
with incondensible injection. The three Semiscale small-break LOCA tests
investigated the sensitivity of break size and the effects of upper-head
injection on the transient. The two LOFT intermediate-break LOCA tests
investigated the effect of reduced emergency core-cooling system (ECCS)
capacity and pump operation during the transient. The two LOFT non-LOCA
transients simulated a loss-of-feedwater transient with delayed scram and a
turbine-trip transient.

The TRAC-PF1 code calculates many phenomena very well. The major
discrepancies in the comparisons can generally be traced to the
critical-flow model and to the interphase condensation model. The
critical-flow model does not yield the correct dependence of critical flow
on void fraction. The condensation model appears to underpredict the
condensation rate under certain conditions.

The Semiscale natural-circulation comparisons show that the code
calculates the magnitude of the natural-circulation flows as a function of
void fraction reasonably well. The code also correctly makes the
transition from natural-circulation cooling to reflux cooling. The
comparisons indicate that the wall-condensation heat transfer in the
released code is low. The reflux test with the noncondensible injection
shows the calculated behavior of the incondensible gas is calculated
correctly. The natural-circulation test with the incondensible injection
indicates that the code does not predict the flow recovery after the period
of stagnation; the phenomena driving the flow recovery is not currently
known.

The Semiscale small-break LOCA comparisons confirm the problems with
the critical-flow model. However, when the multipliers to the
critical-flow model are adjusted to offset the errors in the model, the
comparisons throughout the primary system are reasonably good. The code
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calculates the core dryouts to occur early and the peak cladding
temperature to be high. However, the core volume is very small, and small
changes in the primary-system liquid inventory have significant impact on
the core inventory.

The comparisons for the LOFT intermediate-break LOCA tests show that
the core should be noded more finely in the axial direction to better track
the core liquid level and its effect on core dryout. If the interface
sharpener logic were incorporated in the one-dimensional CORE component,
these types of tests could be successively run in a one-dimensional
calculation. Similarly, if an interpolative scheme were used to distribute
the fluid along the fuel rod, the coarser VESSEL (and CORE) noding would be
acceptable. The comparisons offer further confirmation of the inadequacy
of the critical-flow model. An underprediction of condensation at high
subcooling and low voids adversely affected the system pressure
calculation, causing the calculated pressure to not drop as rapidly as the
data when the cladding temperature exceeded the saturation temperature
(subcooled nucleate boiling generated vapor, which failed to condense
later). This problem does not occur with the one-dimensional CORE
component because the subcooled nuclear-boiling heat-transfer mode does not
exist in the one-dimensional components. Sensitivity calculations
conducted as a part of the L5-1 and L8-2 analyses show the calculated
results to be remarkably insensitive to the time-step size, and the mass
errors are negligible.

The code calculated well the behavior of the two non-LOCA transients
in LOFT. The result indicate the importance of modeling all structural mass
and heat-transfer area together with the leakage paths in the vessel to the
overall system response because of the impact on the energy balance. The
heat- and mass-transfer mechanisms in the steam-generator secondary and in
the pressurizer are also Important factors in these tests.

The Crystal River analysis is significant in showing the application
of the code to a real reactor transient. The code calculated the sequence
of events very well and the calculated pressure, flows, and temperatures
compare well with the data. The refill of the hot legs shows an adverse
effect of condensation on filling individual cells. The code requires a
combined wall and interphase condensation model to smooth the condensation
process as cells fill and the pressure increases.

The TRAC-PF1 code extended the capabilities of TRAC-PD2 into areas in
which stratified flow was important and more general trips were required to
model the transients. Many of the areas for improvement identified in the
assessment of TRAC-PD2 were addressed. Also, the TRAC-PF1 code proved the
value and applicability of the SETS numerics and provided a fast-running
calculational tool for the many reactor transients. Although several
problems that limited the use of the code were discovered, including
deficiencies in the interphase condensation model and deeply rooted errors
in the critical-flow mode, the code could be applied to large- and
small-break LOCAs and some operational transients with considerable more
ease than TRAC-PD2.
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5.3.2.3 TRAC-PF1/MOD1 Code. The development of TRAC-PF1/MOD1
maintained the models necessary for applying the code to large-break
loss-of-coolant accidents (LOCAs) and added or modified models as necessary
to enhance the application of the code to small-break LOCAs and operational
transients. In particular, additional user-convenience features were added
or enhanced to promote the application of the code to transients involving
more complex control of the nuclear plant. The code now contains
generalized reactivity-feedback models (subject to point-kinetics
assumptions), generalized trip and control-system modeling, and necessary
components to model the balance of plant. The code is applicable to most
transients for which large asymmetries in the power generation do not
exist, for which the one-dimensional fluid modeling in the pipe is valid,
and for which thermal-stratification in the liquid in the one-dimensional
components is not important. The code maintains the capability to run in
either a one-dimensional or a mixed one- and three-dimensional mode, with
the fast stability-enhancing two-step (SETS) numerics in the
one-dimensional components.

5.3.2.3.1 Description--The TRAC code is an advanced
best-estimate system code for analyzing LWR accidents. The NRC sponsored
the development of the code at the Los Alamos National Laboratory.
TRAC-PF1/MOD1 was released (Reference 5-36) in December 1983. This version
of TRAC is the fifth in a series of publicly available codes intended
primarily for the analysis of PWRs. The code is capable of performing
small-, intermediate-, and large-break LOCA analyses and most non-LOCA
analyses. The generality of the code also permits direct application to a
large variety of analyses ranging from blowdowns in simple pipes to
integral LOCA tests in multiloop test facilities to separate-effects tests
(integral tests involve the simulation of multiple system components and
generally cover several phases of a LOCA transient). The TRAC-PF1/MOD1
code is a logical extension of the development of TRAC-PF1 and contains
error corrections, model changes, and new models. Whereas TRAC-PD2/MOD1
differed from TRAC-PD2 only in error corrections, TRAC-PF1/MOD1 is a much
improved code over TRAC-PF1, with new flexibility and capability.

Reference 5-36 describes the TRAC-PF1/MOD1 code. The code Is
completely modular by component and function. Both the one- and
three-dimensional components utilize a full two-fluid thermal-hydraulic
(six-equation) model with the capability to track a noncondensible in the
gas phase and a solute in the liquid phase. Inherent in the six-equation
thermal-hydraulic model is the capability to model nonhomogeneous,
nonequilibrium fluid conditions. The six-equation two-fluid model in the
one-dimensional components represents a significant change from TRAC-PD2
and makes it easier to calculate countercurrent flow and to incorporate
stratified flow models. The noncondensible-gas and liquid-solute tracking
are retained from the TRAC-PF1 code, and the solute tracking, in the form
of dissolved boron, is now coupled to the reactivity-feedback models. The
one-dimensional components utilize the stability-enhancing two-step (SETS)
numerics that permit the time step to exceed the material Courant limit:
the SETS numerics replace both the semi-implicit and fully implicit
numerics that were used previously in the TRAC-PD2. The SETS numerics
require only slightly more computational time per time step than the old
semi-implicit numerics, a penalty easily offset by the increase in
time-step size for most transients. The experience with the
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one-dimensional SETS numerics has been very good and has demonstrated that
SETS can provide an increase in the overall computational speed for
large-break LOCA analysis, perhaps the worst case for demonstrating the
added value of SETS, that more than offsets the increased computational
cost of SETS on a per-time-step basis. The three-dimensional VESSEL
component uses semi-implicit numerics and therefore is subject to the
material Courant limit. The required constitutive relations, which include
a dependence on the flow regime, have been further generalized in an effort
to expand the range of applicability. In particular, the
interphase-condensation models now incorporate logic to account for
horizontal and vertical stratification and slug flow.

The TRAC-PF1/MOD1 code retains the TRAC-PF1 one-dimensional components
(PIPE, TEE, VALVE, PUMP, PRIZER, ACCUM, STGEN, and CORE) to describe pipes,
tees, valves, pumps, pressurizers, accumulators, steam generators, and
reactor cores. The CORE component, which is based on the PIPE component,
incorporates the fuel-rod modeling that is included in the
three-dimensional VESSEL component. The CORE adds the capability to
represent reactor systems in a fully one-dimensional mode and thus makes
available for slow transients the full value of the SETS numerics. As with
TRAC-PF1, the FILL and BREAK components provide velocity (or mass flow) and
pressure boundary conditions, respectively, for the one-dimensional
components; these boundary conditions may be controlled by the trip or
control system and may be a function of one of many calculated parameters.

The STGEN component has been restructured to permit the primary and
secondary sides of the steam generator to be constructed from as many as
eleven separate PIPE and TEE components. While not a new capability from a
flow standpoint, the user can represent the flow paths associated with
recirculation on the secondary side through the downcomer; the new STGEN
does permit better representation of tube-rupture events by allowing the
tube bundle to be partitioned between two or more pipes representing
ruptured and unruptured tubes. Also, the new modeling permits somewhat
more detailed flow paths on the secondary to represent U-tube
steam-generators with preheaters, economizers, etc., and once-through steam
generators. The big advantage of the new STGEN component lies in the
generalized heat slabs that permit the user to represent more than just the
tubes; for example, one may now represent the flow shroud between the
boiler section and the downcomer as a two-sided heat conductor and
represent the steam generator outside shell as a two-sided heat conductor
with external heat losses on the outside.

The PIPE component, in conjunction with the incondensible gas
tracking, can model an accumulator and the associated heat structures
(walls of the accumulator). The user may set a flag appropriately to
obtain essentially the same hydraulic calculation provided by the ACCUM
component or select to allow the nitrogen in the accumulator to flow into
the primary system as the accumulator empties, a capability not available
in TRAC-PD2. With any of the three options for modeling accumulators, the
one-dimensional two-fluid hydraulic model corrects the TRAC-PD2
inconsistency in assumed and calculated phase separation at the boundary
junction of the ACCUM component and prevents the observed mass error in
TRAC-PD2; this correction was greatly simplified by changing from the old
drift-flux hydraulic model to the two-fluid model.
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The PRIZER component, which provides several user-convenient features
for modeling pressurizers and for running steady-state calculations, has
both inlet and outlet junctions (TRAC-PD2 had only the outlet junction).
The upper junction allows modeling pressurizer sprays directly and modeling
the various relief valves at the top of pressurizers. In TRAC-PF1/MOD1,
heat slabs were added to the PRIZER to model the walls; these PRIZER heat
slabs are necessary to correctly calculate the refill transients in the
pressurizer.

The VESSEL component continues to provide both a two-dimensional
Cartesian-geometry and a three-dimensional cylindrical-geometry modeling
capability for the reactor vessel to represent the downcomer, upper and
lower plenums, upper head, core, and the associated internal structures.
We have previously converted the lumped-parameter heat slabs in the
TRAC-PD2 VESSEL to one-dimensional heat slabs to better simulate the heat
transfer between the fluid and the vessel structures. The VESSEL now
contains built-in source cells that perform for the VESSEL some of the
functions that the FILL and BREAK components provide for the
one-dimensional components.

Because of some of the plumbing problems produced by the limited
versatility of the TEE component in one-dimensional input models of reactor
systems, the PLENUM component, which consists of a single hydraulic cell
with essentially an unlimited number of connecting junctions was added.
With the PLENUM, the code can now bring together, for example, the four
separate cold-leg pipes into a single cell representation of the inlet
annulus.

In order to model the balance of plant, a TURB component was added to
model individual stages of multistaged turbines with reheat cycles. By
modeling individual turbine stages, one can now model regeneration,
reheating, and extraction processes between turbine stages.

The code retains, with only minor changes, the rest of the
comprehensive heat-transfer capability in TRAC-PD2. The heat-transfer
correlations cover forced and natural convection to single-phase liquid,
subcooled and saturated nucleate boiling, transition boiling, film boiling,
and forced convection to single-phase vapor with separate correlations for
the critical-heat-flux (CHF) and minimum-film-boiling temperatures. In
addition to the one-dimensional VESSEL heat slabs mentioned previously,
TRAC-PF1/MOD1 uses a one-dimensional (radial) heat-conduction solution to
represent the pipe walls associated with all one-dimensional components
except the ACCUM, FILL, and BREAK. The fuel rods (or fuel-rod simulators)
in the one-dimensional CORE component and in the three-dimensional VESSEL
core are represented by a two-dimensional conduction solution (radial and
axial) with dynamic fine-mesh rezoning in the axial direction to resolve
large temperature gradients associated with both bottom-reflood and
falling-film quench fronts. The TRAC-PF1/MOD1 code includes the ability to
define new material properties on input and no longer limits the user to
the limited list of built-in material properties for heat slabs and rods.

The critical-flow model in TRAC-PF1/MOD1 is a modified version of the
RELAP5 critical-flow model taken from the TRAC-BWR code. This model
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eliminates the need to rely on fine noding schemes near choking planes to
model critical flow. And because the model includes its own
vapor-generation modeling, the critical-flow model dramatically reduces the
break-flow modeling problems observed in TRAC-PD2 when calculating
small-break LOCA or when calculating critical flows in pipes with small
length-to-diameter ratios; in particular, the model attempts to account for
delayed nucleation effects in the interphase mass transfer. Some of the
deeply rooted errors that were discovered in the model as it was originally
implemented in TRAC-PF1 have been corrected, and the model has been
extended to work better with superheated vapor and liquid mixtures and with
an incondensible gas.

The special horizontal flow regime in the one-dimensional components
for stratified flow has been retained; the momentum equation contains the
necessary terms to drive horizontal countercurrent flows based on
void-fraction gradients. This capability enhances the applications of the
code to small-break and non-LOCA transients when natural circulation
instead of pumped flow dominates and is required to calculate reflux
cooling in steam generators after the natural-circulation flow is
interrupted because of the decreasing primary-system inventory.

A vertically stratified flow model has been added to TRAC-PF1/MOD1 in
both the one- and three-dimensional components to calculate the slow
refilling process during later stages in some transients. This model
reduces the interfacial area and thus reduces the interphase condensation;
by reducing the interphase condensation, the refill process must rely more
on wall-condensation heat transfer to reduce the volume of vapor. This
concern for refill transients provided the impetus for adding the PRIZER
heat slabs mentioned previously.

The TRAC-PF1/MOD1 code retains from the TRAC-PF1 code the generalized
trip log and adds a very detailed control-system modeling capability. As a
part of the trip and control logic, the code provides user-defined signal
variables as input and output from the trips and control; the signal
variables can access many of the calculated parameters around the reactor
system. Also, for those components subject to control, e.g., core power,
pumps, valves, pumped injection, heat generation In pipe walls and in the
fluid, very general component action tables have been provided in the
various TRAC components to specify the control action as a function of one
of the signal variables. Alternatively, the component action can be
calculated with control blocks. The generalized trip logic provides simple
on/off ttips, more complex logical-type and trip-controlled trips, and
on-reverse/off/on-forward trips that can, for example, drive a valve open
and then closed. The control systems are built from individual control
blocks that provide a large selection of mathematical operations.

These attributes of TRAC-PF1/MOD1 combine to provide a consistent code
input and thermal-hydraulic analysis capability for generating the
steady-state initial conditions and calculating entire transient
sequences. The same numerical techniques and thermal-hydraulic modeling
are used for both the steady-state (run as a transient to a steady result)
and transient calculations to ensure consistency between the two
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calculations and to prevent small inconsistencies from driving ancillary
transients that may mask the desired transient. The trip and control logic
can be used to drive the steady-state calculation towards desired
parameters and then to provide the desired control functions during the
transient calculation.

The code provides a generalized restart capability to permit the
complete analysis to continue in reasonable increments of computer time
through a linked series of jobs. Although it is never required, the user
may change component, trip, control, time-step, and material-property data
on restart at his convenience and may add or delete components as
desirable. This generalized-restart capability permits the user to renode
during the calculation to delete fine noding that is no longer required or
to add fine noding in regions where more detail is needed. In an effort to
maintain the stability of the calculation while promoting reasonably
calculational speed, the code also includes extensive time-step control
logic that looks at the Courant limit in the VESSEL (in the SETS numerics,
the logic permits the time step to exceed the Courant limit by a factor of
one million); at changes in pressures, void fractions, and temperatures
throughout the fluid system; at temperature changes in the heat slabs and
fuel rods; at axial temperature gradients in the fuel rods; and at
iteration counts.

Because of the detailed modeling in TRAC-PF1/MOD1, most of the
physical phenomena important in large- and small-break LOCA and non-LOCA
analysis can be treated. These capabilities include:

1. Emergency core coolant (ECC) downcomer penetration and bypass,
including the effects of countercurrent flow and hot walls.

2. Lower plenum refill with entrainment and phase separation effects.

3. Bottom reflood and falling film reflood quench fronts.

4. Multidimensional flow patterns in the core and plenum regions.

5. Pool formation and countercurrent flow at the upper-core support
plate (UCSP) region.

6. Pool formation in the upper plenum.

7. Vaporization of liquid flowing through the steam generator primary.

8. Average-rod and hot-rod cladding temperature histories.

9. Alternative ECC injection systems, including hot-leg and
upper-head injection.

10. Direct injection of subcooled ECC water, without the requirement
for artificial mixing zones.
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11. Critical flow (choking) using the critical-flow model (the
detailed noding technique of TRAC-PD2 can still be used).

12. Liquid carryover during reflood.

13. Metal-water reaction.

14. Waterhammer effects.

15. Wall friction losses.

16. Natural-circulation flows.

17. Horizontally stratified flows, including horizontal
countercurrent flows driven by void-fraction gradients down the
pipe.

18. Very general trip, control-system, and component-action (such as
feedwater-pump flow characteristics) modeling capability.

19. Liquid-solute (boron) tracking that can be coupled to the
reactivity-feedback calculation.

20. Noncondensible-gas tracking, including the injection of the
noncondensible gas from the accumulators and the effects of the
noncondensible gas on interfacial condensation.

21. Mixed one- and three-dimensional calculations or fully
one-dimensional calculations.

22. Fast computational speed for one-dimensional problems when the
transient is reasonably slow, as in small-break LOCA and some
non-LOCA transients.

23. Point reactor kinetics with a generalized representation of the
reactivity feedback associated with the core-average fuel
temperature, the core-average coolant temperature, the
core-average void fraction in the core, and the core-average
boron concentration.

24. User-convenience features, including free-format input with
capability to use comment cards or fields, forward and reverse
additive-friction factors for the hydraulics, capability to
choose to input Darcy K-factors for the additive friction,
capability to choose to input cell-centered elevations instead of
the old gravity parameters at cell interfaces, and sophisticated
input checking.

25. Consistent generation of steady-state conditions for initializing
transients so that the same thermal-hydraulic models and numerics
are used in both the steady state and the transient.
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26. The ability to use trips and controls in the steady-state
calculation to drive the steady-state conditions toward desired
values and thus to eliminate unnecessary iterations on the
steady-state calculation.

27. A PLENUM component consisting of a single hydraulic cell with an
essentially unlimited number of connections to simplify
one-dimensional connections.

28. Balance-of-plant modeling capability.

29. Generalized steam-generator component to permit better modeling
of the various heat structures other than the tubes.

30. Vertical-stratification modeling to better calculate pressurizer
refill and the general refilling of any vertically oriented
component.

31. Increased range in the water properties to permit the code to
calculate fluid conditions beyond the critical point (pressures
in excess of 22.12 MPa) and closer to the freezing point.

The TRAC-PF1/MOD1 code combines all of the PWR accident-analysis
capabilities thus far requested by the NRC into a single code. The code
can be applied to the same large-break LOCA problems to which TRAC-PD2 can
be applied to ensure consistency between the two calculations and to
prevent small inconsistencies from driving ancillary transients that may
mask the desired transient. The trip and control logic can be used to
drive the steady-state calculation towards desired parameters and then to
provide the desired control functions during the transient calculation. In
addition, TRAC-PFl/MOD1 can address the effects of nitrogen injection as
the accumulators empty. The generalized trip and control-system capability
together with the SETS numerics in the one-dimensional components permits
the code to be readily applied to most small- and intermediate-break LOCAs
and non-LOCA transients. Subject to other constraints, the code can be
used where multidimensional flow patterns are important in the vessel, but
the VESSEL component is not intended to resolve multidimensional flows at
the subchannel level.

The generalization of the reactivity-feedback models together with the
point-reactor kinetics permit the analysis of anticipated transients
without scram (ATWS) or with delayed scram and boron-dilution transients
using the kinetics model coupled with the boron-tracking capability. The
code can calculate transients in which natural-circulation flows and phase
separation in the primary system are important; it can also calculate
transients involving reflux cooling. The code can calculate the effects of
an noncondensible gas on natural circulation and reflux cooling modes;
although the code currently does not permit the noncondensible gas to
evolve from oxidation of the fuel cladding or from solution from the
liquid. With the addition of the vertical-stratification models, the code
can calculate the refill of pressurizers and of the primary system in
general.
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The generalized steam-generator component together with balance of
plant modeling and the control system permit the code to better address
steam-generator-tube ruptures, steam- and feed-line breaks,
loss-of-feedwater transients, and many other secondary transients.

The code cannot be applied directly to those transients in which one
expects to observe thermal stratification of the liquid phase in the
one-dimensional components without the support of other calculational
tools; the VESSEL component can resolve the thermal stratification of
liquid only within the limits of its three-dimensional noding, that is,
only coarsely. The code is useful as support to other more detailed
analysis tools in resolving such questions as pressurized thermal shock.

5.3.2.3.2 Applications--Reference 5-37 describes the application
of the code to the analysis of an atmospheric steam-dump procedure to cool
and depressurize a Combustion-Engineering plant, Calvert Cliffs-i,
following small-break LOCAs with failure of the high-pressure injection
system. The procedure was effective in depressurizing the primary system
to the low-pressure injection-system operating pressure of 2.07 MPa and
design temperature of 450 K while using water supplies only from the
safety-grade condensate-water storage tank. The procedure was found to be
effective even if additional failures occurred. Specifically, low-pressure
injection conditions were attained if only a single atmospheric dump valve
was available or if the safety-injection tanks (accumulators) were not
available. Because the small break enhances the system depressurization,
the rate of the primary-system cooling controlled the length of time
required to reach the low-pressure injection set points.

Multiple steam-generator tube ruptures have been simulated in both
steam generators (five ruptured tubes per steam generator) of the Three
Mile Island Unit 1 PWR (Reference 5-38). The objective of the study was to
predict the plant transient response with respect to termination of the
tube rupture flow and extent of the steam-generator overfill. Two
transient cases were calculated:

1. All plant systems responded normally, except that the condenser
was not available and

2. The same assumptions as the previous case plus the loss of all
offsite alternating-current power at the time of reactor scram.
Current operator guidelines to mitigate both transients were
simulated.

Both transients resulted in steam-generator overfill, and the
primary-to-secondary flow through the ruptured tubes was not terminated
during the period of the calculated transient.

Analysis efforts in support of the Japanese, Germany, and US 2D-3D
program have been converted to TRAC-PF1/MOD1, including both plant analyses
and the analyses of the reflood experiments. Best-estimate large-break
LOCA calculations of typical plants for each US PWR vendor have been
performed for the most-probable reactor conditions; Reference 5-39
describes such a calculation for a Westinghouse plant. The large-break
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LOCA calculations were extended to investigate the effects of various
prescribed conservatisms in the current licensing regulations. The United
Kingdom (Reference 5-40) has run similar calculations with TRAC-PF1/MOD1 to
investigate its licensing prescription of minimum safeguards.

5.3.2.3.3 Assessment--The assessment of TRAC is a two-stage
process. This first stage is the developmental assessment and is coupled
closely to the code development process. Developmental assessment
principally involves posttest analyses of a variety of thermal-hydraulic
experiments. The primary objectives of developmental assessment are to
define the validity limits of the methods, models, and correlations in the
developmental version of the code and to establish values for various
empirical parameters; these objectives are achieved by comparing the
calculated results with experiment data. Other objectives include the
determination of code sensitivity to input data, model assumptions, and
solution techniques; recommendation of standard calculational procedures
for various classes of problems; and identification of code and model
improvements.

Independent assessment is the second stage of the assessment process.
This second stage begins following the release of the code for external
use. Independent assessment uses publicly available and documented
versions of TRAC. The primary objective is to determine the predictive
capability of the code when applied to new tests involving different scales
and facility configurations or different initial and boundary conditions.
All of the developmental assessment objectives also apply to independent
assessment; however, in independent assessment, the results are factored
into the future code development without updating the current released
code. Discrepancies between the calculations and the data are resolved by
performing additional posttest analyses as required. Code changes related
to better representation of boundary conditions and improved editing of
output information are allowed in the independent assessment process, as
are error corrections, if the basic modeling and calculational techniques
are not changed.

The final TRAC-PF1/MOD1 developmental-assessment results are reported
in Reference 5-41. Table 5-11 describes the tests analyzed during the
developmental assessment. The analyses were performed with the released
version of TRAC-PF1/MOD1, and these analyses therefore constitute the
initial set of independent-assessment results for TRAC-PF1/MOD1. The
TRAC-PF1/MOD1 predictions for the Loss-of-Fluid Tests (LOFT) are excellent
and for the Semiscale tests, acceptable. The term acceptable means that
TRAC-PF1/MOD1 correctly predicted the major qualitative trends of the tests
and many of the quantitative features.

The comparisons to the three LOFT anticipated-transient experiments
demonstrate conclusively the ability of the code to handle synergistic and
system effects in a complicated system during slow anticipated transients.
The code calculated all major events to occur at approximately the correct
times and in the correct sequence. The trip and control logic is
sufficiently general to allow modeling these transients easily. These
three LOFT tests tested the newly generalized reactivity-feedback models,
the vertical-stratification logic, and the interphase condensation model as
applied to pressurizer sprays.
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The Independent assessment for TRAC-PF1/MOD1 is being conducted both
at Los Alamos and at the Sandia National Laboratory. Also, the NRC is
forming an international cooperative program to further the assessment of
the code. Because of the short time the code has been available for
Independent assessment, the results are currently limited.

At Los Alamos, the TRAC-PF1/MOD1 calculations have been compared to
data from five different tests, which are described in Table 5-12.

On the surface, Semiscale Mod-2A Test S-UT-8 appeared to be a simple
sensitivity test on the basic Test S-UT-6, with Test S-UT-8 reducing the
bypass between the cold and hot sides of the primary system from about 4%
to 1%; however, an additional change, increasing the pressurizer surge-line
resistance, was made. The pressurizer surge-line resistance change
resulted in the primary system decoupling from the pressurizer pressure
early in the transient, unlike the Test S-UT-6 result. The reduced bypass
flow resulted in the minimum collapsed liquid level in the core falling
below the bottom of the core prior to the clearing of the intact-loop
pump-suction piping, whereas in Test S-UT-6 the core level dropped only to
about the minimum elevation of the loop seals. The analysis of Test S-UT-8
(Reference 5-42) showed the effects of both changes relative to Test
S-UT-6. The more important effect was the core uncovery in Test S-UT-8,
and the core uncovery required the formation of liquid levels on the
primary side of the steam-generator tubes. The TRAC-PF1/MOD1 calculation
was in qualitative agreement with the data at all times and predicted the
minimum core level to be 3 cm with the timing slightly late. The
difficulty with the timing results from slight discrepancies in the primary
and secondary pressures relative to the data. Following the clearing of
the intact-loop pump-suction piping, the code calculated the core refill to
be approximately two thirds of the measured refill. The results of this
comparison demonstrated that the code is applicable to small-break LOCAs
and that the code is correctly sensitive to important parameters affecting
such transients.

The TRAC-PF1/MOD1 analysis (Reference 5-46) of LOFT LP-02-6 represents
an effort to tie the TRAC-PF1/MOD1 large-break LOCA capability back to that
in TRAC-PD2/MOD1 for which most of the large-break LOCA assessment was
performed. Test LP-02-6 simulated the initial and boundary conditions for
the current licensing design-basis accident for PWRs, that is, full power
initial conditions (slightly less in LOFT for safety considerations) and an
early pump trip with loss of one ECCS train (a basic assumption in LOFT
large-break LOCA tests) and delays on the availability of high- and
low-pressure injection systems. Although the cladding temperatures were
higher in this test, the test results appear similar to the other LOFT
large-break LOCA tests except for Test L2-5, in which the pumps coasted
down very rapidly. There is an early core quench between 5 and 10 s which
is caused by a temporary flow from the downcomer and lower plenum through
the core. After the accumulator begins to inject, the lower plenum fills
rapidly and core reflood begins by about 40 s. The final rewet in the core
occurs at 60 s, and translates into a very fast reflood process.

In Figures 5-15 through 5-18, the solid line represents the
TRAC-PF1/MOD1 calculation, and the dashed lines represent test data. In
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TABLE 5-11. TRAC-PF1/MOD1 DEVELOPMENTAL ASSESSMENT ANALYSES

Number Experiment Thermal-Hydraulic Effects

1 Loss-of-Fluid Tests (LOFT) L6-1 Integral synergistic effects in
a non-LOCA operational transient
simulating the loss of steam
load with a subsequent reactor
scram 21.8 s into the transient

2 LOFT L6-2 Integral synergistic effects in
a non-LOCA operational transient
simulating a primary-system pump
tripwith a subsequent reactor
scram 2.0 sinto the transient

3 LOFT L6-3 Integral synergistic effects in
a non-LOCA operational transient
simulating an excessive load
increasewith a subsequent
reactor scram at 15.6 s

4 Semiscale Mod-2A Test S-UT-6

5 Semiscale Mod-2A Test S-UT-7

6 Semiscale Mod-2A Test S-NC-6

Integral synergistic effects in
a small-break LOCA with an early
pump trip; 5% cold-leg break
with normal cold-leg ECC injection

Integral synergistic effects in
a small-break LOCA with an early
pump trip; 5% cold-leg break
with upper-head and cold-leg ECC
injection; compare with Test
S-UT-6

Separate-effects reflux-cooling
test in a one-loop integral
facility with incondensable-gas
injection
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TABLE 5-12. TRAC-PF1/MOD1 INDEPENDENT ASSESSMENT ANALYSES

Number Experiment Thermal-Hydraulic Effects

1 Semiscale Mod-2A Test S-UT-8

2 LOFT LP-02-6

Integral synergistic effects in a
small-break LOCA with an early pump
trip; 5% cold-leg break with normal
cold-leg ECC injection, with
reduced bypass flow between the hct
and cold sides of the system;
compare to Test S-UT-6

Integral synergistic effects in a
large-break LOCA with an early pump
trip; 200% double-ended cold-leg
break; delayed high- and
low-pressure injection; normal
accumulator initiation
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order to relate the TRAC-PF1/MOD1 calculation to the TRAC-PD2/MOD1
calculation, the TRAC-PD2/MOD1 result is shown with a chain-dash line.
Figure 5-15 compares the intact-loop hot-leg pressure. The comparison to
data is superior for TRAC-PF1/MOD1; the TRAC-PD2/MOD1 result overpredicted
the data during the blowdown. The underprediction in the TRAC-PF1/MOD1
result after 20 s is caused by excessive condensation in the primary
system, and the blip at about 45 s reflects the emptying of the nitrogen
from the accumulator (this effect is exaggerated in the analysis because
the resistance in the accumulator injection line was not distributed
correctly). Figures 5-16 and 5-18 show cladding-temperature comparisons at
three elevations in the central fuel bundle. At the lower and middle
elevations, Figures 5-16 and 5-17, TRAC-PF1/MOD1 correctly calculates the
peak cladding temperature but does not give the measured rewet, although a
strong cooling of the cladding is calculated. Because the code does not
calculate the complete rewet, the stored energy in the fuel at 15 s is too
high. This difference in stored energy translates into an offset of the
TRAC-PF1/MOD1 results from the data and delays the final quench. The code
picks up some of the oscillations in the cladding-temperature data and is
responding to the presence of liquid in the core. At the 1.2446-m
elevation, (Figure 5-18) there is only a single thermocouple. The
TRAC-PF1/MOD1 result looks very much like the data. The TRAC-PD2/MOD1
results generally lie above the TRAC-PF1/MOD1 results for cladding
temperature and suffer from the same deficiencies. In the test the final
quenching of the cladding occurs as the accumulator empties; however, the
calculated quench occurs significantly after the end of accumulator
injection and relies on the continued pumped injection from the low- and
high-pressure systems. Clearly, the TRAC-PF1/MOD1 large-break LOCA
capability is comparable to that of TRAC-PD2/MOD1, and because of the added
capabilities in other areas and because of the user-convenience features,
TRAC-PF1/MOD1 is a superior code.

Readers should note that the LOFT fuel temperature data presented in
Figures 5-16 through 5-18 illustrate how rapidly the ECC systems can quench
a nuclear core.

The TRAC-PF1/MOD1 code extends the capabilities of TRAC-PD2 and
TRAC-PF1 into areas in which both horizontally and vertically stratified
flows are important and more general trips and control systems are required
to model the transients. Many of the areas for improvement identified in
the assessment of TRAC-PD2 and TRAC-PF1 have been addressed. Also, the
TRAC-PF1/MOD1 code continues to prove the value and applicability of the
SETS numerics, which provide a fast-running calculational tool for the many
reactor transients. The TRAC-PF1/MOD1 code is a very advanced
thermal-hydraulic computer code capable of predicting large-,
intermediate-, and small-break LOCA transients as well as most non-LOCA
transients. In most cases, TRAC-PF1/MOD1 is easier to apply than the
earlier versions. Because of the added generality in the models and
constitutive relations, because of the enhanced user-convenience features,
and because of the added capabilities to track the boron solute in the
liquid phase and the incondensible gas injected from accumulators, the
TRAC-PF1/MOD1 code is recommended for general use in
addressing licensing problems and questions relating to PWRs.
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5.3.2.4 TRAC-BWR Code. TRAC-BWR series of codes have been developed
to provide a capability for boiling water reactor (BWR) analysis analogous
to that of RELAP5 and TRAC-PWR for PWRs. Sponsored by the Office of Nuclear
Regulatory Research, TRAC-BWR was adapted from the TRAC-PD2 code developed
at the Los Alamos National Laboratory. Modeling features specific to the
BWR have been incorporated in close technical collaboration with the
General Electric Company. The present version of the code, TRAC-BFl,
is currently in use by the Offices of Nuclear Regulatory Research and
Nuclear Reactor Regulation to analyze postulated accidents and transients.
Results of these analyses are used for auditing licensee safety analyses,
evaluating operator guidelines, and assisting in the resolution of
unresolved safety issues.

5.3.2.4.1 Development Background--The development of the TRAC
code at Los Alamos National Laboratory (LANL), which had started early in
1970's, provided a modeling technique for analysis of loss-of-coolant
transients in pressurized water reactors (PWRs). By the end of the 1970's
there were several versions of TRAC-PWR released to the public. These
included TRAC-Pi, TRAC-PlA, and TRAC-P02 (see Section 5.3.2 in this
report). These codes employed a full two-fluid thermal-hydraulic model in
the three-dimensional vessel component, and a five-equation drift flux
model in the one-dimensional components. These codes presented the user
with several problems when trying to analyze transients in BWRs. The main
difficulty was in accurately simulating the BWR core during system
transients. The reactor core of a PWR is contained in an open lattice of
fuel elements, while the fuel elements in a BWR are contained within
individual channel boxes. The presence of the channel wall introduces many
thermal-hydraulic phenomena that must be considered for analysis of BWR
transients, which are either not present or not important for analysis of
LOCAs in PWRs.

The first major phenomenon introduced by the presence of the channel
wall is radiation heat transfer. Small water gaps exist between the fuel
channel boxes that fill with ECCS (emergency core cooling system) liquid
during reflood and cool the channel walls. The colder channel wall
provides a heat sink for thermal radiation. Radiation heat transfer is
also present in PWRs, but the magnitude of the radiation heat flux is small
since there is no cold structure within the PWR core. Another important
effect of the channel wall is to divide the fluid in the core regions into
two separate fluid streams [the two-phase fluid within the fuel channels
that is heated by contact with the hot fuel rods and the fluid in the
bypass (or gap) region between fuel bundles that is heated by heat
conduction through the channel walls]. The PWR versions of TRAC could not
address these geometry and heat transfer aspects of a BWR core. Another
area that needed improvement was in the critical heat flux (CHF)
correlations for the wall heat transfer. In PWRs, CHF occurs at relatively
low qualities and can be characterized by a local condition CHF
correlation. However, for BWR LOCA transient conditions, CHF occurs at high
quality or dryout conditions. For high quality conditions, an integral or
memory type CHF correlation is more appropriate.
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In addition to these, there are a number of geometry dependent
phenomena in BWRs that require specific models for transient calculations.
Among these are; countercurrent flows of vapor and liquid at the upper core
plate and at the side entry orifice of the fuel bundles, jet pump
performance, and the functions of steam separators and driers inside the
reactor vessel. All of these motivated creation of a BWR oriented BE code
for T/H analysis.

Based on these motivations, a new code development program was
initiated at the Idaho National Engineering Laboratory (INEL) for
developing versions of the Transient Reactor Analysis Code for Boiling
Water Reactors (TRAC-BWR) to provide the United States Nuclear Regulatory
Commission (USNRC), and the public, with a best estimate capability for the
analysis of accidents and transients in BWR systems and for supporting
related experimental activities. This effort began in October 1979, and,
from the start, was technically coordinated with the General Electric
Company (GE) in San Jose, California. The TRAC-BWR code development was
based on an interim version of TRAC-PF1 from LANL. This base version
contained a full two-fluid thermal-hydraulic model in both one- and
three-dimensional component models. A number of new models and
modifications were gradually introduced in this code to create different
versions of TRAC-BWR.

The first publicly released version of TRAC-BWR, known as TRAC-BD1
(Reference 5-47), was released to the National Energy Software Center in
February 1981. The mission of this first version of the code was to
provide a best estimate capability for the analysis of design basis
loss-of-coolant accidents (DBLOCAs) in BWRs. The code provided a unified
and consistent treatment of the DBLOCAs sequence beginning with the
blowdown phase, through heatup, then refill with quenching, and finally
ending with the reflood phase of the DBLOCAs scenario.

The mission of the second publicly released version of the code,
TRAC-BDI/MOD1 (Reference 5-48), was expanded to include not only large and
small break LOCAs but also operational transients and anticipated
transients without scram (ATWS) for which point reactor kinetics was
applicable.

The latest version of the code is TRAC-BF1 (Reference 5-49), released
in 1986. This is the first fast running version of the code and employs a
Courant limit violating numerical solution technique for one-dimensional
hydraulic components. This allows large time steps for slowly varying
transients and hence provides faster calculations. TRAC-BF1 has all the
capabilities of the earlier versions of the code in addition to a number of
new features and improvements. For this reason the following description
of the code will be limited to the features of TRAC-BF1, with a minimum of
remarks concerning the earlier versions.

5.3.2.4.2 General Description--TRAC-BF1 is a boiling water
reactor (BWR) system transient analysis code that can be used for
simulation of a wide variety of BWR system transients of interest in LWR
safety. The code is capable of simulating the reactor system, including
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the vessel, its internal components, the external circulation systems,
emergency cooling systems, reactor control systems, balance of plant
components such as turbines, condensers, heaters, etc., and the reactor
containment.

TRAC-BF1 is based on a detailed formulation of the fluid flow
phenomena, involving separate basic equations (mass, momentum, and energy
balances) for liquid and vapor flow in three-dimensional and
one-dimensional flow fields. It includes the results of two-fluid code
development work on TRAC-PWR at Los Alamos, the results of many experiments
involving two-phase flow and boiling heat transfer, as well as the recent
developments in numerical solution techniques.

TRAC-BF1 is written in ANSI Standard FORTRAN 77 (with the exception of
some minor sections) and was developed specifically for a CDC Cyber-176
computer operating under the NOS (Network Operating System). The code
includes about 600 modules, comprising about 150,000 lines of coding. The
computer memory requirements are 160K to 400K (octal) words of small memory
and 50K to 400K (octal) words of large core (ECS) memory, depending on the
problem size.

The Standard FORTRAN feature of the code makes it easily adaptable to
other computer systems. An earlier version of TRAC-BF1 was implemented on
a Cray computer early in 1986, but that Cray version has not been updated
subsequently. Conversion to IBM has been initiated.

5.3.2.4.3 Hydrodynamics--The TRAC-BF1 hydrodynamics model is
based on a six-equation description of two-phase flow in three-dimensional
and one-dimensional components. It includes additional conservation
equations for flow of noncondensible gases mixed with the vapor, and for
boron transport with the liquid phase.

The two-fluid equations consist of a mixture mass balance and a vapor
mass balance, momentum equations for vapor and liquid, a mixture energy
balance, and a vapor energy balance. The momentum equations are in effect
reduced to be represented in terms of velocities (as in all other major T/H
system codes). This modification simplifies the numerical solution
considerably, but it also introduces inaccuracies in some rare situations.

Closure of this system of equations is achieved through specification
of the thermodynamic equations of state for each phase, the interfacial
shear coefficient, the interfacial heat transfer rates for liquid and
vapor, the interfacial mass transfer rate, and the wall shear coefficients.

The interfacial shear model uses the drift-flux correlations developed
by Ishii and modified by Andersen of GE Corporation (Reference 5-50).
These are based on the available data on void fraction and pressure drop in
two-phase flow, recast into suitable forms for application with the
two-fluid momentum calculations.

5.3.2.4.4 Heat Transfer--Three fundamental heat-transfer
mechanisms are modeled by the TRAC code in all components. They include
the interfacial heat transfer between the vapor and liquid phase,
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conduction within structural components, and heat transfer between the
structures and the fluid. The thermal history of the structural reactor
materials is obtained from a solution of the heat conduction equation.
Transient heat conduction and temperature distribution calculations in
TRAC-BWR are performed with a time-dependent one-dimensional equation that
can be applied to regular geometries such as slab, cylinder or sphere.

The wall heat transfers are accounted for in the standard way. The
surface areas represent an actual estimate of the the total wall surface
area wetted by each phase, whereas the heat transfer for vapor and liquid
are based on commonly used heat-transfer correlations. In many two-phase
flow situations, the walls are totally wetted by the liquid phase; in which
case, wall heat transfer to the vapor is zero.

The energy exchange between the structures and the fluid is modeled
using Newton's law of cooling. The coupling algorithm is semi-implicit.
For each new time step, the fluid dynamics equations are solved based on
previous values for the wall heat transfer coefficient and surface wall
temperatures. For simplicity and computing efficiency, the conduction
models are divided according to geometric configuration (cylindrical walls,
slabs, core fuel rods, and flat channel walls). The wall-to-fluid heat
transfer coefficients are obtained from a generalized boiling curve
containing four principal regimes: single-phase liquid forced convection,
nucleate boiling, transition boiling, and film boiling. In addition,
convection to single-phase vapor and condensation are included.

The interfacial heat transfer rates are determined by calculating the
products of interfacial area and the heat transfer coefficient. Flow
regime dependent correlations are used for calculating these products. The
driving force for interfacial heat exchange is the temperature difference
between either phase and the interface that is assumed to be at saturation
temperature. The two-phase flow patterns are defined in terms of mass
velocity, void fraction, and pressure in each fluid cell. A new feature of
TRAC-BF1 is consideration of reduced interfacial heat transfer through
condensation in volumes containing a stratified liquid surface. Logic is
provided to determine existence of stratified liquid level and, in the case
of subcooled liquid in contact with vapor, to change the interface heat
transfer calculation to the correlation for condensation on quiescent
liquid surface. This eliminates unrealistically high rates of condensation
that would be predicted in the case of mixed flow with the same average
void fraction.

An important aspect of heat transfer in BWR fuel bundles during a LOCA
transient is thermal radiation from the fuel rods to the coolant and the
channel walls. Calculation of radiation heat transfer was one of the first
important features that was included in TRAC-BWR series of codes, starting
with TRAC-BD1.

5.3.2.4.5 Numerical Solution--The TRAC numerical solution scheme
employs a semi-implicit solution of the finite difference form of the field
equations. Modifications were made to the original TRAC-PD2 numerics to
allow multiple pipe connections to a single-vessel hydrodynamic cell and to
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solve the two-fluid hydrodynamics in one-dimensional flow components. At
least four computational passes are made through each component. A prepass
is made to update certain explicit information that must be available
before performing the hydrodynamic calculation (e.g., heat transfer
coefficients). The next two or more passes call the basic hydrodynamic
routines until a solution is obtained within the convergence criterion.
The final pass updates the conduction solution.

The Courant-limit violating solution scheme (fast numerics) introduced
in TRAC-BF1 is applied to all one-dimensional components and replaces the
semi-implicit solution for those components. This fast numeric is a hybrid
technique based on a combination of the stability-enhancing two-step
solution method developed by J. H. Mahaffy at LANL (Reference 5-51) and the
predictor-corrector method developed by J. G. M. Andersen at GE
(Reference 5-52). It employs the GE method of stabilizing the momentum
equation and the LANL method of conserving mass and energy, when violating
Courant limit.

5.3.2.4.6 Special Features--TRAC-BF1 has a number of useful
features that have been a part of earlier versions of TRAC-BWR, in addition
to some new ones introduced in BF1. Following is a brief reference to some
of the more important features in TRAC-BF1.

o Detailed model of a BWR fuel bundle with multiple fuel rod groups
and the channel wall.

o Mechanistic models for jet pumps and phase separation in steam
separators.

o Countercurrent flow limiting model for BWR geometries.

o Nonhomogeneous thermal-equilibrium critical flow model with
separate treatment of subcooled and saturated choking.

o Quench front tracking capability for both falling films and
bottom flooding quench fronts on all rod groups and the inner
surface of the channel wall.

o Centrifugal pump performance model with two-phase degradation
effects.

o Two-phase level tracking model.

o Transient reactor power computation using point kinetics with
reactivity feedback effects of void, fuel temperature, moderator
temperature,. boron concentration, and user-specified control rod
reactivities.

o Decay heat, including actinides contribution.

a Metal-water reaction and zirconium oxidation model.
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o One-dimensional time-dependent neutron kinetics model for
transient power calculation (new feature in TRAC-BF1). This
feature is especially relevant to the study of postulated BWR
anticipated transient without scram (ATWS) accidents.

o Versatile trip system.

o Detailed control systems modeling capability with a user friendly
input specification (automatic block sorting) and an independent
time step selection feature.

o Default control system for automatic steady-state initialization.

o Balance of plant components such as turbines, condensers, heat
exchangers, and feedwater heaters.

o A simple lumped parameter containment model.

o Interactive running capability. This feature is a part of
adaptation df TRAC-BF1 to the Nuclear Plant Analyzer (NPA) at the
INEL.

5.3.2.4.7 Input Description--One of the important features of
TRAC-BWR is its input approach, which is based on a component-oriented
philosophy. This feature allows the user to model any arbitrary BWR or
experiment system by using a number of predefined modular components and
connecting them to each other so that both hydraulic and heat transfer
connections are modeled between components. The modular components are
BREAK, CHAN (for fuel channel), FILL, HEATER, JETP (for jet pump), SEPO
(for separator-dryer), PIPE, PUMP, TEE (for branching volumes or
connections), TURB (for turbine), VALVE, and VESSEL. With a few
exceptions, each component may be divided into a number of cells for
detailed thermal-hydraulics analysis. In particular, the VESSEL component
may be subdivided in axial, radial, and circumferential directions for
three-dimensional flow analysis.

The code performs extensive input data checking and it prints out
identified abnormalities before making any runs. This feature reduces the
possibilities of performing computations with erroneous inputs.

Another input facility in TRAC-BF1 is a PRELOAD PROCESSOR. This
routine checks the input data for determining the type of calculations to
be performed and then loads into the computer memory only those routines
which would be needed, without bringing in unnecessary segments of the
code. This feature saves computer cost an provides faster turnaround.

5.3.2.4.8 Quality Assurance Program--From the beginning,
development of the TRAC-BWR code has proceeded toward a unique quality
control program that ensures a well-documented working version of the code
is available at all times. Any change to the code, however small, is given
a unique program change label that appears on each FORTRAN change statement
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and is used for all documentation associated with that change to the code.
Testing of all changes is performed by execution of test cases designed by
the code developers during model development and execution of the same test
cases by the code architect after insertion of the changes into an official
code version. The results of the test cases are described in model design
reports and acceptance reports, respectively, which are referenced by the
program change label assigned to the change. This procedure provides
traceability of all code changes to documents that describe the basis of
the change, the person-making the change, a complete list of routines
changed, changes to input and output of the code, and the results of
execution of test cases.

5.3.2.4.9 TRAC-BWR Assessment--Many calculations have been
performed with different versions of TRAC-BWR to compare its predictive
capabilities with experimental data. A few of these cases are discussed
below.

Countercurrent Flow Limiting. A correct calculation of the countercurrent
flow limiting (CCFL) behavior in BWRs is important because steam generation
in the fuel bundles can restrict the emergency core cooling spray water
from entering the top of the bundles. In addition, CCFL at the bundle
entry orifices can aid bottom-up reflood.

The assessment case presented below uses data from a GE 8 x 8 bundle
experiment (Reference 5-53) in which the upper tie plate was the limiting
flow area. Water flow into the upper plenum began after steam flow was
initiated and the pressure established at about one bar. The rate of
liquid downflow was measured by the differential pressure cell in the catch
tank at the bottom of the bundle. Data were taken with three different
steam/water injection methods and with various amounts of subcooling. The
data and TRAC results are displayed in Figure 5-19 in terms of phasic
Kutateladze numbers (Reference 5-54). The asterisks on the figure indicate
where the correlation was evaluated using a hand calculator. Both
saturated and subcooled liquid injection data are shown. The subcooling was
insufficient in both the calculation and the data to cause a breakdown of
CCFL. The TRAC/BD1/MOD1 model follows the intended correlation and limits
the liquid downflow to a value that adequately matches the experimental
data over the complete data range.

Interfacial Shear in Two-Phase Flow. The next example examines the drag
forces between steam and liquid that are calculated by the interfacial
shear model. Interfacial shear varies with flow regime, which is a
function of void fraction.

The CISE adiabatic pipe test (Reference 5-55) provides a good basis
for evaluating interfacial drag modeling. The data were obtained by
injecting a two-phase mixture into a vertical pipe. After a steady flow
quality was reached, two valves in the pipe were closed rapidly. The mass
of liquid captured was then measured and the void fraction determined. The
experimental data, the TRAC-BD1 results, and the homogeneous curve found by
setting the slip ratio to 1 are shown in Figure 5-20. This comparison
shows how much better the results from a two-fluid code agree with the data
than those from the simplistic homogeneous representation.
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The GOTA test facility in Sweden (Reference 5-56) has reported rod
bundle data available to check the TRAC-BD1 core radiation model
(Reference 5-57). These tests are extremely valuable because they have the
characteristics of steady state., high temperature, high temperature
gradient, stagnant steam filled at low pressure, and 64 rods (over half
instrumented). The bundle canister wall temperature was maintained at
373 K by cooling water on the outside. The peak rod temperature in the
middle of the bundle was 1224 K.

The TRAC-BD1 model used a one cell CHAN simulation of the bundle
midplane. The bundle is symmetrical along a diagonal from Rod Number 8 to
Rod Number 57. Modeling the rods in one-half the bundle plus those along
the diagonal requires 36 different rod types as input to the CHAN
component. A zero velocity FILL connected to the bottom of the CHAN, and a
BREAK set the pressure at the top.

A summation over the 36 rods of the absolute value of the difference
between the data and the calculation divided by 36 yields 1.3 K average
error. This error is extremely small considering that the temperature
gradient from the canister wall to the hot rod is 600 times larger than the
error. Figure 21 shows the results along the diagonal. Performing the
calculation with the steam absorption shut off has a negligible effect on
the results. However, switching to a uniform (isotopic) reflection reduces
the peak temperature by about 100 K. The emissivity used for all surfaces
was 0.7.

Transient Heat Transfer. The FIX-II test facility, which is operated by
Studsvik Energiteknik AB, generated the data used as International Standard
Problem (ISP-15). ISP-15 consisted of an intermediate-break
loss-of-coolant experiment (Test 3025) (Reference 5-58). A model of FIX-II
was developed (Reference 5-59) to assess TRAC-BD1. A typical rod
temperature comparison is shown in Figure 5-22. (The reason for the
initial offset is that the test data were being measured at the interior
wall of the clad and the code results were calculated for the exterior wall
of the clad.) A rod heatup was calculated at 1.5 s followed by a quench
and another heatup at 52 s. The test was terminated at 76 s. The ability
of the code to calculate the hydraulic and heat transfer phenomena was
excellent.

The Thermal-Hydraulic Test Facility (THTF) was designed to obtain data
relative to reactor heat transfer. Either a 49 or 64 rod electrically
hated full length bundle was driven with specified power and hydraulic
conditions. THTF heat transfer produced data on: departure from nucleate
boiling including grid spacer effects, film boiling, steam cooling, boil
off and level swell. The data is applicable to both PWR and BWR
best-estimate codes.

A comparison of a TRAC-BF1 calculation with test data from THTF test
3.06.6B is shown in Figure 5-23. The time to departure from nucleate
boiling is predicted very well. The peak temperature is slightly under
predicted possibly because of an underprediction of the steam superheat.
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Scaled System Simulation. One result from the Full Integral System Test
(FIST) posttest analysis (Reference 5-61) is summarized here. The
transient simulated an inadvertent closure of the MSIV and subsequent
failure of the reactor to scram. The HPCS Was assumed to have failed and
the reactor containment pressure remained below the high-pressure set point
that would activate the automatic depressurization system (ADS). With
those assumptions, the only liquid makeup available was the reactor core
isolation cooling (RCIC) system. The programmed power for the electrical
bundle was based on a plant calculation using a one-dimensional neutron
kinetics model with boron injection at 120 s. The power calculation,
however, assumed that the HPCS system was active. This resulted in a
higher power because of the increased liquid mass in the bundles. Hence,
the test was run under the conditions of high power and very low inventory
makeup rates.

The FIST model has 13 vessel levels with two cells per level and a
total of 143 fluid cells. Figure 5-24 shows the FIST system nodalization
used in the TRAC model.

Figure 5-25 shows the small rod temperature oscillations prior to
300 s caused by pressure oscillations. Core power turned coolant to steam,
which raised the pressure. A safety valve opened to relieve the pressure
and closed when the pressure was sufficiently low. Several pressure cycles
occurred before a core dryout condition was reached. This occurred in the
model before it did in the experiment. Power was turned off slightly
before temperatures reached 900 K. TRAC results agree fairly well with the
minimum and maximum measured temperatures as given in Figure 5-25.

Scope of Application

TRAC-BWR provides analysis capability for operational transients
including ATWS, as well as for both large- and small-break LOCAs in boiling
water reactors. The analysis capabilities for large break LOCAs include
the blowdown phase, heatup, ECC fill, and, finally, fuel rod quenching.
The analysis capabilities for an ATWS event initiated by the closure of the
main steam isolation valve includes the initiating event, the reactor power
excursion caused by void collapse and terminated by reactivity feedback,
periodic power excursion caused by recycling of the safety relief valves,
and ultimate reactor shutdown through the injection of soluble boron poison.

Typical Applications

TRAC-BWR has been applied to study postulated accidents in the Browns
Ferry Nuclear Plant Unit 3. As a precursor to these analyses, benchmark
calculations have been performed using actual plant data from four tests to
assess overall code capability (Reference 5-61). The four plant tests
included three operational transients: the trip of a single recirculation
pump, the trip of both recirculation pumps, and the trip of a feedwater
turbine. The remaining test was a generator load rejection, which included
a scram.
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Figure 5-24. FIST system nodalization used in the TRAC model.

5-90



£

% 700 -
0.
E

600 -

500
0

Figure 5-25.

I I I

200 400 600 800 1000
Time (sec)

6 9040

TRAC-BD1 prediction of FIST rod temperature oscillations.

5-91



The generator load rejection transient provides a good example of this
benchmarking. It was initiated from steady state through the use of the
control systems, which sent a zero load signal to the control system at
time zero. A power/load unbalance trip occurred immediately. The zero
load signal began opening up the steam bypass valve, which increased the
steam flow and the power. At 1.52 s the overpower protection system
scrammed the reactor from a peak power of 3704 MW. At 6.2 s a low-water
level trip was activated based on data, and both recirculation pumps began
to coast down. In addition, the main steam isolation valve began to
close. A peak system pressure of 7.52 MPa (1090 psia) was observed. The
safety relief valves were not opened, and the MISV was fully closed by
10 s. The transient was terminated at 14.3 s.

A comparison of calculated and measured reactor power is shown in
Figure 5-26. The plant experienced a marked decrease in power before the
power increased again prior to the turbine trip that scrammed the reactor.
The TRAC-BD1/MO01 calculation saw no appreciable decrease and therefore
rose to a higher power prior to scram. Once the scram occurred, the decay
heat curves showed excellent agreement. The discrepancy in early power was
due to a higher system pressure and the inability of the code control
system to simulate the turbine overspeed pressure drop correctly.
Figure 5-27 presents a comparison of calculated and measured steam dome
pressures. As shown, the agreement between the curves was excellent and
the basic trend of both curves was identical.

5.3.3 COBRA-TF Vessel Analysis Computer Program

COBRA-TF was developed to predict nuclear fuel channel behavior under
the variety of two-phase fluid flow conditions encountered during a LOCA
(Reference 5-63,5-64). Figure 5-28 illustrates some of the complex fluid
behavior that the code models. COBRA-TF provides a two-fluid three-field
representation of two-phase flow. The two fluids are liquid water and
water vapor, and the three fields are continuous vapor, continuous liquid,
and entrained liquid. This is depicted in Figure 5-29. By including a
drop field, COBRA-TF can be used to predict top reflood and countercurrent
flow situations. In such cases there may be a film of fluid falling along
the channel wall coincident with entrained drops traveling up the channel.
This is shown in Figure 5-30 (Reference 5-65). The drop field also permits
modeling of carryover from a liquid pool, e.g., during bottom reflood.
Each field is treated in three dimensions and is compressible. The
conservation equations for each of the three fields and for heat transfer
from and within the solid structures in contact with the fluid are solved
using a semi-implicit finite-difference numerical technique on an Eulerian
mesh. COBRA-TF features extremely flexible noding for both the
hydrodynamic mesh and the heat transfer solution. This flexibility
nrovides the ranahilitv to mndel the wide yaripty of apametrips Pncounted
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In the COBRA-TF three-field formulation, there are three continuity
equations, three momentum equations, and two energy equations. (The two
liquid fields are assumed to be in thermal equilibrium.) The two liquid
fields can exchange mass by entrainment as well as by phase change. The
following assumptions are made to derive the three-field model
(Reference 5-63):

1. Gravity is the only body force.

2. There is no volumetric generation in the fluid.

3. Radiation heat transfer if limited to rod to drop and rod to steam.

4. The pressure is the same in all phases.

5. The dissipation can be neglected in the enthalpy formulation of
the energy equation.

6. The turbulent stresses and turbulent heat flux of the entrained
phase can be neglected.

7. When the equations are solved on a finte-difference grid, the
viscous stresses can be partitioned into wall shear and
fluid-fluid shear. The fluid-fluid shear can be neglected in the
entrained liquid phase.

8. The conduction heat flux can be partitioned into a wall term and
a fluid-fluid conduction term. The latter is assumed negligible
in the entrained liquid.

9. All mass entering or leaving a phase interface is at saturation.

While assumptions 3 and 4 simplify the conservation equations
considerably, especially the energy equation, they also somewhat limit
their applicability. But for situations typically encountered in reactor
safety analysis, these assumptions are usually justified.

The use of a single energy equation for the combined continuous liquid
and liquid droplet fields means that both fields are assumed to be at the
same temperature. In regions where both liquid droplets and liquid films
are present, this can be justified in view of the large rate of mass
transfer between the two fields, which will tend to draw both to the same
temperature. This assumption leads to a great simplification in the
numerical solution of the equations, which results In reduced computing cost.

COBRA-TF was developed for use with either rectangular Cartesian or
subchannel coordinates. This allows a fully three-dimensional treatment in
geometries amenable to description in a Cartesian coordinate system. For
more complex or irregular geometries, one may select the subchannel
formulation (which neglects some of the convective terms in the above
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equations) or a mixture of the two. The subchannel approach has been used
by the COBRA codes for bundle thermal-hydraulic analysis. Fixed transverse
coordinates are not used in the subchannel formulation. Instead, all
transverse flows are assumed to occur through gaps (e.g., between fuel
rods). Thus one transverse momentum equation applies to all gaps
regardless of the gap orientation. This reduces the number of component
momentum equations to only two: vertical and transverse. Figure 5-31
illustrates the noding flexibility of the code for both BWR and PWR designs.

5.3.3.2 Constitutive Equations. Closure of the COBRA-TF three-field
model (i.e., the number of unknown variables equals the number of
equations) requires that constitutive equations be incorporated into the
model. The constitutive relations in COBRA-TF include state-of-the-art
physical models for the interfacial mass transfer, the interfacial drag
forces, the liquid and vapor wall drag, the wall and interfacial heat
transfer, the rate of entrainment and deentrainment, and the thermodynamic
properties of water. In addition, a mixing length turbulence model has
been included as an option.

The heat transfer models in COBRA-TF determine the material heat
release rates and temperature response of the fuel rods and structural
components of a light water reactor during operating and transient
conditions. All of the heat transfer calculations are performed at the
beginning of each time step before the hydrodynamic solution. Heat
transfer coefficients based on old time/fluid conditions are used to
advance the material conduction solution. The resultant heat release rates
are explicitly coupled to the hydrodynamic solution as source terms in the
fluid energy equations. To effectively perform these calculations, a
consistent set of four heat transfer models was developed. The conduction
model specifies the geometry and material properties of the conductor. It
also solves the conduction equation. The heat transfer package selects and
evaluates the appropriate heat transfer correlations. The quench front
model is a fine mesh rezoning technique that calculates quench front
propagation due to axial conduction and radial heat transfer. Lastly, the
gap conductance model simulates the dynamic behavior of the gap between the
full pellet and the cladding and specifies the pellet-cladding conductance
for the nuclear fuel rod.

5.3.3.3 Developmental Assessment. One of the objectives of the
FLECHT SEASET program was to develop models of the flow blockage which.
could be used for PWR calculations assessing the influence of flow blockage
on rod bundle heat transfer. Although there are several options that could
be used to develop models for blockage heat transfer, it was felt that a
physically based model used with a state-of-the-art two-phase flow computer
code would give the most accurate results.

Such an approach was expected to provide a technically sound basis for
PWR analysis with flow blockage, which could be extrapolated to other
blockage shapes and geometries.

The COBRA-TF code was used in the FLECHT-SEASET program to assess the
influence of flow blockage on rod bundle heat transfer. The following
strategy was used in this program:
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o Perform code calculations of forced reflooding tests using
different size bundles without blockage, to assess uncertainties
in the code calculations with new models for grid spacers

o Perform code calculations on small bundles with blockages, to
develop blockage models for COBRA-TF

o Perform calculations with COBRA-TF on large bundle tests with
blockage and bypass effects, to assess the code's capability to
model the combined effect of both blockage and bypass

The program used data from the Karlsruhe FEBA experiments
(Reference 5-66 through 5-68), the FLECHT SEASET 161-, 21-, and 163-rod
bundle experiments (Reference 6-69 through 5-71), and the EPRI/UCLA
two-phase turbulence enhancement experiments (Reference 5-72) to develop
and validate models for COBRA-TF.

Three models were added to COBRA-TF to enhance the code's prediction
for flow blockage heat transfer. They were single-phase convective
enhancement, droplet impact heat transfer, and droplet breakup by the
blockage. The hydrodynamic effects of the blockage such as flow diversion,
crossflow, and flow readjustment around the blockage can be handled by the
momentum equations already in the COBRA-TF code for both the continuous
phase (usually vapor) and discontinuous phase (entrained droplets).

In fact, this is one of the primary reasons that the COBRA-TF code was
selected for use on the FLECHT SEASET program. To account for the flow
diversion, data on the hydraulic characteristics of the blockage, such as
area and form loss, were needed. This information was available directly
from the FLECHT SEASET experiments, and could be calculated from the FEBA
blockage sleeve data.

A small droplet field was used in COBRA-TF to account for the droplets
scattered by impact with the blockage. The details of the model can be
found in Reference 5-73. The data from the FEBA experiments, FLECHT-SEASET
21-, 161-rod bundle experiments and the EPRI/UCLA two-phase turbulent
enhancement experiment were need to develop the flow blockage models. The
FLECHT-SEASET 163-rod blocked bundle data was reserved for final
verification of the COBRA-TF prediction of the temperature response of the
blocked island in the 163-rod bundle, where there was ample flow bypass.
An important point to note was that no models were changed in performing
the code calculations for the 163-rod blocked bundle. Figure 5-32 shows
the axial heater rod temperature profile for the blocked zone in the
163-rod blocked bundle with the COBRA-TF predictions at 140 s after reflood
initiation. The agreement is quite good at other times as well.
Figure 5-33 compares the measured vapor temperatures in and downstream of
the blocked zone in the 163-rod bundle with the COBRA-TF vapor temperature
predictions for the blocked zone. Again, the agreement is quite good.
More detail comparisons to data in Reference 5-73 indicates that the models
in COBRA-TF are of the proper type and do predict the correct data trends.
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It is believed that, in terms of predicting real PWR fuel behavior
during a postulated LOCA, the blockage models are most likely to be
conservative. That is, they underestimate the blockage heat transfer
effects. The reason for this is that the effects of the clad rupture, torn
edges and flared tubing, will increase the heat transfer compared to the
smooth sleeves used in the FLECHT-SEASET and FEBA simulations
(References 5-74 and 5-75).

In 1982, the COBRA-TF vessel analysis code was incorporated in the
TRAC-PD2 primary loop analysis code. This merger formed the COBRA/TRAC
computer code. COBRA-TF has been tested as part of the developmental
assessment of COBRA/TRAC. This assessment is presented in Section 5.3.4.

5.3.3.4 Conclusion. The COBRA-TF computer code was developed as a
tool to predict the thermal-hydraulic behavior in a subchannel of a nuclear
reactor vessel during a LOCA and other transients. The three-field
two-fluid model incorporates best-estimate constitutive packages developed
from experimental research. COBRA-TF provides a best-estimate
representation of many transient vessel conditions of great importance to
nuclear reactor safety.

5.3.4 COBRA/TRAC Computer Program

The COBRA/TRAC computer code calculational methodology represents a
substantial improvement in the calculational methodologies reviewed in the
1975 APS study (Reference 5-76). These improvements result from advances
in the formulation of the simulation relations, increased availability and
improved applicability of experimental data, and increases in scientific
computer speed and size. Additionally, as recommended by the APS study, the
COBRA/TRAC code has been developed to calculate "best-estimate" realistic
simulations, as opposed to previously available conservative codes with
unknown amounts of conservatism.

At the time of the release of the APS study, the existing computer
codes were criticized as being inaccurate because of the presence of
oversimplified physics equations for modeling two-phase flow, the
limitation in the amount of system nodalization, the use of one-dimensional
flow relations, and the reliance on arbitrarily adjustable parameters to
predict conservative results. The COBRA/TRAC code has presented
improvements in all these areas by making available a code that can model
the compressible three-dimensional, two-fluid, three-field equations for
nonequilibrium two-phase flow in a reactor vessel, and still apply
one-dimensional nonequilibrium two-phase flow relations where applicable.
Additionally, the code has undergone experimental verification comparisons
for both separate-effect and integral system tests. Consequently, the
COBRA/TRAC computer code represents a major improvement in the availability
of a realistic calculational methodology for quantitatively assessing the
thermal-hydraulic response of a nuclear reactor primary coolant system to
small- and large-break LOCA and other system transients.

In 1982, the COBRA-TF vessel analysis code was incorporated into the
TRAC-PD2 primary loop analysis code (Reference 5-77). This merger formed
the COBRA/TRAC computer code. COBRA/TRAC was designed to predict the
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thermal-hydraulic behavior of the primary coolant system of a nuclear
reactor during a LOCA and other anticipated transients. The details of the
TRAC and COBRA codes are described in Sections 5.3.2 and 5.3.3,
respectively. Details of how these two codes are coupled and function as
COBRA/TRAC are provided in References 5-78 through 5-82. The code
resulting from this merger, COBRA/TRAC, has the extended capabilities
provided by the three-field representation of two-phase flow and flexible
noding. The code has been assessed against a variety of two.phase flow
data from experiments simulating important phenomena anticipated during
postulated accidents and transients. Because the details of the COBRA-TF
and TRAC-PD2 codes have been discussed in previous sections, this section
will concentrate on the developmental assessment of COBRA/TRAC.

5.3.4.1 Developmental Assessment. COBRA/TRAC has been used to
predict various experimental data (Reference 5-81). Comparison of the code
calculations were used to verify the accuracy and applicability of various
models as they were installed in the COBRA/TRAC code. These data
comparisons were extremely useful in detecting programming errors and
defining deficiencies in the code's physical models. Data comparisons were
rerun on progressively more advanced versions of the code until the code
could successfully predict the observed behavior within experimental error
and known limitations of the models.

The developmental assessment concentrated on the following phenomena:

1. Countercurrent flow limitation (CCFL).

2. Downcomer ECC bypass with condensation, hot wall, and transient
effects.

3. Top and bottom reflood.

4. Condensation.

5. Phase separation (lateral void drift).

6. CHF and post-CHF.

7. Subcooled boiling.

8. Natural circulation.

9. Nucleate boiling (axial void profile and two-phase pressure drop).

10. Uncovering/recovery.

11. Upper head draining.

12. System simulations.

These phenomena are important to reactor safety and are the focus of
numerous separate-effect and integral-system experiments. Tables 5-13 and
5-14 identify the experiments used to assess the COBRA/TRAC code. The
results of this assessment are described in Reference 5-81.
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In general, the, data comparison are very good and demonstrate that
COBRA/TRAC is capable of simulating the major phenomena of interest during
a loss-of-coolant accident in a PWR (Reference 5-83). For example,
Figure 5-34 shows that the ECC bypass phenomena described in Section 6 is
accurately predicted using COBRA/TRAC.

Although COBRA/TRAC has successfully undergone developmental
assessment, the code developers recommend that users conduct their own
independent assessment of the code to satisfy themselves that the code will
provide adequate answers for their particular needs. This is especially
true if the code is to be applied to types of problems or phenomena not
covered by the developmental assessment.

5.3.4.2 Conclusion. The COBRA/TRAC computer program was developed in
response to the need for a best-estimate thermal-hydraulic code that could
predict detailed vessel and primary system loop conditions during LOCAs and
other transients. The developmental assessment of COBRA/TRAC demonstrates
that it can predict a variety of complex thermal-hydraulic phenomena that
are of importance to nuclear reactor safety.

5.3.5 Best-Estimate Fuel Behavior Codes

The FRAPCON (Reference 5-114) and FRAP-T (Reference 5-115) computer
codes and the associated materials properties package, MATPRO
(Reference 5-116) were developed to provide a best-estimate mechanistic
predictive capability for light water reactor fuel behavior. The principal
objective underlying these codes is determining the integrity of the
cladding of fuel rods during normal and offnormal operating conditions.
Cladding integrity is important because the cladding is the first of three
physical barriers to the release of radionuclides to the environment.
These codes provide a much more detailed model of the thermal, mechanical,
and chemical behavior of the fuel rod than is practical in a large
thermal-hydraulic system code.

These fuel behavior codes are used individually or as a set to provide
detailed fuel behavior analysis. FRAPCON can perform an individual
long-term burnup calculation or can provide initial conditions to FRAP-T
for a transient fuel behavior analysis. Both codes use a consistent set of
fuel and.cladding material properties provided by MATPRO.

5.3.5.1 FRAPCON-2. FRAPCON-2, the latest steady-state fuel behavior
code, calculates the steady state response of light water reactor fuel rods
during long-term burnup. The parameters determined by the code include
temperature, rod pressure, cladding deformation, fission gas release to the
gap, and failure histories of a fuel rod as functions of the time-dependent
fuel rod power and coolant boundary conditions.

In calculating the thermal, mechanical, and chemical response of an
LWR fuel rod, FRAPCON-2 models (1) heat conduction through the fuel and
cladding, (2) elastic and plastic deformation of the cladding, (3)
fuel-cladding mechanical interaction, (4) fission gas release, (5) fuel rod
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TABLE 5-13. COBRA/TRAC DEVELOPMENTAL ASSESSMENT TEST MATRIX:
SEPARATE EFFECTS

Experiment

RPI phase distribution

Dartmouth tube CCFL

NWU orifice plate CCFL

Bennett CHF and post-CHF heat transfer

NWU condensation on a falling liquid film

Forced bottom reflood:

FLECHT low flooding rate cosine series
FLECHT-SEASET
NRU nuclear fuel rods
FEBA

FRIGG forced-flow subcooled boiling

FRIGG natural circulation

THTF upflow film boiling

THTF bundle uncovering/recovery

Westinghouse upper head drain test

BCL 2/15-scale downcomer ECC bypass

CREARE 1/15-scale downcomer ECC bypass

Reference

5-84 through 5-87

5-88

5-89

5-15

5-90

5-91, 5-92
5-93, 5-94
5-95 through 5-98
5-99, 5-100

5-101

5-101

5-102

5-103

a

5-104 through 5-106

5-107

a. Proprietary data
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TABLE 5-14. COBRA/TRAC DEVELOPMENTAL ASSESSMENT TEST MATRIX:
INTEGRAL SYSTEMS

Experiment

Semiscale S-07-6 double-end cold-leg break simulation

Semiscale Mod 2A S-UT-2 small-break LOCA simulation

Cylindrical Core Test Facility (CCTF) C1-2 reflood
simulation

PKL refill and reflood simulations

Reference

5-108

5-109

5-110

5-111,112,113
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internal gas pressure, (6) heat transfer between fuel and cladding, (7)
cladding oxidation, and (8) heat transfer from cladding to coolant. The
code contains all necessary material properties, water properties, and heat
transfer correlations.

FRAPCON-2 iteratively calculates the interrelated effects of fuel and
cladding temperature, rod internal gas pressure, fuel and cladding
deformation, release of fission product gases, fuel swelling and
densification, cladding thermal expansion and irradiation-induced growth,
cladding corrosion, and crud deposition as functions of time and fuel rod
specific power. The code computes the integral effects of these phenomena
by performing a series of steady-state time points at intervals specified
by the user. Each steady-state calculation involves an iterative solution
requiring compatibility between the various models.

The fuel rod is divided axially into a user-specific number of nodes.
Within each node, the properties are considered to be uniform in the axial
direction. FRAPCON-2 performs a one-dimensional (radial) heat conduction
solution using user-specified bundle coolant inlet temperature, linear heat
generation rate, and calculated heat transfer coefficient at the rod
surface. The axial variation in coolant temperature is based on a heat
balance on the entire channel, with the heat transfer occurring either from
forced convection or nucleate boiling. The heat transferred across the
pellet-to-cladding gap is modeled as the sum of three components:
radiation, conduction through the gas, and conduction through regions of
solid-solid contact. FRAPCON-2 performs a coupled fuel and cladding
deformation analysis of the stresses, strains, and displacements of the
entire fuel rod. The Method of Successive Elastic Solutions is used. As
part of this displacement analysis, the applicable local deformation regime
(open or closed gap) is determined. As a final step, an analysis is
performed to determine if cladding failure has occurred.

The fuel rod gas pressure model computes total rod pressure based on
the release of fission gas, axial and radial temperature profiles, and
internal free volume. The perfect gas law is assumed. The free volume
available is based on the aggregate volume due to pellet dish design,
cracks, porosity, plenum volume, fuel-cladding gap, and roughness volume.

Fission gas release is computed at each axial node. This release is
based on the PARAGRASS (Reference 5-117) model developed at Argonne
National Laboratory. Release is apportioned to the gap and to the fuel
(trapped). The gases released by PARAGRASS are krypton and xenon. Iodine
and cesium release from the fuel pellet is calculated using MATPRO.

A set of models is used in FRAPCON-2 to predict the probability of
failure of the zircaloy cladding. Probabilities of failure for each
failure mode are calculated and then appropriately combined to yield a net
probability of failure for the fuel rod cladding. The failure modes
considered are cladding melt, eutectic melt, excess oxide, overstress,
crack growth due to stress and corrosive fission products, and overstrain.
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FRAPCON-2 also features an uncertainty analysis option that provides a
fast and economical method for determining uncertainties in such code
outputs as temperatures, hydrogen generation, and oxidation. The
uncertainties in outputs are calculated based on user-supplied
uncertainties in code inputs (geometry and boundary conditions) and in code
physical models. The uncertainty analysis used is based on the response
surface method.

The issues that can be addressed using FRAPCON-2 include (1) what is
the stored energy in the fuel rods at any given burnup, power, and flow
condition; (2) will a fuel rod fail during normal operating conditions and
if so, when; and (3) what fission products are available for release should
the fuel rod breach.

The assessment of FRAPCON began with the assessment of its predecessor
FRAP-S and included both developmental and independent assessment. During
the development process, developmental assessment provided a check of
changes that occur during code development and involved comparison of the
code calculation with well-characterized experiment data. The
developmental assessments performed to date are documented in References
5-118 through 5-121. Developmental assessment results indicate that all
important phenomena are being modeled and that key issues can be
addressed. Results from Reference 5-103 indicate that stored energy is
well characterized by FRAPCON.

Figure 5-35 presents fuel centerline and off-centerline temperatures
calculated by FRAPCON-1 and FRAP-S3 and measured for Rod 1 of the Power
Burst Facility Gap Conductance test series (Refs. 5-122,5-123). Since both
the fuel centerline and off-centerline (at the 3.96-mm radius) temperatures
are available, a good check is provided of the code's ability to calculate
the radial temperature profile and hence stored energy. The calculations
compare well with the data and thus provide confidence in the calculated
stored energy.

Independent assessment, which was done only after major code versions
were released, provided the user with information on general trends of code
calculations based on a large number of experimental data comparisons. A
number of independent assessments have been performed and were documented
in References 5-122 through 5-127. A final assessment is currently being
performed.

Results of the independent assessment indicate that temperatures for
both pressurized and unpressurized fuel rods are calculated well. This was
demonstrated using a large number of comparisons of calculations and data
in plots showing calculated versus measured results. Figures 5-36 and 5-37
show these results.

Figure 5-38 shows that FRAPCON-2 systematically underpredicts fission
gas release by a consistent but small amount for commercial density rods
with medium to high burnup. This indicates that the gas release model was
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not accounting for enhancement of fission product release at medium to high
burnup. The consistency of the bias can be accounted for by the user in
estimating actual values of fission products that are available for release
at medium to high burnup.

5.3.5.2 FRAP-T6. FRAP-T6, the current version of the FRAP-T code, is
used to predict the transient response of light water reactor fuel rods
during postulated off-normal, accident, and transient conditions. The code
predicts the margins of protection afforded by the cladding to the release
of radionuclides (i.e., cladding breach) during transients and accidents
considered within the design basis of the reactor system. Those transients
and accidents include loss-of-coolant accidents, power cooling mismatch,
anticipated transients without scram, and reactivity-initiated accidents.

Most reactor operational transients and hypothetical accidents will
adversely influence the performance of the fuel rod cladding. During an
operational transient such as a turbine trip without bypass (boiling water
reactor), the reactor power may temporarily increase and cause an increase
in the thermal expansion of the fuel, which may lead to mechanical
interaction of the fuel and cladding and to possible overstress of the
cladding. During an operational transient such as a loss-of-flow event,
the coolant flow decreases, which may lead to film boiling on the cladding
surface and an increase in the cladding temperature. During a LOCA, the
heat generated by the radioactive decay fission products is not completely
removed by the coolant, and the cladding temperature increases. The
temperature increase weakens the cladding and may also lead to cladding
oxidation, which embrittles the cladding.

The FRAP-T6 code is capable of modeling all of the phenomena that
influence the performance of fuel rods in general and the temperature,
oxidation, embrittlement, and stress of the cladding in particular. The
code has a heat conduction model to calculate the transfer of heat from the
fuel to the cladding and heat transfer models to calculate the transfer of
heat from the cladding to the coolant. An oxidation model calculates the
extent of cladding embrittlement and the amount of heat generated by
cladding oxidation. The internal gas pressure is calculated using the law
for perfect gases. Mechanical response models are included to calculate
the probability of cladding failure and deformation of the cladding due to
pressure loads and mechanical interaction with the fuel. A fission gas
release model calculates the inventory of fission products in the fuel and
fuel-cladding gap.

FRAP-T6 shares many of the physical models that are contained in
FRAPCON-2. FRAP-T6, however, solves for the transient behavior of fuel
rods, which requires the solution of finite difference forms of the
transient differential equations describing the thermal and mechanical
response of the fuel rod.

As is the case for FRAPCON-2, FRAP-T6 idealizes the fuel rod as a
series of axial nodes within which the fuel rod properties vary only in the
radial direction. Within each axial node, the thermal and mechanical
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behavior of the fuel pellet, gap, and cladding are computed. Linkage of
the axial nodes is taken into account in the calculation by including the
length changes of the cladding and pellet stack, pellet/cladding mechanical
interaction, and internal gas pressure.

Several phenomenological models are included in FRAP-T6 to calculate
the transient performance of fuel rods. Models are included to calculate
heat conduction, stress and strain, internal gas pressure, and production
and migration of gaseous fission products. Each of these general models is
composed of several gaseous fission products. Each of these general models
is composed of several specific models. For example, the heat conduction
model includes models of the conduction of heat across the fuel-cladding
gap, the transfer of heat from the cladding to the coolant, and the
conduction of heat in a composite cylinder.

The solution for the fuel rod variables begins with the calculation of
the temperatures of the fuel and cladding. The temperature of the gases in
the plenum of the fuel rod is then calculated. Next, the stresses and
strains in the fuel and cladding are calculated. The pressure of the gas
inside the fuel rod is then calculated. This sequence of calculations is
cycled until essentially the same temperature distribution is calculated by
two successive cycles. Finally, the cladding oxidation and fission gas
release are calculated. Time is then advanced in increments, and the
complete sequence of calculations is repeated to obtain the values of the
fuel rod variables at the next time increment.

The model interactions are taken into account by iterative
calculations. The variables calculated in one model are treated as
independent variables by the other models. For example, the fuel-cladding
gap size, which is calculated by the deformation model, is treated as an
independent variable by the thermal model. On the first iteration of a new
time step, the thermal model assumes the fuel-cladding gap size is equal to
the value calculated by the deformation model on the last iteration of the
previous time step. On the i-th iteration, the thermal model assumes the
fuel-cladding gap size is equal to the value calculated by the deformation
model on the (i - 1)th iteration.

The coolant conditions at the surface of the fuel rods must be
calculated by a thermal-hydraulic systems code and provided as input to
FRAP-T6 for rapid and severe transients. These conditions consist of the
coolant pressure, mass flux, and enthalpy. FRAP-T6 uses these boundary
conditions to determine the heat transfer at the surface and the potential
for cladding deformation (from differential pressure across the cladding).
If heat generation is by fissioning, the internal heat generation is
supplied as input; if the reactor has scrammed, the heat generation is
calculated by the ANS decay heat model. FRAP-T6 also includes a cladding
oxidation model that will calculate heat generation at the cladding surface
should temperatures exceed about 1000 K.
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The initial condition of the fuel rod is normally obtain from a
steady-state analysis using the FRAPCON-2 code. FRAPCON-2 computes the
physical state of the fuel pellets and cladding and the internal gas
quantity and composition based on the rod burnup history.

The thermal and mechanical models in FRAP-T6 are basically the same as
those in the FRAPCON-2 code. Again, the major difference is in the
inclusion of storage terms necessitated by the transient solution.
Exceptions to this are the inclusion in FRAP-T6 of models that describe:

o Critical heat flux and pre- and post-DNB heat transfer

o Optional two-dimensional heat conduction model to represent
skewed fuel pellets

o A detailed fuel rod plenum gas temperature model that considers
radiation, conduction, and natural convection in the plenum

o A more sophisticated pellet-cladding mechanical interaction model
that accounts for fuel compliance; the effects of fuel camber,
dishing, and pellet length; high-temperature strain rate effects;
and cladding tensile creep

o Best-estimate and licensing audit code models of cladding
ballooning

o Heat generation due to cladding oxidation.

As in the case of FRAPCON-2, FRAP-T6 derives all material property
data from the MATPRO series of materials properties subcodes. The subcodes
of the MATPRO library contain mathematical models that describe the
thermal, mechanical, and kinetic properties of LWR fuel materials. These
models are generally semi-empirical in nature and are included for uranium
dioxide and mixed uranium-plutonium dioxide fuel, zircaloy cladding,
control rod materials (silver-indium-cadmium and boron carbide),
Inconel 718, and fill gas mixtures (helium, argon, krypton, xenon,
hydrogen, nitrogen, oxygen, carbon monoxide, carbon dioxide, and water
vapor). Table 5-15 presents the properties included in MATPRO or in
Reference 5-128.

Each material property description in the accompanying MATPRO handbook
contains a review and evaluation of the data in the literature, the
development of a mathematical model based upon theory and experiment, a
FORTRAN subcode, and comparisons of the model predictions with data.
References are provided in each section.

The issues that can be addressed using FRAP-T6 include (a) will a fuel
rod fail during off-normal transients due to cladding collapse or cladding
ballooning and if so, when; (b) will the cladding oxidize, embrittle, and
then fail due to thermal shock; (c) how much fission product release will
occur during an off-normal transient if the cladding falls; (d) will the
peak cladding temperature exceed 2200IF; and (e) will a fuel bundle
geometry remain coolable.
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TABLE 5-15. PROPERTIES INCLUDED IN MATPRO

Fuel Material (UO2 and PuO2 )

Specific heat capacity
Thermal conductivity
Emissivity
Thermal expansion
Elastic modulus
Creep rate
Densification
Swelling
Pressure sintering
Restructuring
Fracture strength
Fission gas release
Cesium and iodine release
Vapor pressure
Viscosity
Oxidation
Melting temperatures

Fuel Rod Cladding Material (Zircaloy-2 or -4)

Specific heat capacity and enthalpy
Thermal conductivity
Emissivity
Thermal expansion and density
Elastic moduli
Axial growth
Creep rate
Plastic deformation
Annealing
Texture factors
Mechanical limits and embrittlement
Cyclic fatigue
Collapse pressure
Oxidation
Hydrogen uptake
Meyer hardness
Melting temperature, phase transformation temperatures

Gas properties (10 different gases)

Specific heat capacity and enthalpy
Thermal conductivity
Gas viscosity
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TABLE 5-15. (continued)

Neutron Absorber Material

Specific heat capacity and enthalpy
Thermal conductivity
Thermal expansion and density
Surface tension
Viscosity
Melting temperature

Grid Spacer Material

Melting temperature

Control Rod Cladding Material

Specific heat capacity and enthalpy.
Thermal conductivity
Thermal expansion and density
Oxidation
Melting temperature

Zirconium-Uranium-Oxygen Compounds Material

Specific heat capacity and enthalpy
Thermal conductivity
Thermal expansion and density
Coefficient of friction
Interfacial surface tension
Viscosity
Rate of U02-zircaloy reaction

Heat solution of solid U02  by zirconium-uranium oxygen

compounds
Melting temperatures and solubility
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Assessment of FRAP-T has been performed since its development began; it
included both developmental assessment and independent assessment.
Developmental assessment provided a check of the changes that occur during
code development and involved comparison of the code calculations with
well-characterized experimental data. The developmental assessments
performed to date are documented in References 5-129 through 5-134 and
indicate that all the important phenomena are not only modeled but also
modeled well. The second type of assessment, called independent
assessment, was done only after the release of major code versions and
provides information for the code user on general trends of code
calculations based on a large number of experimental data comparisons. A
number of independent assessments have been performed and documented in
References 5-135 through 5-142. The code improvements that stem from that
type of assessment have been long-term improvements. The result of the
assessment efforts is a code that can confidently be used in ensuring the
safety of nuclear fuel rods.

These representative examples of the developmental assessment results
are provided by comparisons of calculations and data from three fuel rod
tests; PBF test LOC-l1C (Reference 5-144), PBF test RIA 1-1
(Reference 5-145) and TREAT test FRF-2 (Reference 5-146).

The PBF test LOC-l1C obtained a measurement of steady state fuel
centerline temperature under normal operation coolant conditions for a wide
range of fuel rod power. Figure 5-39 shows a comparison of calculated and
measured fuel centerline temperatures for fuel rod power ranging from 0 to
60 kW/m. The calculations and measurements are seen to be in excellent
agreement over the full range of power. Since the stored energy in a fuel
rod is directly related to the fuel temperature, this excellent agreement
of calculations and measurements is evidence that FRAP-T6 is accurately
calculating the stored enengy a fuel rod has at the start of a transient.

The PBF test RIA 1-1 obtained a measurement of transient fuel
centerline temperature and cladding surface temperatures during a test
simulating a reactivity-initiated accident. At the elevation of the
measurements, the fuel was heated to an enthalpy of 165 cal/g in 0.1 s by a
high-intensity and short-duration power burst. Figure 5-40 shows a
comparison of calculated and measured fuel centerline temperature.
Initially, the calculated temperature increases faster than the measured
temperature. This discrepancy is due to the slow response time of the
measuring instrumentation. The fuel temperature decreases after the power
burst because of cooling by the flowing coolant. The calculated and
measured fuel temperature decrease are in good agreement. This good
agreement is evidence that FRAP-T6 is accurately calculating the transient
heat conduction through the fuel and fuel-cladding gap. Figure 5-41 shows
a comparison of calculated and measured cladding surface temperature during
the test. These temperatures are also in good agreement, and the calculated
and measured times of cladding rewet are in excellent agreement. The
agreement is evidence that FRAP-T6 accurately calculates the heat transfer
at the cladding surface during pre- and post-DNB heat transfer. The
agreement also indicates that FRAP-T6 is capable of accurately calculating
the maximum cladding temperature during a transient.
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The results of the TREAT test FRF-2 provide experimental data for
assessing the cladding ballooning model in FRAP-T6 under conditions typical
of the reflood stage of a LOCA. In this test, only the final amount of
cladding ballooning was directly measured; i.e., the transient cladding
ballooning was not measured. The transient cladding ballooning was inferred
from measurements of the internal pressure of the fuel rod. The reciprocal
relationship of gas volume to internal pressure is used to estimate
transient cladding ballooning. Figure 5-42 shows a comparison of
calculated and measured fuel rod internal pressure during the TREAT FRF-2
test. The calculation was performed using the best-estimate ballooning
model. Both the calculation and measurement show the gas pressure
decreasing rapidly beginning at 25 s in response to cladding ballooning.
Both calculation and measurement show that the cladding ruptured at about
32 s. The calculated and measured final permanent hoop strains of the
cladding are compared in Figure 5-43. Although the maximum amount of
cladding hoop strain is overpredicted, the comparison, in general, shows
good agreement between calculation and measurement. The agreement shown in
Figures 5-42 and 5-43 provide evidence that FRAP-T6 is capable of
determining whether cladding ballooning may cause a loss of coolable
geometry during a LOCA.
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6. LOCA/ECC PHENOMENA, PREDICTIVE MODELS AND DATA BASE

ECC issues have evolved over the years since the ECC rulemaking
hearings that resulted in Appendix K of 10 CFR Part 50 (1974). This rule
was developed mainly to address large break design basis accidents.
Following the TMI accident; however, issues related to small break
accidents and operational transients arose. A diverse range of ECC related
phenomena exists, mostly related to two-phase heat and mass transfer. The
following sections discuss phenomena including critical flow, blowdown, ECC
bypass/refill, reflood, flow blockage, alternative ECCS, reactor coolant
pump effects, core uncovery, natural circulation, steam generator
characteristics, decay heat, metal-water reaction, fuel rod behavior, loop
seal clearing (liquid holdup), small break blowdown hydraulics, effect of
upper head to downcomer bypass flow, and degraded HPI coincident with small
breaks. A description of these phenomena, their data base and a discussion
of the computational methods used to predict these phenomena are provided.

An extensive data base has been collected to examine the phenomena and
issues relative to ECCS. This body of work represents almost 15 years of
examination in the water reactor safety field devoted to thorough coverage
of the issues. From a historical viewpoint, much of the early data dealt
with only large break design basis accidents and the phenomena studied and
modeled with codes tended to be specific to this type of break. It was
commonly thought that if the transient severity was shown to be less than
Appendix K limits for the design basis accident then other accidents would
also be less severe. With the occurrence of the TMI-2 accident, the water
reactor safety effort shifted to small break loss of coolant accident
(SBLOCA) analysis and emphasis was placed on probabilistic risk assessment
(PRA) studies and human factors; therefore the majority of recent data
involves SBLOCA issues.

Discussion of each topic begins with a description of the relevant
phenomena and the state of knowledge that existed in the early 1970s.

6.1 Critical Flow

The discharge of coolant from a LWR during a LOCA is calculated to
track the coolant inventory for best-estimate analysis. Inventory has a
first-order influence on other features of the LOCA sequence. A method
exists, however, to circumvent uncertainty in the ability to model critical
flow, should they exist. This is because the actual break size and
geometry are not predefined for a plant LOCA, rather a range of possible
break sizes and geometries must be considered. In practice, a set of
calculations with a spectrum of break sizes are performed in compliance
with the Appendix K rules.

During the 1960s, several proposed models sought to predict two-phase
critical flow by using a limited set of conservation equations (momentum
equation alone or energy equation alone). Such models assumed that thermal
equilibrium is maintained while slip is present. The Moody (1965)
model (6.1.1), for example, is particularly important since it was chosen
as a required feature of Appendix K to 10 CFR Part 50. Appendix K requires
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that Moody's model be used during two-phase blowdown. It also requires
that at least three values of a discharge coefficient (area multiplier) be
applied to the postulated break area to account for uncertainty. The three
coefficients must range from 0.6 to 1.0. Further research subsequent to
1974 has essentially served to demonstrate that none of the
slip-equilibrium models of the 1960s, including Moody, represented all the
important physical processes of two-phase critical flow. The apparent
adequacy of the Moody model at the time Appendix K was formulated was due
to its comparison with only a limited set of experimental data. Subsequent
examination has shown that an overestimation of slip effect tended to
compensate for the exclusion of thermal nonequilibrium. Best-estimate
analysis requires the ability to model thermal nonequilibrium.

6.1.1 Phenomena

If the pressure gradient applied to a fluid is continually increased,
the corresponding increase in the mass flux will suddenly stop when the
sonic limit of the fluid is reached. The limit is known as the critical
point. Water flowing down the pressure gradient begins flashing to steam
when the saturation pressure is reached. Best estimate codes must
calculate the critical flow rate (choked flow) when the fluid is all water,
water and steam or steam only. Choking is expected at the break points of
large or small pipes which may rupture or at open valves which have large
pressure gradients across them.

Two-phase critical flow is similar to single-phase flow but is
complicated by additional degrees of freedom associated with the mechanical
(slip) and thermal nonequilibrium between the phases. Thus the
relationship between critical mass flux and the local "state" of the
two-phase fluid is much more complex than for a single-phase fluid. The
description of the two-phase state requires the consideration of mechanical
and thermal equilibrium. In addition the evolution of flow and the
two-phase states from the upstream stagnation state (or region of
substantially low Mach number) to the location of the critical mass flux
may have to be calculated to find the critical flow state. This evolution
depends on the geometry connecting the stagnation and choking locations.

The homogeneous equilibrium model (HEM) is a simplified treatment of
critical flow. Comparisons with more detailed models show that
nonequilibrium is important when the stagnation state is in the region of
subcooled liquid or very low quality. The duration of metastability is
important. This is the phenomenon where the liquid exists for a period of
time in a superheated state at a sharp pressure gradient prior to flashing
to steam. These physical phenomena are important in determining the
stagnation and critical flow states and therefore of the critical flow for
a specified stagnation state and break flow geometry.

LOCAs may occur as a result of a break of a pipe that connects to the
reactor coolant system or to a break of the reactor coolant system itself.
Such breaks can be postulated to range from an instrument tube failure to a
complete break of the reactor coolant system piping. For breaks resulting
from the shearing off of a small pipe, a short length of tube with a sharp
inlet edge can be an approximation. For breaks resulting from a small hole
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in a primary coolant pipe or in a small pipe, a sharp-edged orifice or a
sharp-edged tube can be the approximation (Figure 6.1-1). Nevertheless,
the licensing requirement is that LOCAs be analyzed for the spectrum of
postulated sizes.

Critical flow for small breaks is largely characterized by the ratio
of a large pipe flow diameter to break flow diameter. The possibilities
are more varied than for a large-break LOCA. For a large pipe break, the
reactor coolant will flow through the entire cross section, but when a
small break LOCA occurs in a pipe, the geometry of the pipe at the break as
well as the flow pattern in the vicinity of the break is important. The
slow depressurization rates due to a small-break LOCA tend to separate
steam and water, leading to a stratified two-phase flow. Under these
conditions, the orientation of the break relative to the steam/water
interface governs the flow pattern which, in turn, affects the rate at
which reactor coolant is lost through the break. Three important two-phase
flow processes that may occur in horizontal pipes during a small-break LOCA
may affect the critical flow rate. These processes, which were discussed
by Zuber (6.1.2) are two-phase flow regime transitions, liquid entrainment
in break flow, and vapor pull-through.

Loss-of-coolant may occur through valves by intentional design or
inadvertently. Valves are a major class of structural components used in
power plants. The types of valves used in LWRs include check valves, ball
valves, needle valves, butterfly valves, gate valves, globe valves, power
operated relief valves (PORVs), and safety relief valves (SRVs). Since any
meaningful technical discussion of valves must be restricted to a few
particular valve types, this report deals primarily with relief valves used
in LWRs. The reactor coolant system is protected against overpressure by
safety relief valves and power operated relief valves. Typical set
pressures for PORVs and SRVs are 2350 psia (16.2 MPa) and 2485 psia
(17.1 MPa), respectively, for PWRs and 1125 psia (7.8 MPa) and 1200 psia
(8.3 MPa), respectively for BWRs. Since the relief rate of the reactor
system pressure depends upon the valve discharge capacity, the calculation
of single- and two-phase flow rate through relief valves is important in
safety analysis.

SRVs and PORVs are usually designed to handle steam flow under choked
conditions. In nuclear power plants all relief valves vent into
containment vessels which in a nuclear transient may be regions of
increasing back pressure. The increase in back pressure can affect the
mass flow rate through the valve even though the differential pressure
across the valve is large enough for choked flow to exist (6.1.3). The
minimum cross-sectional area of the valve may not correspond to the actual
choking plane because the pressure in the downstream receiver causes flow
separation from the valve wall which in turn causes the choking area to be
different from the designed minimum flow area. Overall and closeup views
of an SVR and a PORV are shown in Figures 6.1.2 and 6.1.3, respectively.
Because of their unique geometrical complexities, the critical flow
phenomena will be different from those of small pipe breaks or cracks.
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Figure 6.1-1. Types of small pipe breaks.
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Figure 6.1-2. Simple overall schematic of a safety relief valve.
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Figure 6.1-3. Overall schematic of a power operated relief valve.
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During certain plant excursions from normal operating conditions, a
change in flow regime from single-phase vapor flow to two-phase mixture
flow or single-phase liquid flow may occur through relief valves. The
valve discharge coefficient (i.e., the ratio of measured to the
theoretically predicted mass flow rate) obtained for vapor flow may not be
applicable for the calculation of two-phase or liquid flows. In fact, the
value of the discharge coefficient decreases about 10-30% when the flow
changes from choked vapor flow to liquid flow. Determining the valve
discharge coefficient for two-phase flow is more complicated. Calculation
of the flow requires the use of a two-phase flow model that accounts for
the effect of flow separation in the valve.

In summary, the critical flow phenomenon is dependent on break
geometry, location and back pressure. For two-phase fluid it is also
dependent on nonequilibrium effects. Critical flow phenomena can pose
significant challenges to the predictive models used in LOCA analyses. The
following section identifies the models currently available in some of the
best estimate codes.

6.1.2 Predictive Models

The critical flow models in the best-estimate code follows the
RELAP5 (6.1.4) formulation developed by Ransom and Trapp (6.1.5). The
RELAPS criteria for two-phase flow is based on thermal equilibrium and
allows interphase slip at the choked location and stratified or homogeneous
flow upsteam of the break plane. Subcooled critical flow is computed using
the Bernoulli equation and the difference between the upstream pressure and
the vaporization pressure at the throat. The vaporization pressure at the
throat is obtained from the Alamgir-Lienhard-Jones correlation (6.1.6-8).
Nonequilibrium vapor production under critical flow conditions is discussed
in Reference 6.1.9. TRAC-BF1 (6.1.10) (used for BWR analysis) uses a model
similar to RELAP5. TRAC-PF1 (6.1.11) used for PWR analysis, is also
similar except that it uses the modified Burnell model (6.1.12) for
subcooling.

Appendix K required a 40% variation in the break area to account for
flow rate errors. Users of the new best-estimate codes are finding errors
of about 20%. Figure 6.1-4 shows errors based on the range of discharge
coefficients code users have applied to RELAP5/MOD2 to get good agreement
on LOFT (6.1.13) and Marviken (6.1.14) data (if a user needs a discharge
coefficient of 0.8 the code overpredicts by 20%). The Marviken vessel is
larger than a Westinghouse U-loop vessel and the broken pipe diameter is
about 39% smaller than the Westinghouse cold leg pipe. Figure 6.1-4
indicates no trend toward more error when applying the best estimate
critical flow predictions to full scale light water reactors. However,
because of break flow uncertainties, code users interested in finding the
peak fuel rod cladding temperature for a specified pipe break condition
must still perform more than one calculation. This is because rod
temperature is sensitive to core liquid inventory and system fluid mass
distribution which is a balance between break flows out of and emergency
core cooling water into the primary system.

6.1-6



0.25

0.20 -

0

0

.0

0.15 F

I I I -- 7 I II I
I I
I I
I I
I I
I I -

I I
I I
I,
II

LOFT II
range IIi

II
Marviken II-
rangeI

II
II

PWR I
gI-
I,

I I
I I

0.10 -

0.05

v, _ _ _

-o 0.1 0.2 0.3 0.4 0.5
Break diameter (m)

0.6 0.7 0.8
6 5488

Figure 6.1-4. RELAP5/MOD2 break flow error ranges.

6.1-7



These models have been used to predict a variety of experimental
data. These data and some code comparisons are described in the next
section.

6.1.3 Experiment Results and Analysis

Many experimental studies have been conducted to investigate critical
flow phenomena, and several analytical models have evolved.
References 6.1.15, 6.1.16, and 6.1.17 contain bibliographic summaries of
many of the two-phase critical flow studies that have been undertaken in
the last 20 years. These include critical flow studies involving constant
area ducts, converging-diverging nozzles, orifices, pipe tees and elbows,
valves, and slits. The available experimental critical flow data cover
wide ranges of break diameters and break configurations. Critical flow
data have been obtained for constant-area ducts or pipes with diameters
from 1.5 to 500 mm and lengths from 0.6 to 2800 mm, for
converging-diverging nozzles with diameters between 4 and 75 mm, and for
orifices with diameters between 4 and 30 mm. Some of the critical flow
studies listed in Reference 6.1.15 are of particular interest because the
data are directly applicable to the study of break flow behavior in
full-size nuclear plants. Other studies that have provided critical flow
data are of interest not only because they produce separate effects data
that can be used to develop and assess critical flow models, but also
because the experimental results provide insights into the influence of
break flow on overall system behavior.

6.1.3.1 Marviken Experiments. The critical flow experiments
conducted at the Marviken test facility (6.1.18, 6.1.19) have provided data
for essentially full-size pipe break simulations. The Marviken Critical
Flow Test Series was initiated in mid-1977 to obtain critical flow data for
short pipes of large diameter at subcooled and low-quality, two-phase
stagnation conditions under quasi-steady state conditions. Marviken
provided considerable information on the critical flow through nozzles of
reactor size. The data were used to investigate the effect of nozzle
length (L/D), diameter, and initial subcooling on the critical flow rate
and assess existing critical flow models. The test sections had rounded
entrance sections followed by constant area sections ranging from 200 to
509 mm in diameter and from 166 to 1809 mm in length. The inlet stagnation
conditions included a range of pressures from 2.6 to 5.2 MPa and a range
from 500C subcooled to qualities of 0.005.

The behavior observed during each of the Marviken tests can be
characterized as having three distinct periods. Each period is clearly
indicated on a typical flow rate history as shown in Figure 6.1-5.
Following opening of the break, the system experienced a pressure
undershoot, which was terminated by the incidence of flashing. Initial
depressurization rates measured during the first phase of the test ranged
up to 3.5 MPa/s (depending on the test nozzle). As the vessel water began
to flash, the system pressure rapidly increased until a stable flashing
rate was established, after which the vessel began to depressurize again.
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The second period during Marviken experiments was marked by a steadily
decreasing flow rate and pressure with an established vessel-water flashing
rate. The water entering the test nozzle during this period was subcooled,
although a mixture of subcooled and saturated water was discharged from the
nozzle near the end of the second and the beginning of the third period.
Maximum depressurization rates measured during the second period were on
the order of 148 kPa/s.

At about 20 s the fluid temperature attains the saturation value and
the third period begins. The third period was characterized by a reduction
in the discharge flow rate as a result of two-phase water entering the test
nozzle. Maximum depressurization rates measured during the third period
were on the order of 34 kPa/s.

A RELAP5/MOD2 calculation is also shown in Figure 6.1-5. Up to the
third period, agreement with data is satisfactory. The discharge
coefficient used for this calculation was 1.0 for all phases of the
transient. During the final period the code is underpredicting the data by
10 to 20%.

Temperatures measured in the discharge pipe at the second measuring
station (Ring 2) mirror the flow data (Figure 6.1-6). Typical discharge
pipe fluid temperatures showed a rapid rise during the first period as the
cold discharge pipe water was replaced by vessel fluid. The temperature
increased during the second period as the fluid neared saturation and a
period of saturated flow began.

The Marviken data show that, for subcooled stagnation conditions, the
critical mass flux decreases with increasing pipe length up to a
length-to-diameter ratio of approximately 1.5 (Figure 6.1-7). Further
increase in length does not reduce the mass flux appreciably, the small
additional reduction being probably due to pipe friction. For saturated
liquid stagnation conditions, the mass flux decreases with increasing pipe
length, but the variations are within the specified experimental error
limits (Figure 6.1-8).

The effect of diameter on the critical mass flux for similar subcooled
stagnation conditions is shown in Figure 6.1-9. Within the experimental
error limits, no diameter effect was observed for subcooled stagnation
conditions for short nozzles having an L/D less than 3.5 and for orifices.
This conclusion is supported by the experimental results of
Modorikawa (6.1.20) (Figures 6.1.10 and 6.1.11) and data analysis results
by Jarrell and Hall (6.1.21) (Figure 6.1-12).

The effect of pipe diameter on the critical flow does, however, become
important as saturation is approached. For these conditions, higher
critical mass fluxes were achieved as the nozzle diameter was decreased.
For zero stagnation quality, Figure 6.1-8 shows an increase of 15% to 18%
in the critical mass flux for a 300 mm nozzle as compared to a 500 mm
nozzle. Figure 6.1-13 (6.1.22) shows the influence of diameter on
saturated break flow. The data show that flow per unit break area
increases with decreasing break size. The results from Figure 6.1-14 from
Lin et al. (6.1.23), show a similar effect.
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In addition to nozzle length and diameter, the effect of subcooling
was illustrated by Marviken data. The data show substantially greater
critical mass flow with greater Increased subcoollng. Figure 6.1-15 shows
high flow over a much wider pressure range with an initial subcooling of
30 K than at 5 K.

Marviken data was analyzed by Abdollahian et al. (6.1.16) to evaluate
critical flow models against the large-scale critical flow data, including
homogeneous equilibrium model (HEM), Moody (6.1.23), Henry-Fauske (6.1.24),
Burnell (6.1.25), Ardron (6.1.26), and Richter (6.1.27). The analysis also
includes a survey and categorization of the two-phase critical flow
literature as well as some recommendations for modeling the critical flow.
The analysis showed that Henry-Fauske in the subcooled flow regime and
Moody in the saturated regime generally overpredict the flow data. This
conservative margin for break flow is important for accident analyses and
plant design. The HEM predicts the Marviken critical flow data reasonably
well for subcooled conditions and length-to-diameter ratios greater than
1.5. The Henry-Fauske model is also able to predict much of the data if
the discharge coefficient is varied according to the initial pressure and
nozzle geometry, However, critical flow predictions by the two-fluid models
in general and Richter's model in particular were the most successful in
predicting the entire range of Marviken data.

Another investigation of critical flow modeling using Marviken data
was carried out by Hall (6.1.28) also showing similar relative merits of
the various existing models for critical flow.

These studies show that Appendix K type thermal equilibrium critical
flow models are not able to predict Marviken data over the range of
parameters tested. Nonequilibrium effects were found to be important in
those tests with subcooled stagnation conditions and L/D less than 1.5.
Discharge coefficient multipliers as low as 0.55 were needed using the
Henry-Fauske model and values as high as 1.68 were needed for the HEM
model. In contrast, two-fluid models can predict the Marviken data over a
range of parameters tested with about a 20% error.

6.1.3.2 LOFT Experiments. The LOFT facility was a 50 MW(t)
pressurized water reactor (PWR) system with instruments that provide data
on the system thermal-hydraulic and nuclear conditions. The transient
response of the LOFT system to accident events was similar to large
[1000 MW(e)] commercial PWRs. Extensive experimentation (6.1.13) was
performed in the facility to investigate the influence of break response on
overall system behavior for both large- and small-break LOCAs as well as to
Identify those aspects of the system behavior that influence fluid
conditions near the break and thus affect break flow response. A large
amount of experimental critical flow data has been generated in LOFT and
which has contributed significantly to the understanding of critical flow
phenomena. One objective of the LOFT Experimental Program was to provide
data for assessing thermal-hydraulic models, including critical flow
models, and for determining the best modeling techniques used in the
best-estimate codes. The codes used for data comparisons Included TRAC-PWR
and RELAP5. Some results of LOFT Test L2-3 and a code-data comparison
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study are presented here. The importance of accurate critical flow
modeling was demonstrated during LOFT large break experiments L2-2 (6.1.29)
and L2-3 (6.1.30). Accurate predictions of the subcooled and saturated
critical flow and the transition from subcooled to saturated critical flow
were important factors in predicting the flow reversal through the core
that quenched the fuel rods.

RELAP4/MOD6 had several critical flow model options. For large
breaks, the break flow modeling technique that produced the best agreement
with LOFT data was the use of a combination of the Henry-Fauske for
subcooled conditions and HEM for saturated conditions with a break flow
multiplier of 0.840 applied to both and a transition from the Henry-Fauske
model to the HEM between 0 and 0.25% quality. The Henry-Fauske/HEM
combination produces better results than using the Moody model which is
prescribed by Appendix K. No single set of discharge coefficients have
been found to produce the best calculational results since the coefficient
is a function of pipe break geometry and upstream thermal-hydraulic
conditions.

Break flow coefficients were used to improve agreement between
RELAP5/MOD1 and LOFT experiment results. Figures 6.1.16 and 6.1.17 show a
comparison of calculation with data from the LOFT large-break experiment
L2-3. For the cold leg side of the critical flow multipliers of 0.98 and
0.84 were used for subcooled and two-phase conditions, respectively. A
value of 1.0 was used for both the subcooled and the two-phase discharge
coefficients for the hot leg side of the break because the flow was
controlled by the pump and steam generator simulators in the broken loop
piping.

6.1.3.3 Additional Experiments. Some additional experiments which
have provided information on critical flow are Semiscale (6.1.31-34) for
large and small breaks, EPRI (6.1.35-37) and U. of Maryland (6.1.38) for
valves; and Creare (6.1.39), Karlsruhe (6.1.40), Lawrence
Berkeley (6.1.41), and LOFT-Wyle (6.1.42) for small breaks. The latter
four test series obtained small break data. RELAP5/MOD2 has been compared
with LOFT-Wyle data as shown in Figure 6.1-18. The size of the break hole
was 0.016 M and the RELAP5 discharge coefficient was 1.0.

6.1.4' Conclusions

The preceding discussion has identified the various phenomenological
aspects of critical flow. The critical flow models currently available in
best estimate codes are considerably better than the Moody model specified
as a required features of Appendix K to 10 CFR Part 50. These best
estimate models have been shown to yield good agreement with experimental
data. This includes nearly full-scale data from Marviken.
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6.2 Depressurization and Blowdown Core Heat Transfer

Appendix K to 10 CFR Part 50 identifies acceptable models for critical
heat flux (CHF) and post-CHF heat transfer during the blowdown phase of a
LOCA. The models and data bases identified therein are the result of
research performed prior to 1975. Pre-1975 experimental research focused
primarily on individual flow regimes using small-scale experimental
apparatus. While the importance of CHF and post-CHF heat transfer and flow
regimes were recognized, the effect of transient and bundle behavior had
not been adequately addressed. Film boiling heat transfer research had
been conducted at several locations using single tube experiments.
Associated analysis had isolated important parameters in this flow regime.
Rod bundle data were limited to single-phase flow heat transfer and bundle
hydraulic characteristics under steady-state conditions. Very little steam
cooling data were available for any geometry, and the effect of natural
circulation under steam cooling conditions was unexplored.

This section describes the experimental programs and predictive models
developed to address blowdown core heat transfer effects associated with
LOCAs in PWRs and BWRs.

6.2.1 PWR Phenomena

A loss-of-coolant accident may occur as a result of a break in reactor
coolant system piping, piping that is connected to the reactor coolant
system, or an open valve. The most severe break in terms of ECCS
performance requirements is a double-ended offset shear of the cold leg
pipe. Depressurization may occur over tens of seconds or over several
hours depending on the size of the break or leak that initiates the
transient. The system may experience varied depressurization and
repressurization scenarios as a result of control system functions and
operator actions in the event of a small break or valve leak. Following
reactor scram, the coolant must remove decay, and stored heat from the fuel
elements in the presence of the very complex flow patterns that may exist.
In the event of a small break LOCA stored energy is removed in a few
seconds following scram; however, in a large break LOCA the
depressurization is so rapid that only part of the stored energy is removed
by liquid coolant prior to core uncovery.

Emergency core cooling systems (ECCS) are provided in the event of a
reactor depressurization. When system pressure levels have dropped on the
order of hundreds of psi, high pressure injection system (HPIS) pump supply
liquid. If leak flow exceeds high pressure injection flow, the system will
continue to depressurize. Additionally accumulator tanks can supply water
through check valves when the system pressure drops below the accumulator
pressure trip. After depressurization has continued to reduce system
pressure still further, a low-pressure injection system (LPIS) supplies
subcooled water by means of high-capacity pumps.

The course of depressurization during a LOCA follows several stages
(for breaks that exceed the capacity of the normal makeup pumps and high
pressure injection system). First, the primary system drops to the
saturation pressure corresponding to the coolant temperature. At this
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point, flashing occurs and vapor begins to form. Vapor generation reduces
the depressurization rate and, under certain circumstances, may actually
begin to repressurize the reactor coolant system because of the choking of
the flow at the break or leak.

As primary fluid leaves the break during blowdown, the core may become
partially or totally uncovered depending on the size of the break. In the
event of a small break with sufficient loss of inventory, the coolant may
only partially cover the core with a region above the liquid level cooled
by steam boiling from the pool. For large breaks or high reflood rates,
film boiling may exist above the liquid quench location. During film
boiling or steam cooling of the core, rod surface temperatures will
continue to rise until the coolant heat transfer capability matches the
decay and residual heat generated within the rods. Once this point is
reached, the rod temperatures will begin to decrease because of the
decrease in decay heating with time. Eventually, continued ECCS injection
will decrease rod surface temperatures to the point that the fuel elements
can quench, and the core will begin to reflood.

Fuel rods experience different heat transfer regimes during a LOCA
transient and regimes occur simultaneously in different core regions.
These regimes include conduction and convection to liquid, nucleate
boiling, transition boiling, film boiling, radiation and steam cooling.
During early stages, the core is cooled by either conduction and convection
to liquid or nucleate boiling, and fuel rod surface temperatures are near
the fluid saturation temperature. Eventually as more vapor is formed, the
critical heat flux (CHF) point may be reached locally which signifies a
change in the mode of heat transfer at. the rod surface. The post-CHF
regime is characterized by rod surface temperatures high enough to prevent
contact between the liquid and cladding which significantly decreases the
heat transfer rate. Since the energy within the fuel rods decreases
rapidly with time, the longer CHF is postponed, the less heat must be
removed in the post-CHF regime. Once the heat transfer rate decreases to
the point where energy cannot be transferred to the liquid, the fuel rod
surface temperatures begin to increase. Eventually, the minimum stable-
film boiling (MSFB) point is reached with temperatures high enough to
prevent liquid contact with the rod. Heat transfer in this film boiling
regime is almost exclusively through convection to the vapor, and heat
transfer capability is thus substantially reduced from that of nucleate
boiling or conduction and convection to liquid. If coolant inventory
continues to decrease, the post-CHF regime within the core spreads, as
coolant evaporates and is lost through the break.

Depending on the nature of the break, the flow within the core may be
unidirectional or multidirectional. Flow reversals may also occur during
the course of the transient. The hydrodynamic interaction of the core with
the remainder of the primary system (including pumps, steam generators,
valves, etc.) determines the course of the transient. Because the local
heat transfer from the rods is influenced by the local flow velocity and
heat transfer regime, prediction of the thermal response requires
simultaneous accurate accounting of both fluid and heat transfer behavior
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as well as primary system response. In addition, the geometry of the rod
bundle itself allows for crossflow between channels during the transient,
and grid spacers within the bundle can alter both the heat transfer and
flow characteristics in the core. Cladding temperatures may become high
enough to cause clad or fuel damage or displacement during film boiling or
steam cooling if the duration is sufficiently long. The CHF point and MSFB
point must be characterized to predict reactor core thermal behavior
properly as these two values determine when the fuel elements undergo a
change from high heat transfer (forced convection to liquid, nucleate
boiling) to low heat transfer (film boiling, steam cooling) regimes.

6.2.2 PWR Predictive Models

In order to accurately predict the fuel cladding temperature during
the blowdown portion of a LOCA, a best estimate code must be able to
predict the transient heat transfer behavior. Figure 4-9 presented a
boiling curve which illustrates the different heat transfer regimes that
can be encountered. Heat transfer due to the forced convection of a
single-phase fluid is usually predicted using the Dittus-Boelter
correlation. RELAP5/MOD2, COBRA/TRAC and TRAC-PF1/MOD1 implement this
correlation. Similarly, all three codes use the Chen correlation to
predict saturated and subcooled nucleate boiling heat transfer and the
Biasi correlation to predict CHF under forced convection conditions. In
general, CHF under pool boiling conditions is predicted using the modified
Zuber equation and inverted annular flow film boiling is predicted using
the modified Bromley equation. Some two-fluid codes use the
Dougall-Rohsenow correlation to predict dispersed flow film boiling.
However, because these are nonequilibrium codes, actual vapor properties
can be used in the correlation rather than saturation properties. This
extends the range of applicability of the correlation. In addition to
convective heat transfer correlations, some codes also include radiative
heat transfer equations.

These codes have been tested against a variety of large break LOCA
data. The following section describes the experimental data base and
presents reference to some code comparisons.

6.2.3 PWR Experiment Results and Analysis

Many separate effects and integral facility experiments have been
performed to examine core depressurization and blowdown heat transfer
effects. The development of advanced instrumentation through these
programs has greatly aided our understanding of blowdown phenomena.

6.2.3.1 Thermal Hydraulic Test Facility (THTF). The
Thermal-Hydraulic Test Facility (THTF) discussed in Appendix A was designed
to acquire thermal-hydraulic and heat transfer data applicable to nuclear
reactor cores during a loss-of-coolant accident (LOCA). All peripherals to
the test section were designed to provide known fluid conditions to the
multirod (49 to 64) electrically heated bundle. The THTF produced
time-to-CHF and CHF data, post-CHF data under both large- and
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small-break LOCA conditions (film boiling and steam cooling), high-pressure
reflood data, level swell data under small-break LOCA conditions, and data
on the effect of spacer grids on heat transfer. A discussion of the
experiments follows, and a summary of test conditions for each test series
is presented in Table 6.2.1. Issues discussed in this section include core
heat transfer and hydraulic response to blowdown.

Time to CHF

Initial testing was performed using a 49-rod bundle with a chopped
cosine axial power profile. These tests examined parameters important to
establishing the time to critical heat flux (Reference 6.2.12) as well to
providing transient thermal-hydraulic data for code verification. Pretest
conditions within the test section were established by adjusting test
section inlet temperature and flow rate and system pressure to
predetermined values. Tests were initiated by rupturing either the inlet
or outlet (or both inlet and outlet) rupture disks and allowing the system
to depressurize. Orifices located at both break locations dictated the
depressurization rate. Time-to-CHF data were determined by examining
sheath thermocouple responses within the test section. Liquid subcooling,
break size and location, and number of unheated rods within the bundle were
among the parameters investigated. Results showed that unheated rods had
little effect on time to CHF if total bundle power remained constant
between heated and unheated rod experiments.

Film Boiling Tests

Film boiling heat transfer data were obtained under both transient
(References 6.2.13 and 6.2.14) and steady state (References 6.2.15-17)
conditions using the 64-rod bundle (with flat axial and radial power
profiles) described in Appendix A. All tests were conducted in the
dispersed flow regime and covered a parameter range spanning expected
ranges for both large- and small-break loss-of-coolant accidents. Pretest
conditions within the test section for both steady state and transient test
series were established in the samemanner as those for time-to-CHF
experiments. The steady state tests were conducted by increasing bundle
power until dryout occurred at the desired location within the bundle.
Transients were initiated by breaking the test section outlet rupture
disk. Bundle inlet conditions remained subcooled and flow was always
vertically upward for all tests (both for steady state and during all
transients), ensuring accurate measurement of flow into the test section.

Rod surface conditions (temperature and heat flux) were calculated
with an inverse conduction code, ORINC (Reference 6.2.18), using measured
inside rod sheath temperatures and rod power. Local, level-average fluid
conditions within the bundle were determined using measured bundle inlet
flow conditions outlet pressure, and rod heat flux calculated by ORINC. A
steady state energy balance up through the bundle was used for the steady
state tests while modified versions of RELAP (Reference 6.2.19) and
COBRA-TRAC (Reference 6.2.20) were used for determining the transient fluid
conditions. Examination of the data using both thermodynamic equilibrium
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TABLE 6.2-1. EXPERIMENTS PERFORMED
(THTF)

IN THE THERMAL HYDRAULIC TEST FACILITY

No. of experiments

Mass flux (kg/m2s)

Heat flux (kW/m2)

Pressure (mPa)

Quality (%)

Transient
Film Boiling

3

145-1100

160-1100

5-12

15-150

Steady State
Film Boiling

28

40-80

100-950

4-13

40-140

Steam Cooling

14

3-150

25-280

3-8.5

Level
Swell

11

3-29

11-75

4-8

No. of experiments

Inlet break size (%)

Outlet break size (%)

Heat rate (kW/m/rod)

Inlet subcooling (K)

Outlet subcooling (K)

Time
To
CHF

25

0-100

0-100

22-33

60

.30

No. of experiments

Pressure (mPa).

Flooding velocity (cm/s)

Heat rate (kW/m/rod)

Boiloff time (s)

Bundle height uncovered (%)

Reflood Boiloff

11 5

2-8 4-9

3-17 --

1-2 .5-2

-- 50-500

-- 40-90
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and nonequilibrium analyses indicated that a large degree of nonequilibrium
(vapor superheat, which is present in all heated dispersed flows) was
present in the bundle during many of the tests. THTF film boiling data
were compared to several existing film boiling correlations
(References 6.2.13, 16, 17, 21) with the conclusion that, of the
correlations examined, the Condie-Bengston IV correlation predicted the
data best while the Dougall-Rohsenow correlation performed poorly.
Behavior of the correlations was explained by the effects of nonequilibrium
on the local heat transfer.

Steam Cooling Tests

Steady state steam cooling tests were also performed in the THTF
64-rod bundle (References 6.2.17, 22 through 25, 27). Parameters were
varied over a range applicable to small-break LOCA conditions (see
Table 6.2.1). Once pretest loop conditions were established, power was
applied to the bundle until the test section reached a steady state
condition with a portion of the bundle partially uncovered. Tests were
carried out by supplying just enough liquid to the test section inlet to
keep the wet front steady within the bundle. Steam cooling existed over
approximately 1/2 of the bundle heated length. Rod bundle surface
temperatures and heat fluxes were determined from measured local rod power
and inside sheath temperatures. Local level-average steam temperatures
were determined using both a bundle energy balance and the fluid
thermometry located within the bundle.

Analysis of the tests showed that radiation to the steam played an
important heat transfer role, while some tests had flows low enough to be
influenced by natural convection effects (Reference 6.2.28). Several steam
cooling correlations were evaluated using data from the experiments, and a
new correlation was developed using several data sources (Reference 6.2.27).

Level Swell Tests

Eleven experiments were conducted in the THTF (64-rod bundle) to
examine mixture level swell under low heat and mass flux conditions
(Reference 6.2.24, 26, 29). Tests were run in a manner similar to the
steam cooling tests discussed above. Void fractions beneath the wet front
were measured using differential pressure taps mounted within the bundle.
Various void fraction models and correlations were also examined. It was
concluded that the Cunningham and Yeh void model best predicted THTF
experimental mixture levels (Reference 6.2.30).

High-Pressure Reflood/Boiloff Tests

Several high-pressure bundle boiloff and reflood experiments were
performed in the THTF (64-rod bundle) to simulate conditions that might
occur during a small-break LOCA accident (References 6.2.25, 31, 32).
Boiloff testing was performed by shutting off the test section inlet flow
completely when pretest conditions had been established. Excess volume due
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to boiling was accumulated in the pressurizer. A data scan was begun once
rod sheath thermocouples at the top of the test section indicated dryout.
The test was continued by depressurizing the system until a peak sheath
temperature of 1089 K was reached. Reflood testing was performed from a
partly uncovered bundle condition by opening the test section inlet valve
to a predetermined setting to initiate reflood and subsequent bundle
recovery. Fluid thermocouples within the bundle were used to detect the
presence of liquid and thus precursor rod cooling. The presence of spacer
grids within the bundle were found to increase the quench rate in regions
near the grid. Based on examinations of the quench level and collapsed
liquid level, it was believed that inverted annular film boiling was
present within the bundle during several of the reflood experiments.

6.2.3.2 Two-Phase Flow Test Facility (TPTF). The Japan Atomic Energy
Research Institute (JAERI) has conducted post-CHF heat transfer experiments
for upward steam-water flow at high pressure and low flow rate. A 25 rod
heat transfer test facility which is part of the TPTF was used. The

experiments covered mass flow rates from 20 to 800 Kg/mi2sec, qualities
from zero to one, pressures from 3 to 12 MPa, and heat fluxes from 3 to

26 watt/cm2. (References 6.2.10, 6.2.11) Heater rod surface
temperatures or heat transfer coefficients predicted by several
correlations were compared with experiment data with emphasis on the
applicability to thermal-hydraulic conditions during a LOCA. The
Dittus-Boelter and Groeneveld correlations predicted heater rod surface
temperatures relatively well in the post-CHF (steam cooling) regime under
high total mass flux conditions, but underestimated considerably the
temperatures under low total mass flux conditions. A new correlation was
proposed (Reference 6.2.11) to account for the effect of wall superheat and
quality on the heat transfer.

6.2.3.3 Loss of Fluid Test (LOFT) Facility. LOFT is an integral test
facility. It has a complete primary system and a nuclear powered core.
Several large break transient simulations (6.2.1-4) were conducted in the
LOFT facility to provide data for development and verification of systems
codes and for determining the degree of conservatism in the licensing
regulations. One of the assumptions required in a licensing calculation
for large break LOCAs is that, once departure from nucleate boiling or
critical heat flux (CHF) is calculated to occur during the blowdown phase,
a return to nucleate boiling is not allowed until onset of the reflood
phase. The results of the LOFT transient simulations demonstrated that
this assumption is invalid and causes the calculated fuel cladding
temperature to be much higher than measured. Return to nucleate boiling
can occur early in the blowdown phase of a large break LOCA as water flows
through the core drain by the reactor coolant pumps. The reactor vessel
mass inflow-to-outflow ratio exceeds a value of 1 for several seconds when
the break flow transitions from subcooled to saturated choked flow. This
phenomenon would occur even if a station blackout turned off the reactor
coolant pumps coincident with the LOCA initiation (6.2.5). The only way
this phenomenon could be prevented is if the RCP shafts stopped imparting
energy to the coolant immediately (pump shaft shear). When this bottom up
quenching is suppressed by decoupling the reactor coolant pump flywheel
from its shaft upon break initiation, blowdown quenching still occurs. In
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this situation, the topdown flow through the core is promoted as occurred
in LOFT experiments L2-5 and LB-1. Calculations have shown (6.2.5) that
this cooling phenomenon can be expected to occur in commercial PWR systems.

The degree of conservatism in Appendix K is illustrated in
Figure 6.2-1 which shows data from the LOFT LP-02-6 test (6.2.1). Within
five seconds after blowdown initiation the cladding temperature of rods at
the 0.62 m elevation had increased by over 400 K. During the next five
seconds nucleate boiling was reestablished by a core rewet which is
contrary to the Appendix K assumption. Then, a second departure from
nucleate boiling resulted in only about a 200 K temperature rise.

Departure from nucleate boiling (DNB) was measured to occur as early
as 0.96 s in the LOFT large break transients. DNB always occurred first in
the high power region of the core and spread upward, downward, and radially
to lower power regions of the core. The LOFT core was entirely in DNB
within 3.0 s as shown in Figure 6.2-1. At these DNB times the stored heat
in the core is the dominant heat source for cladding heatup. Blowdown
cooling (rewet) limits the cladding heatup, and causes a return to
saturation temperature over regions of the core. As blowdown continues CHF
reoccurs core wide at approximately 10 s and heatup continues until
accumulator injection becomes effective. The early cooling phenomenon
(rewet) can remove much of the stored energy. This is an important
contribution to the large difference in peak cladding temperature as
calculated with Appendix K assumptions and as measured in the LOFT
transients.

Simulation of shearing an ECCS injection pipe in a cold leg of a PWR
was also studied in the LOFT facility. This size break is typically a
14 in. Schedule 160 pipe area break and is classified as an intermediate
break. The system pressure response is similar to that of a large break
LOCA although longer in duration (6.2.4). The core thermal response
differs significantly, however, in that the coolant mass distribution
causes a top-to-bottom core uncovery. The core heatup begins at
approximately 108 s. The magnitude of the heatup transient is less severe
than that in a large break LOCA because the stored heat is completely
removed by the time heatup starts. Heatup progresses by decay heat alone.
The heatup rate was less than adiabatic due to heat transfer to the
two-phase fluid. Maximum cladding temperature was approximately 200 K less
than for a large break. Thus, intermediate break LOCAs, assuming the same
functionability of ECC systems, are less severe than large break LOCAs.
The Appendix K assumptions produce a smaller degree of conservatism
primarily because of stored heat removal prior to DNB, and the absence of
the blowdown quenching phenomena (rewet).

6.2.4 Conclusions for PWR Blowdown Phenomena

The following conclusions can be arrived at based on the experimental
and analytical studies referenced in this section:
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1. Experimental evidence shows that during the blowdown phase of a
LOCA, the core can rewet and return to the nucleate boiling heat
transfer regime subsequent to its initial departure from that
regime. Even if there is not a rewet of the cladding, the heat
transfer is enhanced by the presence of liquid droplets in the
steam. This additional cooling period limits the cladding
temperature increase. Conservative evaluation models do not
include rewet effects.

2. A variety of codes have been assessed using experimental data.
These best estimate codes have been shown to yield good agreement
with the data.

6.2.5 BWR Phenomena

For BWRs, the most severe possible break in terms of loss-of-coolant
is to double-ended break occurring at the recirculation pump suction.
Three major thermal-hydraulic processes must be understood to accurately
determine core thermal response during the blowdown phase of a BWR LOCA:

1. The core flow coastdown and the resulting time to boiling
transition,- as well as the post-CHF heat transfer. This process
is influenced primarily by the break flow, pump coastdown, and
the relative flow splits between the core and jet pumps in the
broken loop.

2. The lower plenum flashing swell and its influence on core flow
(possible return to nucleate boiling) and mass redistribution.
This process is governed by the depressurization rate (break
flow) and the two-phase flow splits between the core and jet pumps.

3. The period following lower plenum flashing as the mass drains
back to the lower plenum with the potential for draining the
bundle and uncovering the core. This process is governed by CCFL
and the steam flow up the bundles. The core steam flow is
dependent on the vapor generation rate in the lower plenum and
the flow split between the core and jet pumps. The two-phase
level in the lower plenum relative to the jet pump exit greatly
influences this flow split. After bundle draining, the rate of
core heatup is also dependent on the core steam flow, which may
continue to provide some cooling.

Accompanying the large recirculation line break driven blowdown of a
BWR there is an immediate main steam isolation valve closure. Once the
main steam line is isolated (see Figure 6.2-2 for a schematic of main steam
isolation valve location) the depressurization rate would be slow.
Pressure increase could even result for smaller break sizes. This is
different from the rapid initial depressurization during a PWR large break
because the BWR normally operates with saturated liquid in the system.
Initially the break flow would be primarily single-phase liquid out the
recirculation line suction. The 10 CFR 50 rules require the assumption of
loss of offsite power if this would make the transient more severe. The
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core flow would slowly decrease as the flow in the jet pumps of the broken
loop reverses and the intact loop recirculation pumps coast down because of
the assumption of loss of offsite power. The core flow would further
decrease as the level in the downcomer decreases below the jet pump suction
and pump driving head is lost. This would occur within a few seconds of
the initiation of the large break and might result in initial core heatup
following departure from nucleate boiling due to low flow during a period
when stored energy and power in the rods would still be high. This would
continue until the level in the downcomer decreases sufficiently to uncover
the recirculation line suction (see Figure 6.2-2). This would result
in a more rapid depressurization as the break flow changes to primarily
single-phase steam. As pressure decreases, the saturation pressure of the
previously slightly subcooled liquid in the lower plenum would be reached
and the lower plenum liquid would flash to steam. During the lower plenum
flashing period, a two-phase mixture would swell from the lower plenum up
through the core and would probably return any rods that experienced a
heatup to nucleate boiling conditions. This lower plenum flashing would
also redistribute mass from the lower plenum and guide tubes to the bypass
(area between fuel channels), core, and upper plenum. As the lower plenum
flashing decreases, liquid would drain back to the lower plenum and the
two-phase level In the core would decrease, resulting in the core uncovery
and renewed core heatup.

This description of a large recirculation line break is generally
applicable to intermediate breaks, except that the transient would be
stretched out in time. The initial boiling transition may not occur
because of lower decay power at later times. Even smaller recirculation
line breaks would behave more like steam line breaks since the automatic
depressurization system (ADS) would have time to function. The ADS uses
the combination of low vessel level and high containment pressure signals
to open steam line relief valves after a time delay of about a minute and
effectively turns a BWR small break into a large steamline break.
Steamline breaks in BWRs or ADS activations in BWRs may result in only
limited or no core uncovery because of less mass lost through a steam-only
break and the more rapid depressurization.

The blowdown phase of the BWR LOCA involves a complex interaction of
two-phase phenomena. The rate of depressurization versus the rate of mass
loss largely determines the severity of the transient and depends on the
break size and location relative to liquid levels. Steamline breaks
represent one extreme of rapid depressurization with minimum mass loss.
Recirculation line breaks result in a transition from high mass loss and
low depressurization rate to low mass loss and high depressurization rate
at the time the break uncovers. Break flow as a function of inlet
conditions and the inlet conditions themselves must be determined
accurately to calculate system mass and pressure as a function of time.
System mass is affected by break flow, both in terms of total mass and
distribution of mass. Liquid near the break is depleted by the break and
lower plenum flashing redistributes mass throughout the system. Two-phase
flow and flow splits are important both to determine heat transfer and mass
distribution.
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Following lower plenum flashing, another phenomenon--countercurrent
flow limit (CCFL)--becomes important. Liquid redistributed to core and
upper plenum would tend to drain back to the lower plenum after lower
plenum flashing decreases. However, liquid in the lower plenum would
continue to flash at a slower rate resulting in steam flow up the jet pumps
to the break and up through the core. Steam flowing up through the core
would tend to retard drainage due to CCFL at the restrictions at the top
(upper tie plate) and bottom (side entry orifice) of the core.

A number of conservative assumptions are specified in Appendix K. The
jet pumps are required to totally stop pumping (in the Appendix K model)
once the jet pump suction quality reaches one percent. In fact, drive flow
would still be flowing through the intact loop jet pump resulting in a less
rapid core flow coastdown. In addition, all rods are typically assumed to
enter boiling transition at a given axial level if any one rod is
calculated to enter boiling transition. Furthermore, the entire bundle is
assumed to enter departure from nucleate boiling during blowdown if any
rods are calculated to be in DNB. Those rods experiencing DNB are not
assumed to be rewet during the lower plenum flashing surge because of
requirements of Appendix K, in spite of the high core flows caused by the
flashing. Following the lower plenum flashing surge, evaluation models
typically do not ensure CCFL at the bottom of the bundle, allowing rapid
draining of the bundle to the lower plenum and subsequent core uncovery.
Heat transfer is assumed to be zero following core uncovery and no credit
for steam cooling is used.

Typical BWR peak cladding temperatures calculated by Appendix K type
evaluation models are shown in Figure 6.2-3. The early heatup shown is due
to the calculation of boiling transition. Some additional cooling is shown
during lower plenum flashing, but rewet is not predicted. Following the
lower plenum flashing, an adiabatic heatup is calculated.

6.2.6 BWR Predictive Models

Best estimate BWR codes such as TRAC-BD1/MOD1 and TRAC-BF1 have heat
transfer packages which are very similar to those found in the best
estimate PWR codes. One difference however is that the TRAC-BWR codes use
a modified Biasi correlation or the CISE-GE correlation to predict CHF
values. Also, the TRAC-BWR codes include a much more detailed radiative
heat transfer model. The TRAC-BWR computer codes have been used to predict
experimental results from different BWR test facilities. The following
section describes the experimental data base in the area of blowdown heat
transfer and presents some comparisons of code calculations to experimental
data.

6.2.7 Experiment Results and Analysis

Test facilities which have generated BWR core cooting data are TLTA,
FIST and ROSA-III. TLTA is a scale model of a BWR utilizing a single full
size electrically heated simulated fuel bundle. The TLTA was originally
used to investigate heat transfer during the blowdown phase of the LOCA in
a BWR/4 configuration with a 7 x 7 simulated fuel bundle (6.2.6). The TLTA
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was then systematically reconfigured to investigate blowdown heat transfer
in a BWR/6 scaled system with an 8 x 8 simulated bundle as reported in
Reference 6.2.7. Tests of small- and intermediate-break LOCAs have also
been conducted in the TLTA and FIST facilities. These results are included
in Section 6.5 (countercurrent flow) instead of this section because the
blowdown phenomena are of less interest for smaller break sizes.

Results from the early TLTA tests simulating a BWR/4 with 7 x 7
simulated fuel show some early and sustained heatups due to boiling
transition during the initial flow coastdown. These tests were extreme
cases, most useful for assessing heat transfer calculations, but not
representative of what might occur in a reactor. These early tests are
highly conservative for the following reasons:

1. The older 7 x 7 fuel that was simulated has now been largely
replaced with 8 x 8 fuel with a lower linear heat rate.

2. The decay power used simulated the Appendix K assumption of 1.2
times the value in the 1971 ANS standard.

3. The pump coastdown was more rapid than that expected in a reactor.

Even under these extreme test conditions, early and sustained boiling
transitions occurred only at the highest power locations in tests
simulating peak bundle powers. In addition, not all such rods experienced
early and sustained heatup, as some showed either enhanced cooling or even
rewet during lower plenum flashing. Figure 6.2-4 shows a comparison of the
heat transfer coefficients derived from one of these high power tests for a
rod that did experience early and sustained boiling transition. Also shown
for comparison on Figure 6.2-4 are heat transfer coefficients used in
typical BWR evaluation models based on Appendix K. This figure shows that
the heat transfer coefficients for typical evaluation models are
conservative even for these extreme test conditions.

Tests in the TLTA 8 x 8 series (6.2.7), later TLTA tests with ECCS
injection (6.2.8), and FIST tests (6.2.9) provide a more representative
view of heat transfer during the blowdown phase of a BWR large-break LOCA.
Early boiling transitions occurred only at the highest power locations in
tests simulating peak power bundles. These heatups were, however, not
sustained. Rewet of the entire bundle generally occurred during the lower
plenum flashing period for these more realistic tests as shown in
Figure 6.2-5.

During a large-break LOCA in a BWR, early heatup would occur only for
a limited number of locations in the core and these limited early boiling
transitions would not be sustained. Lower plenum flashing would rewet the
entire core. Sustained heating in a BWR is expected to occur only
following core uncovery. This delay in rod heatup is significant in that
most of the initial stored energy in the rods would be removed prior to
core uncovery. Thus the subsequent heatup after core uncovery is at a
relatively slow rate.
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Tests in the TLTA test series also showed the first evidence of the
importance of CCFL at the side entry orifice located at the bottom of the
bundle. Steam from continued flashing in the lower plenum flows up through
the bundle and tends to limit bundle drainage due to CCFL at the side entry
orifice. This evidence results from an observed slow drainage of the
bundle following the lower plenum flashing surge in the TLTA-4 series as
shown in Figure 6.2-6 at about 13 seconds. A geometry change was made in
the TLTA-4 configuration to lower the jet pump exit below the bottom of the
core to be more representative of a BWR. This geometry change tended to
increase the steam flow up the bundle over that flowing up the jet pumps
since the lower jet pump exits may be located beneath the two-phase mixture
level in the lower plenum. The result is a more rapidly depleted lower
plenum mass as mass is forced up the jet pump but a more slowly depleted
bundle mass as CCFL limits bundle drainage. The importance of CCFL at the
side entry orifice is difficult to evaluate from these tests alone,
however, as discussed in Section 6.3, later tests in a number of facilities
further emphasized the importance of CCFL at the side entry orifice.

Following core uncovery, these tests without ECCS injection showed
sustained heatup. However, the rods were not totally uncooled as assumed
by the adiabatic heatup assumption used in typical BWR evaluation models.
Even after the bundle was uncovered, liquid remaining in the lower plenum
continued to flash and produce steam flow through the bundle. This cooling
by steam was not sufficient to terminate the heatup, but it did provide
significant cooling. The cooling provided by the steam was also found to
be consistent with that calculated using standard single-phase heat
transfer correlations (e.g., Dittus-Boelter).

Work in the TLTA and subsequent testing in FIST have shown that the
blowdown phase of a BWR large-break LOCA would be a relatively mild
transient in terms of core heatup. Sustained core heatup is expected to
occur only after bundle uncovery and would be reduced over that assumed in
typical BWR evaluation models because of steam cooling and removal of the
initial stored energy by the lower plenum flashing surge. Figure 6.2-7
presents a comparison of the TRAC-BF1 code predictions to the TLTA large
break LOCA test 6423.

JAERI performed BWR large-break LOCA tests in the ROSA-III facility
(Reference 6.2.33). One of these tests was a recirculation pump suction
line break test (Run 983) assuming loss of low pressure coolant injection.
A counterpart test (6DBA1B) was performed in the FIST facility. The FIST
facility is volumetrically scaled (1/624) to a BWR/6 with a single
full-length electrically heated bundle. The ROSA-III facility is
volumetrically scaled (1/424) to a BWR/6 with four half-length electrically
heated bundles. Further details for both facilities are provided in
Appendix A. The fundamental thermal-hydraulic phenomena in the two tests
such as the system pressure, mixture level, and fuel rod surface
temperatures are compared in Reference 6.2.34. Figure 6.2-8 presents a
comparison of rod surface temperatures at four locations in the top half of
each core.
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6.2.8 Conclusions for BWR Blowdown Phenomena

Based on the experimental and analytical data referenced herein,
the following conclusions can be drawn:

1. Typical BWR evaluation models (Appendix K) predict heat
transfer coefficients that are conservative (i.e.,
underpredict heat transfer) under LOCA conditions.

2. Experimental data shows that the blowdown phase of a BWR
large-break LOCA is a relatively mild transient in terms of
core heatup. The core heatup is significantly less severe
than that predicted using Appendix K assumptions.

3. Best estimate BWR codes have been compared to a variety of
BWR LOCA data and shown to yield good agreement.
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6.3 PWR ECC Bypass

During 1971 and 1972, a controversy developed over whether the
Emergency Core Cooling Systems (ECCS) would perform its intended function
and whether the understanding of the LOCA was sufficient to properly show
that the ECCS would work. The many technical concerns involved are
summarized in Reference 6.3.1. The problem of ECC bypass was only one of
the many issues, but a series of experiments in 1971 in the small scale
Semiscale facility illustrated the phenomenon and helped bring the overall
question of ECCS evaluation to a peak. The Semiscale facility (6.3.2) is a
mockup of a PWR designed to investigate the hypothetical LOCA. During
cold-leg injection Test 845 (6.3.3) all injected ECC fluid bypassed to the
break. The ECC fluid was injected directly in the lower part of the vessel
for Tests 848 and 849 (6.3-4) but most of the water injected into the
vessel was also expelled out the break through the process of entrainment.
In light of current knowledge, this expulsion of the fluid is expected.
The single-loop system resulted in less venting of steam through the hot
legs, and the excessively large ratio of metal surface to water volume of
the small-scale system significantly increased the production of
hot-wall-generated steam. While the atypical characteristics of the
Semiscale facility were recognized to some extent in 1971, the results
nevertheless caused uncertainty in the absence of better information.

A task force established by the U.S. Atomic Energy Commission (AEC)
held public hearings (6.3.5) to evaluate the ECCS and methods of analyzing
the LOCA and set ECCS criteria for light-water reactors (6.3.6-8) related
to ECC bypass was established on the basis of the testimony given at the
public hearings. The regulation reads as follows:

"For postulated cold leg breaks, all emergency cooling water injected
into the inlet lines of the reactor vessel during the bypass period
shall in the calculations be subtracted from the reactor vessel
calculated inventory . . . This bypassing shall end in the calculation
at a time designated as the end of bypass, after which the expulsion
or entrainment mechanisms responsible for the bypassing are calculated
not to be effective. The end-of-bypass definition used in the
calculation shall be justified by a suitable combination of analysis
and experimental data (6.3.7). . ."

To remove the artificial conservatisms in the licensing guidelines
stated above, the following effects on ECC penetration into the lower
plenum must be quantified.

1. Experiment scale size

2. 2D/3D flows such as channeling and partial dumping of ECC

3. Vapor condensation by subcooled ECC

4. ECC vaporization by hot vessel walls

5. Countercurrent flow limitation (CCFL).
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6.3.1 Phenomena

In the event of a major break in a large coolant pipe of a PWR, high
temperature (3000C) cooling water under an initial pressure of 15 MPa would
rapidly escape from the reactor vessel in the form of a mixture of water
and steam. Emergency core cooling systems (ECCS) to mitigate the
consequences of an event of this type are designed to refill the vessel
with water and provide long-term cooling of the core. One part of the ECCS
is a series of accumulators that hold large volumes of cooling water under
pressure. These passive systems start injecting ECC water before the end
of blowdown when the vessel pressure is between 4.1 and 1.4 MPa, depending
on the particular reactor design, and while fluid (mostly steam at this
point) is still calculated to be escaping from the reactor vessel. This
initial injection of ECC water is a complex condensation process involving
mixing of cold (ambient) ECC fluid with steam and water exiting the vessel
during blowdown. Conservative assumptions were made in Appendix K for
estimating the amount of ECC fluid that remains in the vessel during this
period of postulated LOCA.

Figure 6.3-1 is a schematic of a typical PWR system and illustrates
the flow through the system during a LOCA (in this case, the more severe
break of a cold leg is shown). Steam or a two-phase mixture of steam and
water flows up the annular downcomer region and escapes through the broken
cold leg. The ECC fluid is injected in the remaining intact cold legs (or
directly in the annulus in some designs) and flows toward the annulus.
Once in the annulus, the ECC may flow by gravity down the annulus or be
swept out the break by the escaping upward flow of steam. This loss of ECC
fluid to the break is referred to as "ECC bypass." This phenomenon is
depicted in Figure 6.3-2. Even if some ECC fluid penetrates to the bottom
of the vessel, as the lower plenum (LP) fills and the level approaches the
bottom of the core barrel, the escaping steam may sweep liquid in the lower
plenum out the break.

Another potential barrier to ECC penetration is the generation of
steam from ECC contact with hot reactor coolant system surfaces. When ECC
fluid contacts the reactor vessel downcomer wall and Internal surfaces, the
steam produced can combine in a synergistic manner with reverse core steam
flow which may further impede ECC penetration ("hot-wall effect"). Early
during blowdown, the volumetric temperature of the reactor vessel walls
(and other large metal masses) remains near steady state operating
conditions temperature. The surface temperature, however, will follow
saturation temperature until such time that the heat transfer at the
surface breaks down due to coolant mass depletion. When this happens the
surface temperature will increase to near the metal volumetric
temperature. Thus, at some time during blowdown the metal surface
temperature will exceed saturation temperature which can lead to the
possibility of an ECC "hot wall delay."

The thermal hydraulic behavior of a cold leg break LOCA with ECC
injection is complex. Figure 6.3-3 is a simplified sketch of the type of
flooding behavior that might be present during such an event. The degree
of ECC subcooling has an effect on liquid penetration into the downcomer.
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Figure 6.3-1. Potential flow paths for a cold leg break in a PWR.
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Figure 6.3-2. ECC bypass phenomena during a PWR cold leg break LOCA.
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For highly subcooled ECC, the core steam can condense on contact. This
results in channeling or sporadic dumping of ECC into the lower plenum
rather than a continuous filling process. The ECC behavior is further
complicated by the effect of the superheated vessel walls. The
interpretation of experimental data is complicated because phenomena may be
affected by experiment scale size.

Since exact modeling of this multidimensional behavior would be
impossible, time-averaged predictive models for ECC bypass were developed.
To assess the performance of the ECC system, these models were incorporated
into best-estimate thermal hydraulic computer codes.

6.3.2 Predictive Models

Tables 6.3.1 through 6.3.3 show the variety of facility scale sizes
used In the study of ECC bypass phenomena. One of the major difficulties
in analyzing the data obtained from these facilities is in establishing the
data's applicability to full scale reactors. There are currently two
scaling theories used to model ECC bypass behavior: Wallis scaling, known
as J*, and Kutateladze scaling, known as k*.

The Wallis scaling theory has been used in the analysis of air-water
countercurrent flow flooding in simple tubes. The dimensionless parameters
of interest are:

2[1122 1/2Ja = [ ]Jt (6.3.1)

where

Pg - gas density

Pt liquid density

V = gas velocity

Vt liquid velocity

g = gravitational acceleration

S = hydraulic diameter
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TABLE 6.3-1 DATA FOR SATURATED WATER

Contractor Scale

Creare 1/30

Creare 1/30

Creare 1/15

Creare 1/15

BCL 1/15

BCL 1/15

BCL 1/15

BCL 1/15

BCL 2/15

BCL 2/15

INEL 1/25

Dartmouth 1/30

Dartmouth 1/10

Dartmouth 1/7

Creare 1/5

a. Test modes: PF - P1
QS = QL
UC - Ur

Gas

Steam

Steam

Steam

Steam

Air

Air

Air

Air

Air

Steam

Air

Air

Air

Air

Steam

Subcoolinq

<4'C

<411C

<60C

<11°C
<1 1C

Test

Modea

PF

PF

PF

PF

QS

QS

QS

PF

QS

QS

qS

QS

PF

PF

PF

Reference

6.3.53

6.3.70

6.3.66

6.3.67

6.3.24

6.3.41

6.3.42

6.3.43

6.3.42

6.3.42

6.3.12

6.3.19

6.3.20

6.3.22

6.3.73

Date

11/76

4/79

3/78

10/78

11/74

6/78

12/78

12/78

12/78

12/78

11/75

5/75

6/78

4/81

Comment

Two-Loop

0.45 MPa

0.45 MPa

0.45 MPa

Glass

Steel

Steel

steel

Long Downcomer

Top Flood

0.10 MPa

lenum filling
uasi steady
ncontrolled pressure
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TABLE 6.3-2. DATA FOR SUBCOOLED WATER

Contractor

Creare

Creare

Creare

Creare

Creare

BCL

BCL

Scale

,1/30

1/30

1/15

1/15

1/15

1/15

1/15

Gas

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Steam

Subcooling

4-83°C

4-72°C

6-75°C

0-122°C

0-122°C

22-150°C

44-1170C

22- °C

22-131°C

11-50°C

8-94°C

53-150°C

0-42°C

Test

Modea

PF

PF/UC

PF/UC

PF

PF

QS/UC

QS

PF

QS

PF

QS

QS

PF/UC

PF

Reference

6.3.53

6.3.59

6.3.62

6.3.67

6.3.70

6.3.29

6.3.36
6.3.41
6.3.42
6.3.34

6.3.41

6.3.42
6.3.40

6.3.42
6.3.40
6.3.43

6.3.13

6.3.21

6.3.10

6.3.73

Date

11/76

Y/76

2/77

10/78

4/76

11/75

6/77
6/78
12/78
2/77

6/78

12/78
4/78

12/78

6/74

8/76

3/74

9/81

Comment

Two-Loop

Steel

Steel

Odd Annulus

Only 13 tests

0.10 MPa

BCL

BCL

1/15

2/15

BCL 2/15

INEL

Dartmouth

CE

Creare

1/25

1/30

1/5

1/5

a. Test modes: PF = Plenum filling
QS 2 Quasi steady
UC z Uncontrolled pressure
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TABLE 6.3-3. FLAT PLATE DATA

Test

Contractor Scale Gas Subcoolina Modea Reference Date Comment

Creare 1/5 Steam 0-830C PF/UC 6.3.52 11/75 --

Dartmouth 1/30 Steam 39-830C PF/UC 6.3.23 9/74 --

Dartmouth 1/30 Air -- PF/UC 6.3.23 9/74 --

a. Test modes: PF a Plenum filling
QS a Quasi steady
UC x Uncontrolled pressure
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S is the tube diameter or the hydraulic diameter (2 x gap in an annulus)
(this is only one of the dimensionless parameters proposed to scale the
phenomenon). The relationship

*1/2 *1/2
Jg + M J = C (6.3.2)

has been shown by Wallis (6.3.74) to correlate some tube data. These
dimensionless parameters are the ratio of momentum flux to buoyancy forces
and M is a correlating factor.

Creare Inc. has taken data in steam/water in 1/5, 1/15, and 1/30 scale
geometries (Figure 6.3-4) and has used a modification of this flooding
equation to correlate ECC bypass data (6.3.57) which Includes terms to
account for hot wall generated steam flow and the effective rate of steam
condensation by the ECC fluid.

Both the Willis formulation (eg 6.3.2) and the more complicated Creare
formulation utilized the terms M and C. The terms M and C in both of these
models are empirically determined functions or constants found from
steady-state penetration data. Nevertheless, these models clearly
illustrate the scaling trends, predict hot-wall-delay data and a modified
version (Creare) is suitable for predicting transient hot-wall data.

The Kutateladze scaling theory implements a dimensionless group that
is a balance between buoyancy, inertial, and surface tension forces. The
K* group is defined as follows:

2 1/2

K [pg Vg] (6.3-3)
[go (Pg - P)]1

where a is the surface tension.

It appears to be applicable to cases in which the characteristic
dimension of the fluid is independent of scale but depends on surface
tension (i.e., the size of the fluid entity no longer depends on the
container dimensions, for example, as in droplet of film flows). The J*
scaling appears applicable for cases in which the characteristic dimension
of the fluid depends on the scale size (i.e., blobs of water, full pipes,
etc.). The K* scaling implies that flooding occurs at some critical
momentum flux that is independent of physical size, whereas J* scaling
implies that the critical momentum flux is proportional to the square root
of scale size.
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Air-water flooding tests in tubes up to 25 cm in diameter have been
shown to scale more nearly to K* scaling (6.3.19-21). This is not
surprising since these experiments have been characterized by film or
droplet flows. In contrast, 1/15-scale ECC bypass experiments with
subcooled water have not been characterized by films or droplets. On the
basis of flow visualization and preliminary measurements of flow regime in
the downcomer, the downcomer cross section is almost completely filled.
This may be due to complete bridging of the downcomer gap with water by the
forced injection rate or to the instability of the interface between a
liquid film and the steam because of condensation. Whatever the mechanism,
the flow regime observed at 1/15 scale would suggest J* scaling for the
bypass problem.

In order to predict the effect of ECC bypass on lower plenum filling,
best estimate codes include physical models that predict phase interfacial
drag (i.e., momentum transfer) and heat transfer in fluid films. The codes
also include models that predict transitions from film flow to inverted
pool and bubbly flow regime. The drag force between the vapor and liquid
phases is generally defined in terms of the relative velocity of the two
fields with a friction factor dependent on flow regimes. The COBRA-TF code
includes models for entrainment and de-entrainment in film flow. The
following section includes comparisons of COBRA-TF predictions to
experimental data.

6.3.3 Experiment Results and Analysis

In 1974, Combustion Engineering, in a cooperative program with the AEC
(now the NRC), completed a test program to measure ECC penetration into the
lower plenum against a steady-state upflow of steam (6.3.9-10). The
results of this program were of limited usefulness, however, because of the
small number of tests conducted and because of the atypical cold leg
injection geometry.

Experiments were performed at Idaho National Engineering Laboratory
(INEL) in Semiscale. The Semiscale facility has contributed to the
understanding of the LOCA process (6.3.11); however, it has added little to
the understanding of ECC bypass because its small annular gap (12.7 mm) and
large length-to-gap ratio resulted in an atypical hot wall delay. The data
were also atypical because the MOD1 facility operated with a single intact
cold leg (6.3.12-13). The LOFT facility produced 1/5-scale transient ECC
bypass data. Large break tests L2-2, L2-3, L2-5, L2-6, and LB-1 were used
for comparisons with code predictions (6.3.14-18).

A variety of ECC bypass tests were performed at Dartmouth College
using 1/30-, 1/15-, 1/7- and 1/10-scale facilities. These tests were
performed in planar or cylindrical vessels and generally did not include
condensation effects (6.3.19-23).

ECC bypass research was performed in PWR scale models at
Battelle Columbus Laboratories (BCL) and Creare, Incorporated. BCL
performed ECC bypass tests in 1/15- and 2/15-scale model (6.3.24-44) and
Creare, Inc. performed similar tests in 1/30-, 1/15-, and 1/5-scale
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models (6.3.45-73). These data, coupled with some of the earlier data,
served as a basis for understanding much of the complex behavior that
occurs during ECC bypass. Tables 6.3.1 through 6.3.3 summarize the
available sets of countercurrent flow data from reactor vessel models.

Descriptions of the Semiscale, LOFT, BCL, and CREARE facilities are
provided in Appendix A of this report. The cylindrical test facilities
generally resemble Figure 6.3-5. A steam supply is connected to the top of
the vessel to model the steam produced in the core and lower plenum during
a LOCA. The steam flows down toward the lower plenum then upward,
countercurrent to the ECC flow and toward the broken leg. The quantity of
ECC fluid that reaches the lower plenum can be measured using the lower
plenum drain.

Three major types of ECC bypass tests have been performed at BCL and
Creare: (a) tests measuring the amount of simulated ECC fluid penetration
to the lower plenum against a fixed amount of steam upflow (steady-state
tests); (b) tests-measuring the time delay and rate of ECC delivery to the
lower plenum; and (c) time-dependent ECC penetration under
transient--usually decreasing--steam flow (ramped transients). Other types
of test investigating flow patterns, geometry, the effect of mixing
cold-leg steam with the ECC liquid, etc., have also been performed.

The steady state penetration tests were performed using air-water or
steam-water mixtures with pressures between atmospheric and 0.5 MPa,
subcooling of ECC liquid near zero to 1301C, liquid injection rates up to
two times the scaled rate of a PWR, and steam flows from zero to that
required to bypass all liquid. The hot-wall delay tests were conducted by
first establishing hot vessel walls and a fixed reverse steam flow. Upon
injecting ECC fluid, the delay time (i.e., the time to initial liquid
delivery) and the lower plenum filling rate was measured. The ramped
transients were typically run by establishing a large steam flow (above
that necessary to bypass all liquid) with or without hot walls and
simultaneously initiating ECC injection and decreasing steam flow.

The hydrodynamic behavior characteristic of the ECC bypass phenomenon
is highly three-dimensional. Flooding of the lower plenum can occur in a
sporadic manner as shown in Figure 6.3-6. Frame (a) shows the initial
phase of slug ejection into the lower plenum from the annulus. As the slug
moves downward, air is sucked backward through the broken leg and fills the
upper annulus. When the slug of ECC fluid splashes into the lower plenum,
the reverse core steam flow entrains fluid from the lower plenum back into
the annulus forming a "rope" of water as crudely sketched in Frame (b) of
Figure 6.3-6. As ECC injection continues, the "rope" of water thickens to
fill a significant fraction of the lower annulus. During this period, some
coolant is bypassed out the broken leg and some liquid is delivered to the
lower plenum. Also, flow in the control part of the annulus changes from a
separated (film) flow to a bubbly, swirling flow. This is shown in
Frame (c) of Figure 6.3-6. Just prior to the next delivery of a coolant
slug to the lower plenum, the central region and the annulus fill with
water as shown in Frame (d). A slug of water is then delivered and the
sequence is repeated. To model this complex process, time-averaged lower
plenum penetration rates are obtained. Using these data, the effects of
ECC subcooling and scale size can be examined. This is further addressed
in the discussion on the effects of direct contact condensation.
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Figure 6.3-5. Schematic of a typical scaled vessel model.

6.3-14



(a) Slug election (b) Annulus blockage

(c) Fluid build up in annulus (d) Annulus full 6 2816

Figure 6.3-6. Artist's conception of the sequence of delivery (solid lines
are water; dashed lines are steam).
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Statistical analyses of the Creare and BCL data have been
performed (6.3-38,6.3-75). Figure 6.3-7 shows the empirically determined

complete bypass points (fji = 100% j =0 ) for saturated water for five

different facilities. This is the C value defined earlier in
Equation (6.3.2). Data below 1/15 scale appear to behave according to J*
scaling. However, the 2/15- and 1/5-scale data which deviate from the

constant j line show evidence of a transition to K* scaling similar to the

transition observed in air-water tests in large tubes.

ECC bypass data obtained from full-scale experiments at the Upper
Plenum Test Facility (6.3.76) (UPTF) in Germany will serve to validate the
scaling trend observed in Figure 6.3-7.

Figure 6.3-8 is an idealized sketch of what is occurring in the
downcomer during ECC bypass. As the steam generated in the core travels up
the downcomer, it condenses on the Injected coolant. Thus, as the
subcooling of the injected fluid is increased, a higher core steam flow is
required for bypass to occur because of the increased condensation. This
trend is depicted in Figure 6.3-9.

For highly subcooled ECC liquid, ECC delivery is periodic. This is
shown in Figure 6.3-10. These tests are often called quasi-steady-state
tests, and the maps shown in Figure 6.3-9 represent time-averaged
penetration rates.

Condensation-induced transient tests (CIT) were run with essentially a
constant pressure source of steam (6.3.55) which is more representative of
the LOCA. Initially the vessel pressure is near the source pressure and
the amount of steam flow is small. As ECC fluid is injected, condensation
lowers the vessel pressure and thus steam flow increases. Under certain
conditions, steam flow increases sufficiently to bypass the liquid. This
phenomenon occurs because not all of the steam is condensed. This
phenomenon is not new, having been observed in the Semiscale facility.
Tests run under condensation induced transient conditions have not shown
the sporadic delivery of fixed-steamflow tests. However, once the tests
established a steady condition, the time-averaged delivery maps are
remarkably similar. It is postulated, therefore, that the basic filling
rate of the downcomer is independent of the delivery mode to the lower
plenum.

Figure 6.3-11 shows a linear relationship between C (which is j at

100% bypass, i.e., i = 0 and the component of the J* equation associated
*

with condensation by the ECC fluid [Jg T (cond) on Figure 6.3-11]. The

slope of the data represents the condensation efficiency F. Analysis of
the Creare and BCL data shows how F varies with experiment scale size, as
indicated in Figure 6.3-12. It appears that the condensation efficiency
increases with scale size.
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During a rapid depressurization of the primary coolant system, the
reactor vessel walls and other internal metal components act as heat
sources to the ECC coolant. The metal surfaces tend to follow saturation
temperature until the heat transfer breaks down due to coolant mass loss.
The metal surface temperature then increases to near the initial or steady
state volumetric metal temperature because of the stored energy in the
metal. Injected ECC will contact the superheated metal surfaces and result
in steam generation which, in the case of the downcomer annulus, may
combine with reverse core flow to further impede ECC penetration. This is
called the "hot-wall effect."

Various hot wall tests have been performed (6.3.45-51,6.3.64-69).
Typical delay times as a function of steam flow are shown in
Figure 6.3-13. For steam flows well below the amount necessary to bypass
liquid, delay times are short. However, for steam flows slightly below
that required to bypass liquid without hot walls, the added steam from the
hot walls makes the net steam flow large enough to bypass the liquid, and
delay times are long.

The hot wall delay time was measured in the LOFT facility as part of a
large break transient simulation designated L1-2 (6.3.77). ECCS operation
was withheld until blowdown was complete (equilibrium pressure of 0.27 MPa)
and the surface of the cold leg pipe and downcomer walls had returned to
near initial temperature (550-555 K). The hot wall delay was measured to
be 2.5 ± 1.0 s from accumulator flow, temperature, and liquid level data.
Prior to this experiment the delay time for ambient temperature wall
surfaces was measured to be 1.9 ± 0.5 s. Thus the hot wall effect in ECC
delivery time to the lower plenum of the reactor vessel is negligible when
there is no steam flow up the downcomer.

The hot wall delay effect in the LOFT system is more difficult to
measure in those transients where the ECC systems initiate at typical
setpoints. In LOFT large break and intermediate break transients with
typical operating ECC systems, the hot wall delay apparently remains
small. This is attributed to the strong asymmetric behavior observed In
the downcomer where flow can be downward near the unbroken loop and upward
near the broken loop. Gravitational effects on the ECC water are not
offset by countercurrent steam flow since an upward path for steam flow can
always exist around the presence of a downward flow of ECC water.

Some of the experimental data described herein have been used to
assess various best estimate codes. COBRA-TF has been used to predict
CREARE 1/15 scale and BCL 2/15 scale data. Figures 6.3-14 and 6.3-15 show
good agreement with the data at both scale sizes.

6.3.4 Conclusions

1. Extensive research on PWR ECC bypass has been performed in
facilities ranging from 1/30 scale to 1/5 scale. The results
have shown that significant quantities of liquid reach the lower
plenum because of condensation effects.
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2. Results of
available.
predictive
predicting

the full-scale UPTF ECC bypass tests will soon be
These results will serve to verify existing

models and reduce the calculational uncertainty in
full-scale PWR ECC behavior.

3. Best estimate codes contain models for predicting ECC bypass
behavior in PWRs.
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6.4 PWR Reflood

In the event of a LOCA, ECC water is fed into the core through the
upper plenum, lower plenum, or both. Coolant injection through the
downcomer into the lower plenum and subsequently to the bottom of core is
known as bottom reflooding (Figure 6.4-1). PWR ECC systems are bottom
reflood oriented while most BWR systems have both top spray and bottom
reflood.

At the time Appendix K to 10 CFR 50 was written, computer codes did
not have separate equations for tracking the steam and water during
reflood. Prescriptive reflood requirements were imposed in Appendix K to
ensure that conservative models were used in licensing calculations of heat
transfer from the cladding to the fluid, as follows:

o Heat transfer coefficient models be based on applicable
experimental data, including results from the Westinghouse FLECHT
tests.

o When reflood rates are less than one inch per second
(0.0254 m/s), heat transfer coefficients must be based on steam
cooling only.

Cladding temperature is determined by the interaction between heat
transfer and hydraulics during blowdown and reflood. Licensing criteria
for cladding temperature required:

o Maximum cladding temperature not to exceed 22000F (1478 K);

o Maximum local oxidation not to exceed 0.17 times the total
cladding thickness before oxidation;

o Maximum hydrogen generation from reaction of the cladding with
water or steam not to exceed 0.01 times the amount that would be
generated if all the cladding material were to react.

o A coolable geometry and long-term cooling must be maintained.

The first two of these cladding criteria were established to
conservatively guarantee that the fourth, which was in fact the governing
objective, would be met. The third criterion was intended to ensure that
combustible mixtures of hydrogen would not develop in the containment
building.

6.4.1 Phenomena

The purpose of reflooding the core is to protect the fuel cladding
integrity. Cladding is normally made of an alloy of zirconium. Like most
materials, the cladding suffers a loss of strength as the temperature
increases. Also, if the cladding temperature becomes high enough, the
zirconium alloy reacts with steam in an exothermic oxidation reaction that
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produces hydrogen and relatively brittle zirconium oxide as by-products of
the reaction. Since the fuel rod cladding represents the first barrier to
release of fission products, the integrity of the cladding must be
assessed. Later sections discuss the mechanics of fuel rod behavior.
During a large break LOCA, cladding temperature changes as follows:

o Cladding temperature increases during blowdown from normal
operating conditions (about 3251C). Peak cladding temperature is
expected to be on the order of 550 to 8001C (roughly 1000 to
15000F).

o During refill and reflood, cladding temperature is influenced by
decay heat generation and heat removal by two phase flows through
the core. Heat removal will at some point exceed heat generation
and the cladding temperature decreases.

o As reflood progresses, the cladding quenches, very rapidly
cooling to the saturation temperature as the cladding surface
becomes wetted.

The ECC systems are designed to inject water into the primary system,
and recover or reflood a potentially uncovered core. Steam generated
during the core quenching process creates a pressure which is balanced
against the hydraulic height difference between liquid levels in the core
and the downcomer. The pressure differential for a large cold leg break is
limited by the height of the downcomer.

The reflood water enters the bundle and is heated by the stored energy
and decay power of the rod. Depending on time into the transient and
injection flow rate the reflood water at the quench front could be
subcooled, saturated or could reach saturation below the quench front so
that a two-phase mixture reaches the quench front. The heat transfer
mechanism up to the saturation point is single-phase convection, with
possibly subcooled local boiling. At the saturation point, decay heat
produces net vapor generation and convective boiling occurs. At the quench
front, the stored energy of the rod is released over a relatively short
distance in which the local axial temperature gradient could be as large as
500°K/cm. A high heat flux over a short rod length is a very significant
aspect of the reflood process. Figure 6.4-2 (Reference 6.4.1) shows a
sudden decrease in the rod temperature from a Semiscale reflood test along
with the calculated surface heat flux. During the one second time period
around 59 s a large heat flux occurs as the rod returns to a wetted
nucleate boiling condition. Heat transfer and hydraulics are closely
coupled. A recent discussion on reflood heat transfer was given by
Hochreiter (6.4.2). Based on the flooding rate, the two flow regimes that
may appear during reflooding are shown in Figure 6.4-3 (Ref. 6.4.3). For
low reflood rates (1 in./s), the vapor generated at the quench front causes
a transition from liquid or bubbly flow to two-phase dispersed flow,
depending on the conditions of the liquid that reaches the quench front.
In the early 1970s, very limited data were obtained for reflood rates below
1 inch per second, which led to imposition of steam cooling heat transfer
coefficients when such reflood rates were calculated to occur.
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For the higher reflood rates which represent best-estimate conditions,
a different flow pattern emerges, characterized by single-phase liquid and
nucleate boiling regimes below the quench front. Above the quench front,
stable film boiling develops. This phenomenon has been observed in
high-speed movies taken in FLECHT experiments. In the stable film boiling
region, the void fraction is relatively low and the vapor layer was
observed to be stable, which implied that the liquid was subcooled and that
most of the heat from the rods was absorbed in raising the liquid
temperature. Further along the channel an unstable flow pattern transition
regime develops, finally resulting in dispersed flow. Generally, the heat
transfer rates are high and the quench front quickly propagates up the
bundle.

During reflood, steam generated mainly at the quench front entrains
water slugs, fragments, and droplets upward. Knowledge of the extent of
entrainment is necessary to predict the hydrodynamic and thermal response
in the core. If the steam velocity exceeds a certain value, entrained
water can be swept completely out of the core. At lower velocities,
partial entrainment and levitation of the water may occur. As the-
entrained water travels upward through the core, water fragments and
droplets can impact the rod walls and cause local cooling. When the wall
temperature is higher than the rewet temperature, the water tends to bounce
back into the flow stream. Entrained liquid also absorbs heat by radiation
and convection from superheated steam. The cooling attributed to
interaction between entrained water and the rods above the quench front is
called precursor cooling. Substantial amounts of heat transfer takes place
above the quench front from this mechanism.

Two-phase flow may exist in thermal nonequilibrium, with saturated
water droplets and superheated steam. Therefore, there is a complex heat
transfer process from cladding to steam and from steam to droplet where
evaporation of the droplet can occur. In addition, there is a gradient of
steam temperature from the quench front where mostly saturated conditions
exist (with low qualities) to the top of the core where there is a high
quality mixture with high superheat.

Spacer grids are structural members in the reactor core that support
the fuel rods at a predetermined rod-to-rod pitch. Figure 6.4-4 shows a
detailed diagram of the grid spacer region. All fuel assemblies have grid
spacers at the same elevation across the core. Since the grid represents a
perturbation to the flow channel, its thermal hydraulic effects have been
studied. The grid reduces the fuel assembly flow area by contracting the
flow and then expanding it downstream of each grid. During normal
operation, flow is single-phase liquid. Flow contracts and accelerates
within the grid and then expands downstream, thereby disrupting and
reestablishing the fluid and thermal boundary layers on the fuel rod, which
increases the local heat transfer within and downstream of the grid.
Several single-phase experiments have shown that the single-phase heat
transfer downstream of a grid spacer can be modeled as an entrance effect
phenomenon in which the abrupt contraction and expansion result in the
establishment of a new boundary layer downstream of the grid. During a
large-break LOCA, the flow is no longer single phase, and the
thermal/hydraulic effects of the grid spacer must be evaluated in terms of
two-phase flow (see Section 6.4.3.3).
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Reactor thermal hydraulic processes during normal operation are
basically one-dimensional. Also, the blowdown portion of a large break
LOCA is strongly one-dimensional. During reflood multidimensional flow
patterns occur in the vessel core and upper plenum because:

o Flow rates and flow regimes are such that gravitational forces
are of the same order as inertial forces;

o Lateral and vertical dimensions in the core and upper plenum are
similar;

o Nonuniformities in core power distribution, intermittent
positioning of the primary loops circumferentially around the
vessel, and differences in resistance to flow through the intact
and broken hot legs tend naturally to promote multidimensional
effects;

o As the flow passes through the upper plenum it must flow around
several structural elements. Furthermore, the flow behavior of a
collected pool in the upper plenum may be highly
three-dimensional because of the tendency of the water pool to
collect in "deader" spaces and in regions near walls and structure.

The resulting multidimensional flows are evidenced by:

o Lateral crossflow between fuel assemblies due to the nonuniform
steam generation rates;

o Lateral crossflow between fuel assemblies due to the flow pattern
toward the hot legs; and

o Preferential collection of water in certain portions of the upper
plenum due to the flow pattern toward the hot legs.

Liquid deentrainment occurs when water entrained in the steam
generated in the core is removed from the steam flow at other places in the
core, the upper plenum, or beyond. Deentrainment occurs from gravitational
or inertial forces. Deentrainment is enhanced when flow slows down because
of a flow area increase or when flow changes direction to pass around flow
obstructions or structures or to turn out through a nozzle. Deentrainment
removes entrained water from the two-phase flow mixture. Deentrained water
that accumulates in the core and upper plenum provides a source of water
for core cooling supplementing the cooling obtained by bottom reflood.
This enhances core cooling near fuel assembly grid spacers and is also
important for the upper regions of the core (see Section 6.4.3.4).

Top quenching occurs when the top portions of the fuel rods quench
before the portions just below. Top quenching provides additional cooling
to the upper core, and in some cases the intermediate and lower core that
supplements the cooling obtained by bottom reflood. This occurs from
cooling provided by the two-phase flow moving upward through the core and
the fallback of water that is deentrained at the top of the core or in the
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upper plenum. The net effect is to quench the uppermost part of the fuel
rods sooner than would occur from the propagation of the bottom quench
front. Top down cooling generally does not extend to the hot spot in the
core, which is typically at about two-thirds of the core height (see
Section 6.4.3.5).

Radial power distribution effects cause radial gradients in steam
generation and liquid entrainment. Thermal hydraulic effects due to radial
power distributions are important because they lead to crossflows between
the lower powered assemblies and the higher powered assemblies. The
nonuniform power causes variations in quench front elevations across the
core yielding a radial profile that resembles the inverse of the radial
power profile (i.e., lower quench front elevation in higher powered bundles
and vice versa). Radial variations in the vapor generation causes
variation in the entrainment and liquid fraction above the quench front
(i.e., greater entrainment in higher powered bundles). There is relatively
free lateral communication in the core. Horizontal pressure differences
and crossflows are established by the radial power distribution. The net
effect is an increase in the water flow rate and cooling of the higher
powered bundles (assemblies) as compared to the cooling based on the
average flow rate entering the bottom of the core. Such crossflows tend to
prevent any hot spots from developing (see Section 6.4.3.6).

The extent of liquid carryover to the upper plenum is expressed by the
liquid carryover rate fraction, that is, the ratio of total liquid mass
flow rate out of the core to the liquid mass entering the core.. Liquid
carryover reduces the rate of accumulation of water within the core and
provides a source of water for deentrainment in the upper plenum or
beyond. In some licensing evaluation models, carryover has a major effect
on calculated results because the rate of advance of the quench front is
tied directly to the increase in core mass inventory (see Section 6.4.3.9).

Pool formation refers to the collection or behavior of water in the
upper plenum during reflood. The source of this water is entrained water
carried up from the core which is then deentrained in the upper plenum.
The upper plenum contains a great deal of internal structures that act as a
steam separator to deentrain liquid in the two-phase flow. In addition,
the drop in flow velocities from the core to the upper plenum allows
gravitational separation of liquid from steam. Figure 6.4-5 shows a PWR
upper plenum region and identifies the areas where deentrainment would be
expected. The flow behavior of a collected pool may be highly
three-dimensional because of the tendency of the water pool to collect in
low flow areas and in regions near walls and structures. Upper plenum pool
formation is important to LOCA/ECCS performance because:

o The pool, particularly due to its multidimensional nature,
provides a source of additional cooling water for the core.
Additionally deentrainment and pool formation reduces carryover
to the steam generator.

o The pool can reduce the flooding rate by creating a static head
pressure drop in the upper plenum.
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Water flows downward from the upper plenum into the core under the
influence of gravity. This downward flow is opposed by steam flow upward
from the core. The downward flow tends to be nonuniform or channeled
because the upward steam flow is nonuniform because of both the radial
power profile in the core and the variations in stored heat that develop
from uneven quenching.

At the beginning of reflood a manometer type oscillation can occur.
The name derives from the general observation that the core and downcomer
levels oscillate like the levels in a U-tube manometer that has been
perturbed. The U-bend manometer is formed by the downcomer water column
and the core water column and connected by the lower plenum. This
phenomenon was observed in several facilities including LOFT, Semiscale,
SCTF, CCTF, and FLECHT. Manometer oscillations are initiated by the sudden
rapid introduction of ECCS water into the core inlet associated with
accumulator injection. As water penetrates into the core rapid generation
of steam occurs and pressure begins to build in the upper portion of the
core. This tends to push water from the core into the downcomer. As the
core water level goes down, the steam generation rate falls and the back
pressure is reduced. This reduced pressure in conjunction with increased
downcomer level causes a reversal and the core level rises again. The
subsequent upward movement of the core level tends to overshoot the
equilibrium location leading again to increased steam generation, and an
oscillatory movement of both the collapsed core water level and the
downcomer level. The importance of manometer oscillations is a potential
increase or decrease in core cooling rate depending upon which cycle of the
oscillation the core is in. The increased cooling rate is caused by more
rod surface area being covered with water during the upward surge of the
oscillations. The decreased cooling occurs when the collapsed water level
in tne core is low (see Section 6.4.3.7).

Entrained liquid from the core can be carried beyond the upper plenum
to the hot legs. The fluid carried over to the hot legs can in turn either
deentrain and collect in the hot legs or be carried through to the steam
generator. Liquid that collects In the hot legs could inhibit steam flow
from the core. This hot leg flow blockage effect is important only if it
results in significantly increased loop pressure drop in comparison to the
total loop pressure difference. The flow resistance from the reactor
coolant pumps must also be considered in this regard.

As ECC water enters the hot core, some of it will turn into steam.
The increase in pressure tends to suppress the reflooding velocity in the
core. This retarding effect of steam on the reflood rate is referred to as
steam binding. Another source of back pressure retarding the ECC injection
rate is liquid carried to the steam generators and evaporated as a result
of heat transfer from the secondary side to the primary side. Finally,
steam binding effect may occur from leakage of hot secondary liquid to the
primary side through a concurrent steam generator tube rupture (see
Section 6.4.3.10).

In Babcock & Wilcox reactor designs, eight check valves are located in
the core barrel between the upper plenum and the downcomer annulus above
the inlet nozzles. These valves are held shut during normal reactor
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operation by the discharge pressure from the reactor coolant pumps. In the
event of a LOCA, the vent valves open during refill, steam flows through
the vent valves to the ECC-induced condensation point in the downcomer
annulus. During reflood, steam generated in the core flows through the
vent valves to the system break and thus bypasses the loop flow
resistance. Relieving the steam pressure above the core allows an
increased reflood rate.

The vent valves are important in evaluating the performance of the
ECCS during a hypothetical LOCA since flow paths parallel to the primary
loops are established when the valves open. Increasing pressures from the
steam generation in the core are mitigated. Steam released from above the
core through the vent valves promotes an upward fluid motion to improve
core flooding. Also, steam flow up the downcomer is reduced during refill,
which reduces the potential for ECC bypass. Knowledge of the flow and
entrainment through the vent valves is important to predicting the exact
response of the system during reflood (see Section 6.4.3.11).

The free volume in a fuel rod is prepressurized with helium gas during
fabrication to improve heat transfer. During normal operation, the
internal rod pressure is less than or near external system pressure.
During a LOCA, however, system pressure rapidly decreases while the
cladding temperature increases and the cladding loses strength. If
temperature becomes sufficiently high, the reduced yield strength of the
cladding may be exceeded. Deformation and burst of the zircaloy cladding
can follow (nonpressurized fuel rods would not be expected to fail).

Appendix K to 10 CFR Part 50 requires that any effect of fuel rod flow
blockage be explicitly accounted for in safety analysis calculations when
the core reflood rate drops below 1 in. per second. The effect of flow
blockage on heat transfer is a combination of two competing thermal
hydraulic phenomena: (a) flow area reduction causes flow acceleration,
droplet breakup, improved mixing, and steam desuperheating and consequently
increased heat removal rates; and (b) flow bypass reduces the flow rate
through the blocked region. These two effects are dependent on blockage
geometry and distribution, which are discussed in Section 6.6.

6.4.2 Predictive Models

Current Appendix K restrictions generally cause ECCS evaluation models
to predict the peak fuel rod cladding temperature to occur during the
reflood phase of the LBLOCA. Best estimate codes, however, have generally
shown that the peak cladding temperature actually occurs during the
blowdown phase. This is largely due to the modeling improvements that have
resulted from the improved understanding of the various reflood phenomena
cited in the previous section.

In order to predict reflood conditions, most of the closure equations
of a best estimate code will be fully exercised. For example, during the
reflood process, fluid flow regimes from subcooled liquid to superheated
vapor are encountered. As a result, the equations of interfacial mass,
momentum and energy transfer and their flow regime dependent constitutive
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equations are exercised for a full range of conditions. Therefore, the
details of all of the equations used by best estimate codes to predict
reflood will not be presented in this section. However, the following
sections will provide insight into the various reflood phenomena and
present code comparisons to experimental data.

6.4.3 Experiment Results and Analysis

There are many different phenomena involved in reflood and the data
base is extensive. The data discussed are relevant to the following
phenomena: bottom quench, liquid entrainment and precursor cooling, vapor
superheat, heat transfer, liquid deentrainment, top quenching, radial power
effects, partial penetration, three-dimensional flow, manometer
oscillations, initial cladding temperature effects, liquid carryover from
the core, upper plenum pool formation, liquid carryover to the hot leg,
steam binding and vent valve effects.

6.4.3.1 Bottom Quench Experiments and Analysis.

Relevant Experimental Programs

Much of the U.S. data base for reflood heat transfer comes from the
PWR Full-Length Emergency Core Heat Transfer (FLECHT) series of
experiments (6.4.4-7), low flooding rate FLECHT tests (6.4.8-11) and the
Full-Length Emergency Core Heat Transfer - System Effects and Separate
Effects (FLECHT-SEASET) programs (6.4.12-15). The Semiscale program has
also produced a data set on core thermal-hydraulics of reflood (6.4.16-17).
In Japan, the earlier JAERI reflood experiments (6.4.18-19) and the more
recent cylindrical core test facility (CCTF) (6.4.20-21) and the slab core
test facility (SCTF) (6.4.22-23) provide a data base on large-scale test
facilities. The Japanese CCTF and SCTF test facilities are the largest
reflood test facilities in the world. Similar smaller reflood test
facilities exist in France (6.4.24-25), Germany (6.4.26-27), and the United
Kingdom (6.4.28). There are also small-scale test facilities at several
universities such as UCLA (6.4.29), University of New York at Stony
Brook (6.4.30), and the University of California at Berkeley (6.4.31). The
small-scale university test facilities help to develop models and
understanding that can help interpret the behavior and performance of the
larger-scale tests.

Results

In most U.S. PWRs, the emergency core coolant (ECC) is injected
through cold legs, and passes down the downcomer, into the lower plenum,
and up the core. Hence "bottom reflood" of the core after a large-break
LOCA is the predominant mode of quenching the core, and many experiments
have been conducted to study the thermal-hydraulic phenomena of bottom
reflood. The phenomena discussed above and the experimental and analytical
results discussed in the remainder of this section are applicable to most
PWRs in the U.S. A small number of PWRs in the U.S. and reactors in other
countries have different ECCS designs that introduce different phenomena.
Section 6.7 contains a discussion of these alternate ECCS designs.

6.4-13



Depending on the reflooding rate, different flow regimes may develop
ahead of the quench front as the core is quenched from the bottom up. Flow
regimes are interpreted mainly from core differential pressure
measurements. In the FLECHT-SEASET program, visual observations could be
made through view ports located at several elevations of the bundle. Since
the hydraulics and heat transfer are closely coupled, the effects of such
system parameters as flooding rates, pressure, subcooling, and initial
cladding temperature on heat transfer, temperature transients, and mass
effluent fraction were studied. Among the parameters being studied, the
flooding rate was found to be the most influential parameter. The
following discussion on the FLECHT, FLECHT-SEASET, CCTF, and SCTF
facilities will show that different flooding rates give rise to different
flow regimes which, in turn, determine the cladding temperature rise and
the quenching of the core.

FLECHT Program

The objective of the PWR FLECHT test program was to obtain
experimental reflooding heat transfer data under simulated loss-of-coolant
accident conditions for use in evaluating the heat transfer capabilities of
PWR emergency core cooling systems. More than 200 tests were conducted in
this program. However, very few of them are at a reflooding rate below one
inch per second. The FLECHT series is very important to reflood study
since it provided the earliest data base on reflood, which was designated
by Appendix K as the data base for reflood heat transfer. The test program
was divided into three groups according to the type of heater rods employed:

Group I - Low-peak-temperature tests using stainless-steel-cladding
heater rods with Nichrome heating elements (6.4.4).

Group II - High-peak-temperature tests using stainless-steel-cladding
heater rods with Kanthal heating elements (6.4.5).

Group III - High-peak-temperature tests using Zircaloy-4 cladding heater
rods with Nichrome or Kanthal heating elements (6.4.6).

In addition, supplemental tests were run to expand the parameter
range (6.4.7). The flooding rate was found to be the most influential
parameter. Increasing the flooding rate resulted in a significant increase
in heat transfer coefficient throughout the entire run as shown in
Figure 6.4-6. This was due to an increase in the vapor generation rate and
the amount of entrainment for higher flooding rates and hence more cladding
surface area exposed to the coolant in a given time.

Low Flooding Rate FLECHT Test. Under this program, the reflood data
base is extended to the low flow range (less than one inch per second) to
provide heat transfer coefficient and entrainment data and to supplement
parametric effects studied in the original FLECHT program such as low
cladding temperature and low subcooling at low flooding rate. Two test
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typical result is shown in Figure 6.4-7, where the quench time is plotted
against flooding rate. For this parameter, skewed-profile data show longer
quench times for the peak power location than the cosine-profile data at
the same conditions. This is expected because of the 50% higher elevation
of the peak power locations for the skewed shape. Trends of quench time
with flooding rate are the same for both power shapes. Figure 6.4-8
presents the variation of peak temperatures at the 3 m elevation versus
time for the sequence of runs in which only flooding rate was varied. The
figure showed the expected orderly increase in heat transfer at all times
as flooding rate increases. Temperatures show more rapid turnaround and
increasingly lower peak temperatures as the flooding rate is increased.

FLECHT-SEASET. Under this program, the bundle geometry was changed to
reflect the latest 17 x 17 PWR core geometry. The FLECHT-SEASET program
has several subprograms; those directly related to reflood are the 161-rod
unblocked bundle, the 21-rod blocked bundle, and the 163-rod blocked bundle.

The 161-rod unblocked bundle test serves as a reference run for
comparison with the blocked bundle as well as for comparison with FLECHT.
The test parameters covered a spectrum of conditions that encompass both
best-estimate and current licensing calculations. The results of the
blocked bundle are covered under "Flow Blockage" in Section 6.6. Detailed
results on the 161-rod unblocked bundle are given in References 6.4.13-14.
Selected reflood rate results are presented here.

Figures 6.4-9 and 6.4-10 present the variation of heat transfer
coefficient and peak temperatures at the midplane elevation versus time for
the runs in which only the reflooding rate was varied. The figures show
the orderly increase in heat transfer at all times as the flooding rate
increases. Temperatures show a more rapid turnaround, and peak
temperatures were lower as the flooding rate was increased.

Figure 6.4-11 presents the variation of time-integrated mass effluent
fraction versus time. The higher the flooding rate, the more rapidly the
mass effluent fraction approaches its asymptotic value. This is expected,
simply because of the accelerated pace of events in runs at higher flooding
rates. The same trend was observed in the previous tests. Of course, the
principal effect of increasing flooding rate is to proportionately increase
the mass flow above the quench front.

Figure 6.4-12 shows the quench front progress. As expected, the
higher the flooding rate, the faster the quench front moves up.
Figures 6.4-13 and 6.4-14 reproduce data from the skewed profile tests,
with the addition of new FLECHT-SEASET results. Figure 6.4-13, for
temperature rise, shows that the unblocked FLECHT-SEASET data exhibit the
same trend as the previous data: increasing temperature rise with
decreasing flooding rate. This trend is expected. Figure 6.4-14 shows the
quench time versus flooding rate. The trends of quench time with flooding
rate observed in the previous FLECHT tests are observed in the present data.
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The temperature rise and quench time data of FLECHT-SEASET at the
midplane elevation are plotted in Figures 6.4-15 and 6.4-16 against the
ratio of flooding rate to peak power. The results of a comparable run with
a cosine power shape are also shown in the figures. The results are fairly
well aligned.

Figures 6.4-17 and 6.4-18 compare COBRA-TF computer code predictions
to FLECHT data. Both figures show good agreement with the data.

Overlap Tests. Some overlap tests linking the previous 15 x 15
low-flooding-rate cosine tests with the current 17 x 17 array tests have
been performed. Table 6.4-1 lists the overlap tests with their operational
conditions.

The method used to rescale the 15 x 15 test conditions preserves both
generated power and stored energy per unit flow area. The detailed
equations for the scaling methods are presented in the FLECHT-SEASET
unblocked bundle task plan (6.4.15). Based on the philosophy behind
choosing test conditions in this way, the following two hypotheses could be
proposed:

1. Quench times at a given elevation for both tests are the same if
the integrated powers per unit flow area up to that elevation are
the same.

2. Heat transfer coefficients are the same if the integrated powers
per unit flow area up to the given elevation are the same.

The first hypothesis can be checked by comparing quench curves because
the two bundles have the same integrated power per unit flow area up to the
same elevations. The results are shown in Figures 6.4-19 through 6.4-22.
It can be observed from the figures that the quench curves do not show any
significant effect of the bundle geometry difference up to the time when
the secondary quench fronts from the top are significant.

The second hypothesis can be tested by using heat transfer
coefficients of the two test series at the same elevations. The heat
transfer coefficients at the midplane elevation are compared in
Figures 6.4-23 through 6.4-26. The heat transfer coefficient curves
compare reasonably well for runs 31203 and 03113. This is also true for
runs 31805 and 02414. Runs 30817 and 00904 show good agreement up to about
100 sec and then start to deviate. A possible reason for the deviation at
the later period could be the fallback effect. Runs 30619 and 03709 show
poor agreement, but the general trends of the heat transfer coefficient
curves are the same.

It is concluded from the above observations that the effect of the
bundle geometry difference on heat transfer characteristics during a
reflooding period is minimal as long as generated power and stored energy
per unit flow area are maintained the same.
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TABLE 6.4-1. OVERLAP TEST CONDITIONS

II
w

Run

03113
31203

00904
30817

03709
30619

02414
31805

Test
Series

Cosine
FLECHT
SEASET

Cosine
FLECHT
SEASET

Cosine
FLECHT
SEASET

Cosine
FLECHT
SEASET

Rod Peak Power
IkW/( kW/ft)

2.7 (0.81)
2.3 (0.7)

2.8 (0.85)
2.3 (0.7)

2.7 (0.81)
2.3 (0.7)

2.8 (0.84)
2.3 (0.7)

Flooding Rate
Imm/sec (In./secl l

38.1 (1.5)
38.1 (1.5)

38.1 (1.5)
38.1 (1.5)

38.1 (1.5)
38.1 (1.5)

20.6 (0.81)
20.3 (0.8)

Rod Initial
Temperature
7C(16F0)I

87 (1600)
87 (1600)

537 (998)
538 (1000)

317 (603)
260 (500)

871 (1600)
871 i1600)

Subcooling
rQClaFlI

76 (136)
78 (140)

78 (140)
78 (140)

78 (141)
78 (140)

77 (138)
78 (140)

Pressure
IMPa(DsiII

0.26 (38)
0.28 (40)

0.28 (40)
0.28 (40)

0.14 (20)
0.14 (20)

0.28 (40)
0.28 (40)

( ( (
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Cylindrical Core Test Facility and Slab Core Test Facility. The CCTF
is an experimental facility designed to model a full-height PWR core
section and four primary loops with their components. The facility is used
to provide information on thermal-hydraulic behaviors in a PWR during the
refill and reflood phases of a hypothetical loss-of-coolant
accident (6.4.32). The configuration, elevation, and flow resistances of
the three intact loops, the one broken loop, and the steam generators
further contribute to proper simulation of core flow regimes. This is
because the pressure drop through the loops and the properties of the
steam/water mixture that returns to the reactor vessel are similar to those
expected in a PWR during reflood. The facility and the main design
parameters are shown in Appendix A. The SCTF is designed and fabricated to
simulate a radial slab extracted from a 1,100 MWe PWR core with a full
height, full radius, and a width of one bundle. The SCTF Core-I test
program simulates a partly blocked core of a Westinghouse type PWR in which
all the heater rods in two of the eight rod bundles contain blockage
sleeves (6.4.33). The result of the blockage effect tests are reported in
the section on flow blockage. While SCTF does not accurately simulate
three-dimensional flow or the loop effects, it is particularly suited to
the study of the two-dimensional thermal-hydraulic behavior of the core
because the core is extensively instrumented.

Core void fractions in both CCTF and SCTF are interpreted from core
differential pressure (DP) measurements. In addition, SCTF includes core
gamma densitometer measurements. The DP measurements are converted to void
fraction on the assumption that (a) the differential pressure measured
represents a static head of water and (b) the density of steam is
negligible with respect to that of water. Analyses by JAERI and other
2D/3D Program participants have shown that interpreting the DP measurements
in this way is nearly correct because the pressure loss due to friction and
fluid acceleration amounts to less than 6% of liquid content.

About 50 reflood tests have been run at CCTF, the vast majority of
which simulated bottom reflood due to cold leg ECC injection. As all of
these tests are pertinent to the study of bottom quenching, the discussion
here will focus on the general conclusions that can be drawn from typical
tests. The base case test will be used to exemplify most conclusions.

CCTF results show that, at the onset of reflood, the quench front at
first propagates quickly and creates a liquid-only region at the bottom of
the core. This can be seen in Figure 6.4-27 as the void fraction for the
bottom of the core drops rapidly from a value of I (all steam) to a value
of zero (all liquid). The quench front velocity decreases rapidly after
the initial rush to a steady-state value (on the order of 1 cm/s) as a
result of steam being generated in the core and venting through the loops.
Figure 6.4-27 also indicates that void fraction decreases everywhere in the
core in the few seconds after reflood and then decreases slowly or remains
fairly constant for most of the reflood period. Also, in the upper regions
of the core, the void fraction remains fairly high, even through the quench
front propagates through that elevation. This phenomenon suggests that the
rewetting and quenching of the rods may not require the buildup of a large
liquid fraction and that the overall core flow regime does not change
dramatically as the quench front advances up the core.
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Figure 6.4-27. Core void fraction for the CCTF base case test.
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In CCTF, the void distribution appeared relatively uniform around the
core during reflood. Figure 6.4-28 shows the uniformity of core
differential pressure measurements for the CCTF base case test. It can be
concluded that the void fraction around the periphery of the core was quite
uniform. Since CCTF does not provide differential pressure measurements at
the center of the core, it is not possible to determine if in fact the flow
regimes are uniform across the core as they are around the periphery.

Quench front propagation can be measured across the center of the core
in CCTF, and the results can be seen in Figure 6.4-29, which shows the
quench front on high-, medium-, and low-power rods in bundles both in the
center and periphery of the core. As can be seen in the figure, the quench
front at the periphery is about 0.2 m above the quench front at the center
of the core where both power and stored energy are higher. This same
effect was noticed in a special "asymmetric temperature test" as the quench
front propagated up the cold side of the core slightly ahead of the hot
side of the core.

Figure 6.4-30 compares the COBRA/TRAC computer code prediction with
CCTF data.

In SCTF, about 40 tests have been run to date, with the vast majority
focusing on bottom reflood. Again, as all of these tests are pertinent to
the study of bottom quenching, the discussion below is restricted to
general conclusions about the facility that may be drawn from the base case
test.

SCTF results show that the quench front propagates quickly at the
onset of reflood but slows to a velocity of about 1 cm/s as a result of
increased steam generation in the core. The quench front propagates
uniformly up the core during the reflood with only small lateral variations
over the span of eight bundles (see Figure 6.4-31). This result is similar
to that observed in CCTF, although the quench front tended to lag in the
center of the core in the CCTF tests.

Figure 6.4-32 shows that the void fraction decreases everywhere in the
core during the first few seconds of reflood but then decreases more slowly
or remains constant for the majority of the reflood. This phenomenon is
consistent with the results of the CCTF tests, although the void fractions
at a given elevation at SCTF tend to be lower than those measured at CCTF
and tend to have more of a decreasing trend. Comparison of results for
bundles 2, 4, and 8 in SCTF shows that there is very little radial
variation in the void fraction and presumably in the flow regime.
Figure 6.4-33 shows the uniformity of full-core differential pressure
measurements across the 8 bundles of SCTF. It appears that the void
fraction, and hence the flow regime, was relatively uniform across the core.

Flow Regimes Ahead of the Quench Front

It has been known that a transition zone or a froth region exists
above a quench front in which the flow is not quite dispersed flow as shown
in Figure 6.4-3 for the low reflooding rates. Hence the heat transfer
mechanism in the transition zone differs from that in the dispersed flow
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and from that below the quench front. In order to apply the proper heat
transfer mechanism when calculating heat transfer from the hot wall to the
two-phase flow, knowledge of the length of this transition zone is
required. Murao (6.4.34) observed that temperature history curves during
reflood show a sudden change to a steeper slope some time before quench
(see Period II by Figure 6.4.34). This slope change is related to the flow
regime change ahead of the quench front. Similar behavior was observed in
the FLECHT tests, and a method was developed to calculate the length of the
transition zone above the quench front. It is possible to distinguish
three different flow regimes as indicated in Figure 6.4-34. The first
occurs when there is a dispersed droplet flow at the elevation (Period I),
after a short period of single-phase steam flow. The second occurs when
the transition zone above the quench front is at the elevation (Period II),
and the third occurs when the quench front is above the elevation
(Period III). These different flow regimes are distinguished in the heat
transfer coefficient curves of Figure 6.4-34. The relatively moderate
increase in heat transfer during the Period I is followed by a rather sharp
increase during the Period II and the quench produces a further sudden
increase. The resulting transition front curves as well as the
corresponding quench data are shown in Figures 6.4-35 and 6.4-36. It is
observed that the transition zone could be about 0.3 m for a reflooding
rate of 0.0254 m/s (1 in./s) and Increases to about one meter for a
reflooding rate of 0.076 m/s. Hence, the transition zone length is a
direct function of reflooding rate.

Quench front propagation during reflood may also be examined from
bundle average void fraction data that is reduced from pressure drop

measurements as shown in Figure 6.4-27 for the CCTF facility.a
Figure 6.4-37 shows the void fraction changes for the 0.0254 m/s (1 in./s)
reflooding case from the FLECHT-SEASET tests. It is seen that the void
fraction between the 0-0.3 m and 0.3-0.6 m intervals decreases rapidly from
a value of 1 to a value of zero indicating that the quench front moved up
very quickly and a liquid-only region was established at the bottom of the
core. The rate of change in average void fraction decreases with
increasing elevation for a reflooding rate of 0.0254 m/s. The void
fraction variation with respect to time as a function of elevation for a
reflooding rate of 0.076 m/s is shown in Figure 6.4-38. These profiles are
different and Murao (6.4.35) labeled them as Type 1 and Type 2 as depicted
in Figure 6.4-39. The difference between them is that the void fractions
at all elevations of the upper core decrease simultaneously in the Type 2
profile whereas in the Type 1 profile they decrease at different times.
The observed void profiles for all reflooding tests in CCTF and SCTF are
Type 2; in FLECHT, the Type 1 void profile is seen in tests with reflooding
rates at or less than 0.025 m/s (1 in./s). The difference between
SCTF/CCTF and FLECHT results is attributed to the simulation of the upper
core support structure in SCTF/CCTF and not in FLECHT.

a. Using pressure drop measurements to estimate the local void fraction is
difficult. Parameters that effect the differential pressure measurement
are two-phase friction factors between taps, electronic noise, and pressure
sensitivity. A superior method of measuring local void fraction condition
is to use gamma densitometers such as those used in Semiscale. However,
for a test to test comparison on a qualitative basis, pressure drop
measurements can be useful.
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Despite the differences in the observed void profiles between FLECHT
tests and SCTF/CCTF tests for reflooding rates less than 0.0254 m/s,
conclusions can be drawn from comparison among facilities on the effects of
flooding rate on cladding temperature rise and quench time for various
tests as shown in Figures 6.4-40 and 6.4-41. Although the test geometries
and conditions are different for the various test programs, the comparison
shows that (6.4.9,-36,-37):

1. The general trends are consistent from one test program to another.

2. The effect of flooding rate on reflood thermal-hydraulic
phenomena (such as cladding temperature rise and quench time) is
a first-order effect.

3. The CCTF results are most appropriate for nuclear power plant
application because of the accurate system model and more
realistic initial temperatures. The effect of forced refill and
high initial temperature may explain the different FLECHT results.

4. The flow regime ahead of the quench front is characterized by a
transition or froth region. The extent of this transition region
is a direct function of reflooding rate, that is, the higher the
reflooding rate, the longer the transition zone.

Conclusions

o Bottom reflood progresses very quickly during the onset of
reflood, however, the intense steam generation soon retards the
overall progression of the quench front to a relatively uniform
progression. Nevertheless, good core quenching rates are
achieved even for flooding rates of one inch per second.

o During reflood, the flow regime, cladding temperature rise and
quench behavior is strongly dependent on the flooding rate.

o The effect of bundle goemetry on reflood heat transfer is minimal
as long as generated power and stored energy per unit flow area
are similar.

o The flow regime ahead of the quench front is characterized by a
transition or froth region. An assumption of only steam cooling
heat transfer above the quench front for reflood rates less than
ooe inch per second is not appropriate.

6.4.3.2 Heat Transfer Experiments.

Relevant Experiment Programs

The most useful facilities are those with a heated core that was full
height or nearly full height with rod, grid spacer, and upper core geometry
typical of a PWR. These facilities include:
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0 CCTF

o SCTF

o PKL

o LOBI

o Semiscale

o FLECHT and FLECHT-SEASET

The majority of tests carried out in PKL and LOBI were performed with
combined (hot leg plus cold leg) injection and are not applicable to the
heat transfer obtained during cold leg or downcomer injection. The
Semiscale, FLECHT, and FLECHT-SEASET programs all provided data for the
conditions of bottom reflood at relatively small scale. The CCTF and SCTF
are the most applicable facilities as they provide data for a full-height,
relatively large core (about 1/21 scale). Facility descriptions are
presented in Appendix A.

Results

In all of the CCTF, SCTF, and Semiscale tests, the cladding
temperatures were observed to turn around very shortly after the onset of
reflood. This is shown in typical results presented in Section 6.4.3.1
(e.g., Figure 6.4-8). This implies that the heat transfer in the prequench
regimes is more than sufficient to remove the decay heat generation
virtually everywhere in the core. Hence good heat transfer was obtained at
a low flooding rate, and the Appendix K licensing requirement to assume
only steam cooling at reflood rates below 1 in./s does not appear to be a
realistic threshold. Similar results were obtained in eight forced-flow
experiments conducted in the Semiscale Mod-1 5.5-foot-long core with
reflooding rates of 0.6 to 2 in./s (6.4.38-39). There was no sudden
decrease in cooling below a flooding rate of 1 in./s.

Reflood heat transfer is one of the important mechanisms for emergency
core cooling in light water reactors during the design basis
loss-of-coolant accident (LOCA). Extensive experiments have been conducted
worldwide to investigate the heat transfer effectiveness during simulated
LOCA reflood conditions. These experiments range from single-tube
experiments (6.4.40-42), to large-scale tests (e.g., CCTF and SCTF tests).

About 50 official bottom reflood tests have been run in CCTF. These
tests covered a wide range of conditions and tested the effect on reflood
of several parametric variations, e.g., system pressure and ECC flow. The
approach used was to define a "base case" test and then study parametric
variations of that test. The CCTF Core I base case test (6.4.43) will be
used as a typical test to demonstrate the conclusions below. Although the
parametric tests did affect the heat transfer, the general patterns and
results were similar.

6.4-58



The CCTF results showed that, at the onset of reflood, a rapid
increase in liquid fraction occurred throughout the core. The increase was
to about 10 percent liquid fraction in the upper half of the core and
higher at lower elevations (Figure 6.4-42). This is a higher liquid
fraction than would normally be associated with a dispersed flow regime.
That is, the CCTF results suggest that a more slug-type flow regime exists
throughout the core shortly after reflood. It is not known if the liquid
in the upper portions of the core is entrained or in residence, e.g., as
films on the unheated rods and walls of the facility. However, Harwell's
visual studies on single-tube quenching experiments (6.4.42) suggest that
slug flows would exist above the quench front. These results occurred even
though the flooding rate in the CCTF tests was relatively low--on the order
of 0.0254 m/s (1 in./s or less. This further shows that the Appendix K
licensing assumption of steam cooling below reflood rates of 1 in./s does
not appear to be realistic.

The Semiscale facility also shows the conservative nature of
Appendix K assumptions of steam cooling above the quench front.
Figure 6.4-43 compares the void fraction at three elevations above the
quench front during a gravity feed reflood in a full height core (6.4.44).
There is an axial variation in the void fraction throughout the core. The
void fraction was estimated from a local gamma densitometer measurement.
The oscillations in void fraction were caused by a manometric coupling of
fluid between the downcomer and core and will be discussed later in
Section 6.4.3.7. The variation in void fraction resulted in a variation in
local core rod heat transfer coefficient as shown in Figure 6.4-44.

The quench front is accompanied by a dramatic increase in heat
transfer. Figure 6.4-45 shows the heat transfer coefficient as a function
of time for three differently powered rods in the central core region in
the CCTF base case test. The gradual transition from the flow regimes well
above the quench front to those near the quench front can be seen by the
gradual rise in heat transfer coefficient in this figure. For the heat
transfer coefficient ahead of the quench front, Figure 6.4-45 gives typical

magnitudes for the CCTF tests, i.e., a range of about 50 to 200 W/mz-K.
The heat transfer coefficients discussed here are based on the temperature
difference between cladding temperatures and fluid saturation temperatures.

The Semiscale facility also demonstrates a rapid increase in heat flux
at the quench front at shown in Figure 6.4-2 which relates the rod cladding
temperature and heat flux during the quench process. The core rod cladding
has already experienced a rapid decrease in temperature when the peak heat
flux has occurred and the traditional quench temperature occurs at a lower
heat flux than the peak. Reference 6.4.1 discusses the effects of axial
heat flux in the cladding near the quench front versus the radial term
which is presented on Figure 6.4-2 and claims the radial component of heat
flux is much larger than the axial term near the quench front.

A few tests were run in CCTF Core I as comparison tests to specific
FLECHT-SET tests (6.4.45). It is useful to examine the comparative heat
transfer behavior since Appendix K licensing requirements specifically
mention FLECHT data (a parent of FLECHT-SET) for use in determining
refill/reflood heat transfer modeling. CCTF results show higher heat
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transfer coefficients than the comparable FLECHT-SET test, as shown in
Figure 6.4-46. Part of the difference is due to boundary condition
differences between the tests. Two phase flow in the broken cold leg in
CCTF increases the core pressure and changes the pressure balance, both of
which increase the core flooding rate. Another small part of the
difference can be explained by the fact that the void fraction is lower in
CCTF. The two "calculated" curves in Figure 6.4-46 were based on a
correlation developed using FLECHT data. The good agreement seen for
FLECHT-SET is expected because the correlation is based on FLECHT data, but
there is significant under prediction for CCTF. Since the CCTF is a larger
scale, more realistic simulation of a PWR, this suggests the FLECHT data
mentioned in Appendix K are significantly conservative. Semiscale tests
also show that the heat transfer correlations based on FLECHT data are
conservative (6.4.46).

In SCTF, the core was very heavily instrumented and more detailed
studies of heat transfer coefficients were made. More than half of the
SCTF tests have been forced flooding tests in which the downcomer was
sealed off and ECC at a fixed flow rate was injected into the bottom of the
core via the lower plenum. Despite the forced flooding nature of these
tests, the prequench heat transfer coefficients are expected to be
applicable as the core flooding rates were on the order of those obtained
in integral experiments like CCTF.

A plot of heat transfer coefficients for several different bundles in
a typical SCTF test (6.4.47) is shown in Figure 6.4-47. The heat transfer
coefficient is on the same order as that observed in the CCTF

experiments--in this case about 70 to 250 W/m2 _K. The SCTF results from
several locations were further processed to identify the relationship
between the heat transfer coefficient and the height above the quench
front. Figure 6.4-48 shows this relationship for two tests, the flat and
steep power profile tests (6.4.48-49). Also, the heat transfer coefficient
was correlated to liquid fraction by studying several locations in the core
and using simultaneous measurements of power, cladding temperature, and
differential pressure. Figure 6.4-49 shows the results of this type of
processing for several tests. The expected pattern of an increasing heat
transfer coefficient with liquid fraction is observed. In most of the
tests, quenching occurred when the liquid fraction was on the order of 0.3
to 0.4; hence the plot does not extend significantly above that value.

Conclusions

In summary, the CCTF and SCTF tests showed that:

o The cladding temperatures turn around (i.e., pass through their
peak value) and decrease very shortly after the onset of reflood
and substantially before the arrival of the quench front almost
everywhere in the core. Accordingly, heat transfer in the
prequench region is more than sufficient to remove the decay heat
generation in the fuel rods.

o There is apparently no major dispersed flow regime in the core.
Even the upper regions of the core show a significant presence of
water very shortly after the onset of reflood. This occurred
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even at low flooding rates (0.8 in./s) suggesting that the
Appendix K licensing requirement for steam cooling when the
reflood rate is below 1 in./s is not realistic.

o CCTF heat transfer coefficients are higher than comparable
FLECHT-SET tests.

o Heat transfer coefficients on the order of 50 to 200 W/m2 _K
exist above the quench front for typical CCTF and SCTF and
Semiscale tests. Based on the Semiscale and SCTF tests, there
are definitive relationships between the heat transfer
coefficient and the height above the quench front and between the
heat transfer coefficient and the liquid fraction.

6.4.3.3 Grid Effects Experiments

Relevant Experimental Programs

The effect of the grid spacer on heat transfer has been studied for
single phase flow conditions (6.4.50-57) and for reflood conditions in the
FEBA (Flooding Experiments with Blocked Arrays) test series (6.4.58-60),
ERSEC reflood experiments (6.4.61) and FLECHT-SEASET (6.4.62).

Results

The single phase experiments show that grids act as a contraction and
expansion which increase turbulence and heat transfer. The downstream can
be modeled as an entrance region with the typical exponential decay
downstream of the grid as shown in Figure 6.4-50.

Grid spacers interact with the fuel rods and the two-phase flow in the
flow channels and therefore have been the subject of many experimental
studies. From various two phase flow studies, it has been observed that
grid spacers caused enhancement of the heat transfer, mainly by
desuperheating the vapor. The effect could be generally classified under
the following three mechanisms: (1) grid rewet, (2) convective
enhancement, and (3) droplet breakup.

Since the grids are unpowered, they can quench before the fuel rods.
If the grids rewet, they create additional liquid surface area that can
help desuperheat the vapor in the nonequilibrium two-phase droplet flow.
A wetted grid will have a higher interfacial heat transfer coefficient in
comparison to the droplets because the relative velocity for the vapor flow
relative to the liquid film is larger. In addition to desuperheating the
vapor, the liquid film will evaporate, resulting in a higher steam flow and
convective heat transfer. The increased interfacial heat transfer between
the grid and the vapor flow and the generation of additional saturated
vapor from the liquid film on the grid will result in lower vapor
temperatures downstream of the grids. In addition, the grids can also
break up the entrained droplets into smaller ones thereby increasing the
surface area for evaporation. The evaporation of the smaller droplets will
provide an additional steam source, which increases the convective heat
transfer coefficient.
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The core also contains thimble tubes which contain the control rods.
The thimble tube is thin walled and initially at about 600IF so that the
water entrained in the steam can wet the thimble tube wall and accumulate
into a liquid film early in the transient. The liquid film may be moving
up or down the tube depending on the steam velocity. This liquid will
decrease the superheat of the steam and at grid spacer locations entrain
into the steam flow.

The FEBA tests were the first reflooding experiments to systematically
examine the thermal-hydraulic performance of a grid during reflood. The
tests used a 25-rod bundle with a flat chopped cosine power shape and a
heated length of 3.9 m. Replicate experiments were performed under similar
conditions (as close as experimentally possible) with and without the
midplane grid in place.

Examples of the axial temperature behavior along the bundle with and
without this grid are shown in Figure 6.4-51. The presence of the midplane
grid results in improved cooling because of the heat transfer effects of
convective enhancement, grid rewetting, and droplet breakup. Plots of
heater rod temperatures, total heat transfer coefficient (referenced to
Tsat), and vapor temperature downstream of the midplane grid for tests

with and without this grid are shown in Figures 6.4-52, 6.4-53 and 6.4-54.
All indicate that the grid improves the heat transfer performance and that
the vapor temperature downstream of the grid is reduced.

More recent FEBA tests with flow blockage at the midplane have
included thermocouples brazed onto the grids upstream and downstream of the
blockage. Examination of the grid upstream of the blockage in
Figure 6.4-55 (where there is no blockage effect on the grid) shows whether
and how the grid quenches. Figure 6.4-55 also shows the orientation of the
thermocouple on the grid (the thermocouple was located at half the grid
height). Figure 6.4-56 shows the grid thermocouple response and the heater
rod thermocouple response upstream and downstream of the grid. Also shown
are the measured vapor superheat temperatures upstream and downstream of
the grid.

Before the grid thermocouple indicated quenching (-150 s), the steam
probe upstream of the grid quenched, probably signaling the arrival of the
froth front at the elevation. Shortly afterward, the grid quenched and the
vapor temperature downstream showed a significant temperature dip. This
indicates that the additional interfacial heat transfer between the colder
quenching grid and the superheated vapor was reducing the resultant vapor
temperature downstream of the grid.

Normalizing the heat transfer coefficients by relating the heat
transfer coefficient with the spacer grid to the heat transfer coefficient
without the spacer grid, the amount and the trend of the grid's heat
transfer coefficient can be demonstrated. Figure 6.4-57 shows the
normalized heat transfer coefficients versus reflood time for two axial
levels, 100 mm and 400 mm downstream of the midplane. The original ratios
of the heat transfer coefficient with the grid spacer to the heat transfer
coefficient without the grid spacer are plotted along with the
corresponding linear least squares fit. This figure shows a clear effect
of the grid on the downstream heat transfer and indicates that the presence
of the midplane grid enhances the rod heat transfer downstream. The heat
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transfer enhancement downstream of a spacer grid decreases with increasing
distance from the spacer. Also, the data show that the most pronounced
effect of the grid is at early times when the grid is far from the quench
and froth fronts. At these times the total rod heat transfer is low so
that any incremental increase in heat transfer caused by the grid has a
significant effect. The flow is very highly dispersed and nonequilibrium
at these times. As the quench front moves toward the grid, the
nonequilibrium decreases and the overall heat transfer rate from the rod
increases so that the incremental grid effects are smaller.

The Grenoble ERSEC tests (6.4.61) examined the reflood heat transfer
effect of three different grid types: a simple low-pressure-drop grid, a
grid similar to a fuel assembly grid without mixing vanes, and a grid with
simulated mixing vanes. The rod bundle had 36 full-length heaters of the
Westinghouse 17 x 17 dimensions (9.50-mm diameter on a 12.6-mm pitch) with
a chopped axial cosine power shape similar to that of the FLECHT tests
(peak power/average power = 1.65). Figures 6.4-58 and 6.4-59 show the
maximum temperature rise of the heater rod at each elevation for each grid
type.

The Grenoble grids with simulated mixing vanes have a larger flow area
blockage (because of the vanes) than either the Grenoble grids without
vanes or the simple grids. As a result, the droplet breakup and convective
enhancement for the grid with simulated mixing vanes are greater than those
for the other two; this is reflected in lower peak heater rod cladding
temperatures (Figures 6.4-58 and 6.4-59).

Comparable reflood heat transfer tests have been conducted in the
FLECHT-SEASET 161-rod unblocked bundle (6.4.62) to overlap with previously
conducted Westinghouse 17 x 17 G-2 reflood tests (6.4.63). The
FLECHT-SEASET tests used a simple egg-crate grid; the Westinghouse 17 x 17
G-2 tests used a Westinghouse production mixing vane grid.

The Westinghouse production mixing vane grids have a higher projected
flow area blockage (approximately 50 percent) than the FLECHT grids
(25 percent), and the vanes are especially designed to mix the flow.
Comparisons of data from the FLECHT-SEASET and Westinghouse G-2 tests are
shown in Figures 6.4-60 and 6.4-61. The quench fronts are similar, but the
G-2 data show a higher heat transfer coefficient. This difference,
believed to be caused by the use of mixing vane grids rather than the
simple FLECHT grids, is consistent with the Grenoble ERSEC results.

The effects of grid heat transfer have also been observed in cladding
ballooning experiments such as the REBEKA cladding ballooning
experiments (6.4.64) and the most recently completed NRU-MT-3 cladding
ballooning tests (6.4.65). These experiments showed that, in two-phase
dispersed flow, the grids promoted heat transfer downstream of the grid
thus locally depressing the rod temperatures. In the ballooning
experiments, the grids so reduced the temperatures downstream of the grid
that the strain moved up the rod toward the next higher grid. This axially
skewed strain profile was quite apparent in the NRU-MT-3 tests. In
addition, post-CHF heat transfer downstream of a grid spacer heat transfer
enhancement has also been shown by CCTF in Figure 6.4-62 (6.4.66).
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Conclusions

The influence of the grid spacer on fuel rod temperature and on the
two-phase flow in the flow channel is summarized as follows:

1. When the grid spacer is cooled significantly by droplet
impingement and convection, grid rewet will occur. This
increases the liquid surface for superheated vapor-to-liquid heat
transfer and results in desuperheating the vapor downstream of
the grid thus locally depressing the rod temperatures. This
reduction in cladding temperature downstream of the grid will
cause the strain to move up the rod and, if cladding ballooning
occurs, it will take place farther downstream from the grid.

2. The presence of the grid spacerwill cause breakup of entrained
liquid downstream of the quench front. Breaking up the liquid
into small drops will increase the surface area for evaporation.
The increased evaporation will in turn provide additional
saturated vapor, which will lead to convective enhancement and
desuperheating the vapor. At high reflooding rates, the grid
rewets readily because of the large amount of entrained liquid in
the channel.

3. Not including the affects of grid spacers in Appendix K
assumptions appears to be conservative.

6.4.3.4 Liquid DeentraInment Experiments.

Relevant Experiment Programs

Several test facilities that were utilized for PWR refill/reflood
research provided data useful for evaluating the presence, extent, and
impact of deentrainment. The most applicable and useful information was
obtained from those facilities that had:

o A full-height, heated core

o Realistic simulation of fuel grid spacers and upper core hardware

o Realistic simulation of upper plenum structures and volume

o Simulated primary loops or appropriate portions of primary loops.

The facilities that provided data useful for evaluating deentrainment
include:

o Semiscale

o LOFT

o PKL
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0 CCTF

o SCTF

o FLECHT-SEASET

o UPTF.

The facility descriptions are contained in Appendix A.

Three of these facilities (CCTF, SCTF, and UPTF) are part of the
international program on refill/reflood research (2D/3D Program). These
facilities are specifically aimed at addressing some of the detailed
phenomena associated with reflood and are the most suitable for evaluating
deentrainment. UPTF does not contain a full-height heated core but
contains an upper core geometry and a "core simulator" steam/water
injection system specifically designed to simulate the flows generated in a
heated core.

Both Semiscale and LOFT are designed to model the full LOCA transient
(as opposed to only the refill/reflood portion) but contain some
compromises with regard to refill/reflood evaluation. Both facilities have
heated cores and simulated primary loops. In LOFT, the core and upper
plenum are shortened, and the upper plenum has only a few structures that
are not completely typical of LWRs. In Semiscale, the scale factor is
large, and upper plenum structures are not simulated because the heater
rods extend through the upper plenum. Hence the data from these two
facilities are of limited use in assessing liquid deentrainment.

The PKL facility in FRG has a full-height core and simulated upper
plenum, along with primary loops. It has a relatively small scale
(about 1:125) but is reasonably representative of a German PWR. The
majority of the PKL tests have involved combined injection (hot leg plus
cold leg), which is not applicable to US PWRs especially for studies of
liquid deentrainment. Data from a few PKL tests run with cold leg
injection are applicable to liquid deentrainment evaluation.

FLECHT-SEASET was a reflood facility with realistic core simulation
and primary loops. However, upper plenum configuration and volume were not
closely simulated and the deentrainment in this region (which is probably
the most important) may not be realistically simulated. Hence data from
this facility are of limited use in studying liquid deentrainment.

UPTF began testing in 1986. At the writing of this report, only data
preliminary are available. The data from this full-scale facility are
expected to be useful in assessing scale effects in liquid deentrainment.

Results

Results from CCTF and SCTF, which appear to be the most applicable
data available for liquid deentrainment, are discussed below. Appendix A
contains descriptions of the facilities.
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About 50 reflood tests have been run in CCTF; the vast majority of
these tests simulated bottom reflood due to cold leg ECC injection. These
tests have been used to study various parametric effects (e.g., system
pressure, ECC flow rate, loop resistance) and to reproduce, at larger
scale, tests run in other facilities. CCTF tests were run at relatively
realistic conditions, although in general the power level was
conservatively high. The cladding initial temperatures were low (but
appropriate to realistic conditions) because of concerns with protecting
the electrical heater rods from damage due to overheating.

The CCTF tests showed that very shortly after the onset of reflood,
liquid buildup initiated in the core above the quench front, in the end box
region between the top of the core and the upper core support plate (UCSP),
and in the upper plenum (6.4.67). The buildup was observed through small
in situ video cameras, through viewing windows, and by the increasing
pressure differences in these regions. The source of the buildup was water
entrained in the core near the quench front and subsequently deentrained at
higher regions of the core and at the upper plenum. A significant part of
the liquid observed through the viewing windows appeared on structures as
films or drops, which suggests that the structures may be a significant
influence in the deentrainment.

Figure 6.4-63 shows the core void fractions determined from
differential pressure measurements in axial zones of the core from the base
case test (6.4.43), which is typical of the CCTF results. In the upper
zones, a very rapid decrease is observed at the onset of reflood
(t = 63 seconds in this test) which is attributable to deentrainment,
apparently along the surfaces of unheated rods and structure. The rapid
decrease levels out after 10 to 20 seconds, and very little further water
collection seems to occur. (The core is completely quenched at about
t = 600 seconds.) This is apparently due to the available unheated
surfaces being "loaded up" with water and the unavailability of further
volume for water storage.

In the space between the top of the core and the UCSP, behavior
similar to that observed in the core occurs, as seen in Figure 6.4-64(c).
In the upper plenum, however, the liquid buildup is much more gradual and
continuous, as shown in Figure 6.4-64(b). Apparently there is considerably
more volume in the upper plenum to continuously collect and store water.

The initial deentrainment in the upper core and end box region, which
persists for about 10 to 20 seconds, appears to collect virtually all of
the entrained water coming from the core. Unfortunately, it is not
possible to accurately determine the core entrained water flow rate, and
this conclusion is based on the fact that the upper plenum collection is
nil during this period. About the time the rapid collection in the upper
core and end box terminates, water starts to slowly accumulate in the upper
plenum. The collection rate is about 0.4 kg/sec, which is less than the
total entrained water mass flow rate. Figure 6.4-64(a) shows the
deentrainment fraction (defined as the deentrained water flow rate divided
by the total entrained water flow rate coming out of the core) during the
upper plenum collection period. The figure is crudely drawn because of the
relatively large uncertainties in determining the latter quantity.
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Figure 6.4-63. CCTF base case test void fractions.
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Figure 6.4-64. CCTF base case test liquid accumulation.
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In SCTF, about 40 tests have been run to date; the vast majority
focused on bottom reflood. More than half of the tests have had forced
flooding conditions with the downcomer sealed off and a fixed ECC flow
injected into the lower plenum. Hence these tests did not include the
inherent system feedbacks on the core reflood behavior. The forced
flooding tests showed that:

o Core inventory above the quench front increased at the onset of
reflood, but not as much as in CCTF. Also, rather than leveling
out after the initial increase, a slow continuous increase
occurred. There was virtually no lateral variation In this
phenomenon over a span of eight bundles (see Figure 6.4-65 and
Reference 6.4.47).

o There was virtually no collection of water in the upper end box
region until after the complete core had quenched (see
Figure 6.4-66 and Reference 6.4.47).

o Water collected continuously in the upper plenum reflecting a
steady net deentrainment process. The accumulation was greater
over the outer bundles than over the inner ones by about 20 to
30 percent (see Figure 6.4-67). The collection rate in the upper
plenum ranged from 0.3 to 0.8 kg/sec in the base case test
compared to a core flooding rate of 11 kg/sec. This result is
similar to that observed in CCTF.

o A level of deentrained water built up in the hot leg as the core
reflood progressed. The total water stored in the hot leg was an
appreciable fraction (about half) of that stored in the upper
plenum. The relatively large deentrainment in the hot leg may be
due to a large surface-to-volume ratio of the hot leg. The hot
leg was simulated with a vertically stretched out elliptical pipe
that is quite different from the round pipe used in a PWR.
Appendix A.3 contains a description of the SCTF.

Although not shown here, the SCTF gravity flood results were similar
to the forced flood results. The basic differences between the SCTF and
CCTF results are that (a) there did not appear to be significant water
accumulation in the upper end box region of SCTF and (b) the water
collection in the SCTF core continued to increase during reflood. These
differences are probably due to the fact that the effect of steam binding
in the SCTF is much less because of the lack of steam generators. The back
pressure generated in the CCTF steam generators would suppress the water
level in the core. Viewed differently, the given supply pressure at the
top of the downcomer can sustain a higher liquid level in the core when the
back pressure is less.

Figure 6.4-68 shows the upper plenum pressure differential in the CCTF
base case test (6.4.43). Two plots are shown: the differential pressure
from the top of the upper core support plate to the top of the pressure
vessel, and the differential pressure from the top of the core to the top

6.4-90



N 4 -

o2 -

a 0

-2lllll
0 100 200 300 400 500 600

Time (sec)

a) Differential pressure between spacers 4 and 5 (bundles 2,4 and 8)

6

4

0'

j50

0 100 200 300 400 500 600
Time (sec)

(b) Differential pressure between spacers 5 and 6 (bundles 2,4, and 8)

6 9349

Figure 6.4-65. SCTF water inventory between spacers.
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Figure 6.4-66. SCTF water buildup in upper end box region.
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Figure 6.4-67. SCTF water buildup in upper plenum.
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Figure 6.4-68. CCTF upper plenum pressure differential.

6.4-94



of the pressure vessel.a In each,pressure drops are shown for four
equally spaced azimuthal locations around the vessel. These pressure drops
are essentially equal indicating that the upper plenum pool is flat. This
is typical of the one-dimensional behavior observed in all of the CCTF cold
leg injection tests.

Shortly after the beginning of reflood (at about 65 seconds in
Figure 6.4-68), the differential pressure measured from the top of the core
to the upper head starts to rise. The upper plenum differential pressure
(above the top of the UCSP) starts to rise at about 100 seconds. These
measurements are consistent with visual observations from a camera located
above the upper core support plate. Water accumulation was observed; the
rising water level reached the top of the UCSP and began to accumulate in
the upper plenum at 106 seconds.

The deentrainment and pooling of water in the upper plenum creates two
competing effects on core flooding rate. Deentrainment increases the
flooding rate because the deentrained liquid does not flow through the
loops to contribute to steam binding (see Section 6.4.3.6 for a further
discussion of this effect). This effect is proportional to the
deentrainment rate. Upper plenum pooling creates a static head pressure
drop in the upper plenum that decreases the core flooding rate. This
effect is zero at the start of the test and increases as the pool height
increases during the test. The magnitudes of these competing effects and
the net effect can be estimated. The deentrainment rate averages about 8%
of the core flooding rate; if this fluid were not deentrained and instead
went to the loops and contributed to steam binding, the core flooding rate
would decrease by 8% to obtain the same steam binding pressure drop.

Therefore the liquid deentrainment increases the flooding rate by
about 8%. As noted earlier, the magnitude of the upper plenum pooling
effect changes during the test. At the time of peak cladding temperature
(250 seconds), the upper plenum pressure differential is 0.0011 MPa
(Figure 6.4-68) and the intact loop "steam binding" pressure differential
Is about 0.021 MPa. The sum of these two pressure drops is equal to the
core/downcomer pressure drop. If there were no upper plenum pressure
differential due to pooling, the intact loop pressure drop could increase
to 0.021 + 0.0011 = 0.0221 MPa; the pressure drop through the loops would
increase by 0.0221/0.021 = 1.03, or 3%. Pressure drop is proportional to
the square root of the flow rate so the flow rate would increase by 1.5%.
The net effect of liquid deentrainment and upper plenum pooling at the time
of peak cladding temperature is therefore about a 6.5% increase in flooding
rate (8% from liquid deentrainment and -1.5% from upper plenum pooling).
Therefore, the deentrainment and pooling is a net benefit during the time
leading up to the time of peak cladding temperature. Afterward, the
benefit decreases as the pool rises; at the end of the test, the net effect
is about zero.

Figure 6.4-69 shows the upper plenum differential pressure (converted
to liquid level) in an SCTF flat power profile forced flooding

a. Using differential pressure cells in a two-phase environment has
uncertainty because of the two-phase frictional pressure drops. Visual
observations greatly enhance these data.
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test (6.4.68) with about the same core flooding rate as the CCTF base case
test discussed above. For reference, reflood starts at about 100 seconds,
the peak rod temperature is reached at 165 seconds, and the last quench
occurs at 430 seconds. The magnitudes of the static pressure drop Is small
(about 0.05 m or 0.005 MPa at the time of peak temperature) so the
deentrainment and pooling are expected to have a small effect on core
flooding rate using the same reasoning as that described above for CCTF.
However, the most useful Information from SCTF Is in regard to radial
variations in fluid behavior rather than absolute magnitudes. As shown in
Figure 6.4-69, the liquid levels are about equal across the core between
the start of reflood and the final quench; i.e., there is no significant
horizontal variation in pool height. After the last quench, significant
variations In pool height are seen in the outer half of the core (Bundles 5
through 8 and above the baffle region), with a higher pool height toward
the hot leg. Further, the pool height above all of the bundles increases
significantly after the last quench, and resulting reduction In steam
generation. In any event, the behavior after 400 seconds In Figure 6.4-69
is not Important to core cooling since the core has quenched before this
time.

Another potential effect of upper plenum pooling is fallback of water
to the core for core cooling. As discussed in Section 6.4.3.7, there is
some evidence of water at the top of the core in both SCTF and CCTF as
indicated by Improved cooling at the top of the core. However, it is not
clear whether this water falls from the upper plenum or is deentrained at
the top of the core. In any event, the top-quenching occurs only at the
top of the core for cold leg injection tests, so if there is fallback from
the upper plenum, it does not provide significant cooling for the hot spot
at the center of the rods. In summary, CCTF results for cold leg injection
tests show that the net effect on core flooding rate of liquid
deentrainment and pooling in the upper plenum Is beneficial (increase in
core flooding rate) at the time of peak cladding temperature. SCTF results
show that there is no significant horizontal variation in the upper plenum
pool height during the period from the beginning of reflood to the last
core quench.

Conclusions

In summary, the CCTF tests showed that:

o The core and end box region deentrained virtually 100 percent of
the entrained water In the first 10 to 20 seconds following
reflood. This is beneficial for reflood but is short lived.
(The total reflood takes place over several hundred seconds.)

o The upper plenum gradually but continuously deentrains water over
the duration of reflood. The deentrainment varies from about
10 to 30% of the entrained water flow. The periods of lowest
deentrainment appear to coincide with the highest steam
generation In the core. Overall, this deentrainment has a
beneficial effect on the reflood by alleviating the steam binding.
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o Deentrainment in the upper end box or upper plenum does not
appear to provide a significant auxiliary cooling source
especially for limiting parts of the core. Although some top
quench behavior was observed, this did not affect the peak
cladding temperatures. It appears deentrainment in the core may
have assisted in core cooling above the quench front. A
significant water inventory built up in the core (in the
unquenched regions) very shortly after the onset of reflood, more
than would be expected because of entrained water in transit.
Since this occurred in every CCTF test, it is not possible to
isolate the cooling effect of this phenomenon. In general,
though, the core cooling was superior to that predicted by models
that do not have deentrainment in the core.

o The deentrainment process for the SCTF facility was similar to
the CCTF facility in that there was a continuous water collection.

o An atypical water collection occurred in the SCTF hot legs due to
deentrainment. The atypicality (compared to the PWR counterpart)
occurred because of the elliptical shape of the pipe in SCTF.

o The SCTF facility showed monotonically increasing core liquid
inventory following the onset of reflood, which is different
behavior than the CCTF facility. In the CCTF, after an initial
surge, there was a leveling out of core liquid height.

6.4.3.5 Top-Quenching Experiments.

Relevant Experimental Programs

Results from CCTF and SCTF, which appear to be the most applicable
data available to study top-quenching, are discussed below. Appendix A
contains descriptions of the facilities.

Results

CCTF

Approximately 50 tests have been conducted in CCTF, most of which
simulated bottom reflood by cold leg ECC injection. The CCTF cold leg
injection (CLI) tests demonstrate that top-quenching occurred in the upper
core on nearly all the rods and in the intermediate core on some of the
rods. Top-quenching was not observed at all in the lower core.

Figure 6.7.70 illustrates the quench front propagation for low
power (L) and high power (H) rods in the low- (Bundle 13), medium-
(Bundle 26), and high- (Bundle 30) power zones of the core for
Test Cl-19 (6.4.69), which is representative of the CCTF Core-I CLI test
results. The quench front propagation was slightly slower in the higher
power zones, and no top-quenching occurred in the lower 70% of the core
(i.e., below the fourth grid spacer). Top-quenching was observed in some
rods in the intermediate core (i.e., between the fourth and fifth grid
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spacers), but the location and the time of the top quench was not uniform.
Top-quenching was the predominant mechanism of cooling in the upper core
(i.e., above the fifth grid spacer) as evidenced by very early quenches
(approximately 25 sec after reflood). This phenomenon was observed in all
power zones of the core and is attributed to the low cladding surface
temperature of the upper portion of the core as well as the appearance of
water at the tie plate very shortly after the start of reflood.

Top-quenching between the fourth and fifth grid spacers was found to
occur frequently in the central core but not in the peripheral core. This
behavior was typical for Bundles 30 and 32 but was not as pronounced for
Bundles 29 and 30, all of which are in the central core. This difference
suggests that the geometrical arrangement of internals above the core may
influence top-quenching.

Figure 6.4-71 shows the location of open holes (i.e., no upper plenum
structure) in the upper core support plate in relation to the rods that
top-quenched between the fourth and fifth grid spacers in Test Cl-19. As
noted, the rods that top-quenched at these elevations are typically located
in bundles beneath open holes; however, this was not always the case. This
suggests that top-quenching in the intermediate core may be due to the
fallback of water from the upper plenum but that this effect tends to occur
unpredictably.

The CCTF Core-II tests also demonstrate that top-quenching occurs in
the upper core. However, top-quenching was not observed in the
intermediate core as in the Core-I tests. Figure 6.4-72 shows the quench
front propagation in the three power zones for Test C2-AC1 (6.4.70), which
is representative of the Core-II cold leg injection tests and was performed
for nearly the same conditions as was Test Cl-19 except for the initial
cladding temperature. The Core-II results show that the bottom-quench
front advanced more slowly in the higher power zones and that no
top-quenching occurred in the lower core as in the Core-I results. The
Core-II test results also indicate that (a) top-quenching did not occur in
the intermediate core and (b) the top-quenching that was observed in the
upper core occurred over a wide range of quench times. These results were
not observed in the Core-I tests. The upper internals were changed prior
to Core-II tests.

SCTF

Approximately 40 tests have been conducted in SCTF, most of which
focus on bottom reflood. More than half of these tests have been performed
under forced flood conditions,-with the downcomer sealed off and a forced
ECC flow injected into the lower plenum. Figure 6.4-73 shows the quench
envelope for the base case (Test Si-Ol, Reference 6.4.47), which is
representative of the SCTF test results. As indicated, the top quench
occurred mainly in the upper core and to some extent in the intermediate
core. These results are similar to those of the CCTF Core-II tests.
Although not shown, the rods adjacent to the walls tended to quench earlier
than the other rods; however, this behavior is not considered to be
significant. The SCTF gravity flood results were similar to the forced
flood results.
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Since top-quenching exists at least .in the top part of the core but
was not considered in Appendix K, this would provide added safety margin.

Conclusions

o Top quenching occurred in both the CCTF and SCTF facility and
proceeded in a complicated manner (nonuniform quench pattern).
Nevertheless, the presence of top quench during bottom reflood is
not assumed to occur in Appendix K calculations and therefore
represents conservatism in any Appendix K calculations.

6.4.3.6 Radial Power Distribution Effects Experiments.

Relevant Experiment Programs

Both CCTF and SCTF are well suited for studying the effects of a
nonuniform radial power profile on emergency core coolant thermal-hydraulic
behavior during reflood. The features of these facilities that make them
particularly suitable for studying these phenomena are:

o A full-height heated core

o A realistic simulation of fuel grid spacers and upper core hardware

o A realistic simulation of upper plenum structures.

Detailed descriptions of these facilities are contained in Appendix A.

Results

Two tests in CCTF can be used to see the effect of a radial power
distribution on emergency core coolant behavior:

o A base case test (6.4.43), with a core power level consistent
with licensing assumptions and an axisymmetric core power
distribution based on a typical PWR

o An asymmetric power test (6.4.71) with the same total core power
as the base case but with the power distribution skewed so that
one side of the core generated more power than the other.

Figure 6.4-74 shows the normalized power profiles for these two
tests. The flooding rates in the tests were about the same.

No significant thermal-hydraulic effects attributable to a change from
symmetric to asymmetric radial power profile were observed. Quench front
elevations were nearly uniform across the core in both tests. Quench times
were about the same between the different power levels within each test,
and between the two tests. This result does imply, though, that there is
significant redirection of ECC flow to the hotter assemblies; otherwise a
significant lag in their quenching would have been expected.
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Three forced-flooding bottom reflood tests have been run in SCTF
specifically to study radial power distribution effects:

o A base case test (6.4.47) with a core power level consistent with
licensing assumptions and a lateral core power profile based on a
typical PWR

o A "flat power profile" test (6.4.68,72) with the same total power
as the base case but a uniform lateral distribution.

o A "steep power profile" test (6.4.48,72) with the same total
power as the base case but a more pronounced lateral power
distribution.

Figure 6.4-75 shows the normalized lateral power profiles for these
three tests. The flooding rates in all three tests were approximately the
same.

One effect of the radial power distribution observed in the SCTF tests
is a radial variation in quench front elevation across the core resembling
the radial power distribution. As can be seen in Figure 6.4-76, the quench
front is basically uniform across the core in the flat power profile test.
Although there are small variations, the quench front profile in this test
does not suggest a pattern that is attributable to any particular
mechanistic cause. Consequently, it appears that the obscured differences
in quench front elevation (up to about eight inches) may be attributed to
minor differences in core preheating, randomness of experimental results,
measurement errors, and other such causes. In the steep power profile
test, on the other hand, the quench front profile shows a nonuniformity
across the core that appears to be mechanistically tied to the radial power
profile in the core. Maximum differences between quench front elevations
in the low- and high-powered bundles are about twenty inches. As will be
discussed below, this is a relatively small residual offset and reflects
significant communication between assemblies. In the steep profile test
the collapsed liquid level was relatively uniform across the core. This
fact further suggests that communication occurs between bundles since
high-powered bundles must produce more steam than the low-powered bundles
and consequently should have lower collapsed liquid levels in the absence
of such communication.

Further comparisons between the base case and steep power profile test
and the flat power profile test show evidence of two-dimensional effects
when the core power profile is increasingly nonuniform. Although the
initial temperature distributions in the core at the start of reflood were
nonuniform for the base case and steep power tests (see Figure 6.4-77), the
initial temperature distribution in the two most highly powered bundles
(bundles 3 and 4) of each of these tests was the same as in the flat power
profile test. However, as shown in Figure 6.4-75, the power in bundles 3
and 4 was highest in the steep profile test and lowest in the flat profile
test. As shown in Figure 6.4-78, Bundle 4 from the base case test and
steep power test quenched at about the same rate as Bundle 4 of the flat
power profile test. Since a higher powered bundle should quench more
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slowly than a lower powered bundle, the higher powered bundles are
experiencing enhanced cooling. This conclusion suggests water is being fed
to the high-power bundles from the low-power bundles in response to a
horizontal pressure gradient caused by the radial power distribution.

Further evidence for water being fed from lower powered bundles to
higher powered bundles is provided by horizontal differential pressure
measurements made during the tests. Figure 6.4-79 shows an example of one
of the horizontal pressure difference measurements from the steep power
profile test. In general, these measurements showed that, during the time
before the quench front arrives at a particular elevation in the core and
for a short period thereafter, a horizontal pressure gradient exists from
the high-power bundles toward the low-power bundles. The magnitude of this
pressure difference increased with increasing radial power nonuniformity
(i.e., it was small or nonexistent in the flat power test and of increasing
magnitude in the base case and steep power tests). This observation is
consistent with generation of more steam in the high-power bundles, which
would tend to redistribute toward the low-power bundles as it moves up the
core. On the other hand, the pressure differential between the low- and
high-power bundles below the quench front is exactly opposite. The
pressure is higher in the low-power bundles and lower in the high-power
bundles. The pressure differences from lower to higher powered bundles
were greatest in the steep power profile test and smallest in the flat
power profile test, as would be expected. This observation is consistent
with a buildup of water (lower void fraction) in the low-power bundles
below the quench front that tends to flow over to the high-power bundles.
Maximum pressure differences (across three bundles) ranged up to about
300 Pa (0.04 4 psi).

Conclusions

In summary, the SCTF tests showed:

o Higher-powered bundles experience an enhancement in cooling that
increases as radial power nonuniformity increases. Specifically,
it appears the core quench rate is dominated by the core average
power and that the high-power assemblies will obtain the
supplemental cooling by communication with low-power assemblies
needed to keep up with the overall quench rate.

o The quench front profile varies with the radial power profile.
However, the variation is small, and the core collapsed water
level appears to remain one dimensional.

o Horizontal pressure differences in the core increase as radial
power nonuniformity increases. The horizontal pressure
differences above the quench front drive steam from the higher
powered bundles toward the lower powered bundles; the horizontal
pressure differences below the quench front drive water from the
lower powered bundles to the higher powered bundles.
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6.4.3.7 Manometer Oscillation Experiments

Relevant Experiment Programs

Manometer oscillations have been observed in a number of test
facilities used for PWR refill/reflood research. These have included CCTF,
SCTF, PKL, Semiscale and FLECHT. Also, UPTF is expected to provide limited
information on this phenomenon. The following discussion will focus on the
results observed in four of thes& facilities; CCTF, SCTF, Semiscale and
FLECHT. CCTF and SCTF each contain about 2000 full-scale electrically
heated fuel rods. FLECHT is a smaller facility with about 100 rods.
Semiscale had 23 rods. Appendix A contains descriptions of the facilities.

Results and Conclusions

Oscillations of the core and downcomer liquid levels was one of the
key differences in behavior between tests with similar gravity reflood
conditions run at SCTF, CCTF, and FLECHT. In particular, large and
relatively persistent oscillations from the beginning of reflood to just
after the end of accumulator injection were present in the SCTF reference
cold leg injection gravity reflood test (S1-20, Reference 6.4.73) shown in
Figure 6.4-80. An evaluation of the data from Test S1-20 confirmed that
the core and downcomer levels did indeed oscillate as the levels in a
manometer. Other SCTF gravity reflood tests also exhibited significant
oscillations.

Most of the FLECHT tests exhibited significant oscillations whereas
most of the CCTF tests did not. The CCTF base case test (C1-05,
Reference 6.4.43) and one of the parametric tests (C1-14, high initial
cladding temperature) are shown in Figure 6.4-81, and it can be seen there
are no significant oscillations. Assessment of the existence and effects
of this phenomenon is further complicated because there are a number of
features of CCTF, SCTF, and FLECHT that are not particularly suitable for
the study of this phenomenon. In particular, FLECHT has features that tend
to enhance the oscillations. Such features include a simulated core barrel
wall area that is larger than direct PWR scaling would provide.

Among the large number of reflood tests (about 50 official tests) run
in CCTF, only a few exhibited significant oscillation of core and downcomer
water levels.

The base case CCTF test (Cl-05) and the high initial cladding
temperature test (C1-14) are shown in Figure 6.4-81. Neither of these
tests exhibit significant core or downcomer level oscillations. The CCTF
evaluation model (EM) test (6.4.73) shown in Figure 6.4-82 indicates a
slight evidence of the manometer oscillation phenomenon. The few CCTF
tests that did have significant core and downcomer level oscillations were
the FLECHT-SET coupling tests (6.4.45). Figure 6.4-83 shows an example of
one of these tests. The level oscillation behavior in these few CCTF tests
is significantly different from that in SCTF as seen by comparing
Figures 6.4-80 and 6.4-83.
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The principal difference between the CCTF/FLECHT coupling tests and
the CCTF base case test is that a higher accumulator injection rate was
used for the FLECHT coupling tests. This is considered one of the
controlling factors for the presence or absence of core and downcomer level
oscillations. However, there does not appear to be a specific threshold of
ECC flow above which oscillations occur and below which oscillations do not
occur. The CCTF tests performed as FLECHT coupling tests had ECC flows of

about 360 m3/hr. For these tests, significant core and downcomer level
oscillations occurred. The CCTF base case test-and most others had ECC

flows of about 250-280 m3/hr. Significant oscillations did not occur in
these tests, but significant oscillations also did not occur in the CCTF EM

test, which had an ECC flow of about 370 m3/hr. CCTF tests are not
considered a good basis for examining the manometer oscillation phenomenon
for a number of reasons:

o Accumulator injection was typically directed to the lower plenum
rather than the downcomer; this reduces the injection
perturbation effect.

o The injection rate was typically lower than direct scaling would
suggest; this also reduces the injection perturbation effect.

o The downcomer surface area is larger than direct scaling would
suggest; the larger area provides added flow resistance to
oscillations and also would increase the heat flux to the unit
volume of fluid as compared toka full-scale reactor. It is not
clear which one of these two opposing factors would dominate.

FLECHT-SET tests that were the counterpart tests to the CCTF/FLECHT
coupling tests exhibited significant core and downcomer level
oscillations. Most other FLECHT-SET tests also exhibited significant
oscillations. The oscillations were initially large and damped out with
time. Figures 6.4-84 and 6.4-85 illustrate examples of the downcomer and
core oscillations observed in most FLECHT-SET tests (6.4.74). Evaluations
of FLECHT-SET results have generally concluded, however, that these
oscillations may not be typical of an actual PWR since FLECHT has at least
one key feature that significantly enhances the oscillations: the
simulated core barrel (normally referred to as the housing) has a wall area
larger than direct PWR scaling would provide. The large wall area is a
large heat source that wets earlier than adjacent rods and causes a large
amount of steam to be generated when the accumulator injection forces water
into the core. FLECHT-SET test 5115 shown in Figure 6.4-84 was an attempt
to reduce the effects of the housing wall to a more realistic level by
using a lower wall temperature. Note that the oscillations were
significantly reduced by lowering the wall temperature. Accordingly, these
FLECHT results suggest that some core and downcomer oscillations might
occur in a PWR LOCA but the oscillations are likely to be small and to damp
out in a short time.

Most SCTF gravity reflood tests exhibited the manometer oscillation
phenomenon. However, the gravity reflood tests comprised less than half of
the about 40 SCTF tests to date. The majority of the tests were run with
forced flooding into the core with the downcomer sealed off, which
precludes the manometer oscillation phenomenon.

6.4-118



8 50

7

6

on

0 3
00

M

CD-4
0
0

2

1

0

40

E
30;

0

0
20 E0

3:
0

10

0 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Time after flood (s) 6 9320

Figure 6.4-84. FLECHT SEASET downcomer head versus time for
different housing temperatures.

6.4-119



16

1-1W

'

-I

0
S
x

e~
0

"a
I-

0

E

0

-21L
0 6 12 18 24 30 36 42 48 54 60

Time after flood (s) 6 9321

Figure 6.4-85. Effect of FLECHT SEASET initial housing temperature
on the oscillations of test section head with 60 psia
containment pressure.

6.4-120



SCTF also has some features that make the test results a questionable
9 basis for examining the manometer oscillation phenomenon. These are

possibly more detrimental to examining the manometer oscillation phenomenon
than were the CCTF shortcomings. These include:

o The downcomer configuration and broken cold leg pipe location
ensure that very little of the water injected into the cold leg
is bypassed; this enforces the high accumulator flow delivery to
the core

o A separator is used to simulate the steam generator rather than
using a heated steam generator; this provides a less realistic
PWR simulation

o Some tests were run with reduced injection rates to suppress the
oscillations.

The SCTF manometer oscillations did not occur to the same degree in
all the gravity reflood tests. Figure 6.4-80 illustrates the results of
Test S1-20, which exhibited core and downcomer collapsed water level
oscillations early in the reflood period. The oscillations were damped out
soon after the end of accumulator injection. Figures 6.4-86 and 6.4-87
illustrate two other examples of core and downcomer level oscillations in
SCTF (6.4.75). Test S1-13 (Figure 6.4-86) had a higher accumulator
injection rate than did S1-12 (Figure 6.4-87). The oscillations in S1-13
are initially large and then damp out as in Test S1-20 (Figure 6.4-80).
Test S1-12, which is a FLECHT-SET coupling test, exhibited a different type

's' of oscillations. These were similar to the CCTF/FLECHT-SET coupling test
results shown in Figure 6.4-83. The reasons why the oscillations in these
two tests occur at different times within the reflood period and are
significantly different in magnitude are not clear. In general, the
relative magnitude, duration, and time of the oscillations vary
considerably between tests in SCTF, FLECHT, and the few tests in the CCTF
series that had core and downcomer level oscillations.

Figure 6.4-86 (SCTF) shows a concurrent increase (or decrease) in
liquid level between the core and downcomer during the early accumulator
injection period (0-25 s) which physically should be an out of phase level
oscillation. Semiscale experiments also showed these apparent concurrent
oscillations during gravity feed reflood tests (see Figure 6.4-88).
Examination of available instrumentation in the Semiscale facility
(densitometers, fluid temperatures, and differential pressure cells)
confirm that the oscillations are indeed out of phase between core and
downcomer. This discrepancy has been related to the measurement technique
involving differential pressure cells in the downcomer and core. During an
oscillation the fluid moves from the downcomer into the core which is
accompanied by large amounts of steam generation and a pressurization is
registered almost immediately at the lower plenum tap. However, there is a
time delay equal to the distance from the core region to the inlet annulus
divided by the velocity of the steam through the loop. This delay causes
the downcomer differential pressure cell to indicate falsely an immediate
increase in level. The core differential pressure cell would be only
slightly affected by a delay because of the proximity of both the top and
bottom taps to the steam source.
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The manometric oscillation in core fluid cause an oscillation in core
heat transfer as shown on Figure 6.4-89 which compares the local heat
transfer coefficient and channel radial average void fraction. At times,

\Q~" the core heat transfer is enhanced (at points of low void fraction) and
other times the heat transfer is degraded (for positions in high void
fraction). The average heat transfer during these oscillation in the
Semiscale facility average out to pool film boiling type values as shown in
Figure 6.4-90 which compares the local heat transfer coefficient and the
Bromley correlation (pool film boiling correlation). The Bromley
correlation is approximately valid in the froth region just above the
quench front but not at higher elevations. Correlations that track the
heat transfer for all positions in the core have been developed from the
Semiscale reflood data base and involve variation in the local void
fraction (6.4.76).

Conclusions

Based on examination of the CCTF, SCTF, Semiscale, and FLECHT test
results, the following conclusions are reached:

o Manometer oscillations of the core and downcomer levels occurred
in some of the CCTF, SCTF, Semiscale and FLECHT tests. When the
oscillations did occur, improved core cooling and reduced peak
cladding temperatures were observed for CCTF and SCTF testing.
In the Semiscale experiments the heat transfer was a direct
function of the local void fraction.

o Injection flow rate appears to be a controlling factor in
initiating and sustaining the oscillations, but a clear threshold
injection flow cannot be defined.

o CCTF, SCTF, and FLECHT all have features that reduce the accuracy
of simulation of manometer oscillations. However, these
facilities provide data useful for assessing analytical models
and codes.

6.4.3.8 Initial Cladding Temperature Effects/Experiments.

Results

.SCTF and CCTF temperature histories are similar under similar
conditions. Figure 6.4-91 shows two SCTF tests and one CCTF test
temperature results at about the same conditions. Cladding temperature at
the start of refill/reflood Is a function of the course of events during
blowdown and hence is dependent on plant-specific details and the exact
nature of the break. In CCTF, the initial cladding temperature at the
start of reflood covered a range from 6001C to 8441C (1112OF to 15500F).
These temperatures are higher than typical PWR cladding temperatures
calculated using most probable or best-estimate assumptions. The highest
values are typical of cladding temperatures at the start of reflood as
calculated in licensing calculations. A series of tests was run at CCTF to
specifically check the effect of varying the initial cladding temperature
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rise. The results showed that the effect of increasing initial cladding
temperature on the core, vessel, and loop phenomena is relatively minor,
except for the'effect on cladding temperature rise after reflood and on the
time the cladding is at elevated temperature. These are discussed more
fully below.

Rise in Cladding Temperature Above the Initial Value. The temperature
rise from the initial cladding temperature to the peak temperature
decreases with increased cladding temperature. In one test, raising the
initial cladding temperature by 781C (1401F) resulted in an Increase in the
peak cladding temperature of only 651C (1171F). In test C1-14 raising the
initial cladding temperature by 1511C (2721F) raised the peak cladding
temperature by only 1210C (2181F). These results are summarized in
Figure 6.4-92, which plots the peak cladding temperature vs. the initial
peak cladding temperature.

Length of Time at Elevated Temperature. The time the cladding was at
elevated temperature after reflood begins (also referred to as the maximum
quench time) ranges from about 224 seconds to 625 seconds for the CCTF
Core I tests. The effect of initial cladding temperature is also shown in
Figure 6.4-93. The time at temperature increases only slightly with
increased initial cladding temperature. Further, since the temperatures
and times are well below any limits at which fuel damage would occur (see
NUREG-0562 for damage thresholds), it is evident that a large safety margin
exists.

Conclusions

The CCTF tests showed that, for a wide range of test conditions
typical of those that occur in reflood following a large-break LOCA, the
cladding temperature response shows a wide safety margin to all the
licensing criteria. This result was obtained even though the test
conditions were deliberately selected to conservatively model the reflood
phase of the large-break LOCA.

Since one of the major unknowns for a reflood test is the initial
cladding temperature at the start of reflood, this parameter was varied.
The major results are that an increase in Initial cladding temperature
decreases the subsequent temperature rise once reflood has begun, increases
the overall peak cladding temperature, and increases the time at which the
cladding is at elevated temperature. This result is consistent with
results seen in other reflood test facilities.

6.4.3.9 Liquid Carryover from the Core/Experiments.

Relevant Experiment Programs

The CCTF facility is particularly suitable for evaluating the
phenomenon of liquid carryover from the core. It is an integral facility
with a full-height core and realistic simulation of fuel grid spacers and
upper core hardware, realistic simulation of the upper plenum structures,
and realistic simulation of the primary loops including the steam
generators. Vertical dimensions are full scale, i.e., the same size as a
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large PWR. Flow areas are scaled according to core power input.
Accordingly, the liquid carryover phenomena, as well as interrelated
phenomena such as core flooding rate, deentrainment in the upper plenum,
and steam binding effects, are considered representative of the phenomena
in a full-scale PWR.

The SCTF facility is less suitable for evaluating the liquid carryover
expected in a PWR. It contains a full-height core with realistic
simulation of PWR fuel. However, it does not realistically simulate the
primary loops, has no steam generator, and does not accurately simulate the
reactor downcomer. Furthermore, more than half of the tests have had
forced flooding conditions with the downcomer sealed off and a fixed flow
injected into the lower plenum. Accordingly, the SCTF does not provide the
inherent system feedbacks that can influence liquid carryover.

On the other hand, the SCTF facility is useful in evaluating the
liquid carry over phenomena, and in particular, the parameters that can
affect the extent of carryover that occurs. The SCTF permits significant
parameters such as core flooding rate to be varied so that the effects of
individual parameters on liquid carryover can be identified.

Results

Results from CCTF and SCTF applicable to liquid carryover from the
core are discussed below. Appendix A contains descriptions of the
facilities.

About 40 to 50 reflood tests have been run in the CCTF; the vast
majority simulated bottom reflood due to cold leg ECC injection. The
results from all of the CCTF tests are qualitatively similar. The results
from CCTF I base case (6.4.43) may be summarized as follows:

o The results indicate that significant carryover occurs, as shown
in Figure 6.4-94. The carryover rate fraction rises very rapidly
from zero to about 0.75 in the first 40 seconds after the onset
of reflood (which starts at 63 seconds for this test). By about
140 seconds after the onset of reflood, the carryover rate
fraction is essentially equal to one; i.e., all emergency coolant
entering the core is also leaving the core.

o The effects on core mass accumulation are shown in Figure 6.4-95,
a plot of differential pressure versus time. The differential
pressure is directly proportional to the core mass accumulation.
Core mass accumulates rapidly during the first 40 seconds after
the onset of reflood. It remains essentially constant through
the remainder of the transient at an equivalent solid liquid
level less than one-half of the core height. From Figure 6.4-96,
it can be seen that the "steady-state" core liquid level is
reached at about the time the maximum rod temperatures turn around.
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o The core quench front advances at a relatively constant rate as
shown in Figure 6.4-97 despite the fact that the accumulated mass
is essentially constant throughout most of the transient. This
indicates clearly that models that tie the quench front advance
rate to accumulated core mass are not realistic.

o The results indicate that the core void fraction above the quench
front Is about 0.9 or less throughout most of the transient (see
Figure 6.4-63). This result reflects the high carryover by
entrainment; i.e., there is a significant amount of water in
transit above the quench front. This entrainment aids heat
transfer (see Section 6.4.3.4).

o While it was previously considered that large carryover rate
fractions would have a detrimental effect on core cooling, the
CCTF results show limited adverse effects of liquid carryover on
core heat transfer. The major reason is that water carried over
with steam from the lower part of the core improves heat transfer
in the upper part of the core.

o The liquid carryover is large, and it contributes to the
steam-binding phenomenon. This is alleviated by the
deentrainment phenomenon discussed in Section 6.4.2.6.

About 40 tests have been run to date in the SCTF at various flooding
rates. Figure 6.4-98 shows core differential pressure for a test (6.4.77)
with the flooding rate equal to 6.2 kg/s, which is close to the CCTF
flooding rate of 5 kg/s. The differential pressure rises rapidly during
the early test period indicating a rapid early increase in core accumulated
mass. This early behavior is similar to that observed in CCTF.

However, in the SCTF, core pressure drop continues to rise at a slow
rate rather than reaching an essentially constant level as in CCTF. This
would indicate more core accumulation and lower carryover for SCTF in
comparison with CCTF. The reason for the difference is the steam binding
effect discussed earlier in the section for liquid deentrainment. In SCTF
tests, the core collapsed liquid level had not reached an equilibrium value
by the time the tests were terminated (10 min) even though the whole core
had long been quenched (typically within 8 min). Since the CCTF simulates
the PWR system behavior more closely, the liquid accumulation in the core
and the carryover to the upper plenum and the steam generator in a PWR are
expected to resemble the CCTF behavior more closely than the SCTF behavior.

Conclusions

o Models that tie the quench front advance rate to accumulated mass
are not realistic. Furthermore, the core quench is independent
of the overall mass in the core. The overall mass distribution
is the key to predicting quench behavior.

o A high carryover rate fraction (even 1.0) does not preclude an
orderly reflood of the core.
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6.4.3.10 Liquid Carryover to Hot Leg/Experiments

Relevant Experiment Programs

The facilities most applicable to study of liquid carryover to the hot
leg are those that correctly simulate liquid carryover from the core and
deentrainment in the upper plenum and in which the amount of liquid carried
to the hot legs can be accurately measured. There are two such facilities,
CCTF and UPTF, both from the 2D/3D program. These facilities are described
in Appendix A. Of these two facilities, data are available only from CCTF
because UPTF had not yet started testing at this writing.

The facilities most applicable to study of liquid collection in the
hot leg are those that have a full-size hot leg at the same elevation
relative to the steam generator as the PWR. This is because potential
water deentrainment and collection are strong functions of the height of
the hot leg from bottom to top of the pipe, the wetted perimeter, and the
height from the hot leg elevation to the steam generator inlet elevation.
The only facility with a full-scale hot leg is UPTF. However, as noted
above, UPTF testing has not yet started.

The SCTF from the 2D/3D program might also be considered applicable,
as SCTF has an oval hot leg designed to correctly simulate hot leg height
while maintaining correct flow area scaling. However, this oval
configuration results in an overly large wetted perimeter that results in
excessive deentrainment in the hot legs. Also, the SCTF hot leg is
significantly shorter and the bend approaching the steam generator is
consequently atypically close to the vessel. This also affects the
deentrainment. In a typical SCTF test, most of the water that enters the
hot leg from the upper plenum is deentrained in the hot leg before it
reaches the steam generator. This water is collected in the hot leg and
some of it spills back into the upper plenum. Therefore, the amount of
water carried over to the hot leg cannot be accurately measured in SCTF,
nor does SCTF accurately simulate this effect in a PWR.

Several test facilities that were used for LWR refill and reflood
research provided data that can be used to evaluate steam binding. These
facilities either realistically simulate steam binding or simulate other
phenomena that could contribute to steam binding in an actual PWR. Those
facilities in which steam binding actually occurs were equipped to provide:

o Integral system simulation of the primary loops, including steam
generators and primary coolant pumps

o Realistic simulation of core exit conditions

co Realistic simulation of upper plenum structures and volume (so
that the amount of liquid carryover into the hot legs is
prototypical).

The facilities in which steam binding could be observed were:
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0 CCTF

o PKL

o FLECHT-SEASET

o LOFT

o Semiscale

Another facility that is expected to yield data applicable to the
evaluation of steam binding is UPTF; however, UPTF is still under
construction as of the date of this report.

CCTF is particularly useful in the study of the steam binding
phenomenon as it includes a full-length heated core, an appropriately
scaled upper plenum (UP) volume and realistic UP structures, four
full-length primary loops with U-tube steam generators that properly
simulate the reverse heat transfer phenomena, and primary coolant pump
simulators with appropriate flow resistances.

UPTF does not contain a full-height core but has an upper core
geometry and a "core simulator," which is a steam/water injection system
specifically designed to simulate the flows generated in a heated core.

Both Semiscale and LOFT were designed to model the full LOCA transient
and contain some design compromises that lessen the degree to which the
steam binding phenomenon is simulated. Both have heated cores and
simulated primary loops with steam generators. However, in LOFT the core
and upper plenum geometries and the primary loop configuration and flow
resistances are not realistically simulated, and in Semiscale the upper
plenum and hot leg geometries are poorly simulated which could affect steam
binding.

FLECHT-SEASET is a facility designed specifically for the study of
reflood phenomena. It includes a full-length heated core, primary loops,
steam generators, and pump simulators. The steam generators are designed
to simulate secondary-to-primary heat transfer. However, the flow area
scaling structures in the upper plenum of FLECHT-SEASET were unrealistic,
and the deentrainment of water in this region is not properly simulated.
The amount of deentrainment has had a significant effect on the steam
binding phenomenon. Also, many FLECHT-SEASET experiments were performed
with "forced" flooding rates so that the effect of steam binding on core
reflood is less obvious.

Although a relatively small facility (1/125 scale), PKL is designed so
that steam binding can be studied directly. PKL includes a full-length
core, multiple loops with steam generators and pump simulators, and a piped
downcomer. Although some of the PKL tests were performed without upper
plenum (UP) internals, a good portion of the tests had UP internals in
place to provide simulation of deentrainment and carryover phenomena. Most
of the PKL tests were performed with combined injection into both hot leg
and cold leg; therefore, the system behavior, Including steam binding, is
not directly analogous to that in bottom reflood PWRs.
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Pertinent results of CCTF testing with regard to liquid carryover to
the hot leg are summarized below. The majority of CCTF experiments
performed up to this writing covered core reflood due to cold leg ECC
injection (i.e., bottom reflood). Additionally, some tests were performed
in CCTF with upper plenum injection (UPI) of low-pressure coolant. The
behavior and significance of liquid carryover to the hot leg under UPI
conditions is qualitatively different from that under cold leg injection
conditions; therefore these two are discussed separately.

Results

In the CCTF base case test (6.4.43), primary-side fluid temperature
measurements indicated that the fluid on the downstream side of the steam
generator was superheated for about the first 350 seconds of the test.
This complete evaporation in the steam generator permits a calculation of
the quality of the fluid entering the steam generator based on an energy
balance using the rate of change of the measured steam generator
secondary-side fluid temperature and the measured primary-side steam flow
rate and the temperature downstream of the steam generator. Such a
calculation was performed for the CCTF base case test. The fluid quality
entering the steam generator was about constant, ranging from 88% to 93%
for the first 350 seconds of the test (see Table 6.4-2). The average
quality was about 91%, indicating that 9% (by weight) of the flow leaving
the vessel was liquid. Direct measurement of hot leg quality using the hot
leg spool pieces (supplied by the NRC) for a test with boundary conditions
similar to the base case showed these estimates to be reasonably accurate.
(The hot leg spool pieces were not installed for the base case test.)

TABLE 6.4-2. STEAMNQUALITY ENTERING THE STEAM GENERATOR FOR THE BASE CASE
TEST

Time after start 75 100 150 200 250 300 350
of transient (s)

Steam quality entering 0.92 0.88 0.93 0.93 0.93 0.89 0.91
steam generator No. 1

For this same base case test, the amount of liquid deentrained in the
upper plenum was about 8% of the core flooding rate (see Section 6.4.3.4);
the liquid carried over to the hot leg was therefore 9/108 = 8% of the core
flooding rate. (This assumes 100% carryover, which was approximately true
about 100 seconds after the beginning of reflood for the CCTF base case
test, since the rate of liquid accumulation in the core, as indicated by
differential pressure measurements, was about zero.) In summary, for the
CCTF base case test, about 16% of the fluid entering the core was carried
over as liquid to the upper plenum. Of this 16%, approximately half or 8%
was deentrained in the upper plenum; and the remaining 8% was carried over
to the hot legs and then to the steam generator, which contributed to steam
binding. The scaling of the core, upper plenum, and hot legs in the CCTF
are such that the fraction of liquid carried over to the hot legs is
expected to be typical of that in the PWR.
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The tests conducted in CCTF provided the best opportunity to evaluate
the steam binding effect during reflood. Since CCTF is an integral test
facility that includes U-tube steam generators and flow resistances
representative of those in an actual PWR, steam binding could be simulated
and measured. For each test run in CCTF, the primary system conditions
upstream and downstream of each steam generator were measured as well as
the amount of heat transfer from the secondary side of the steam generators.

There is little or no inherent conservatism in the CCTF simulation of
the steam binding effect. That is, the configuration of the core, upper
plenum, piping, and steam generators is such that realistic simulation of
steam binding is expected. However, the initial conditions and operating
parameters for the CCTF tests may have influenced the amount of water
entrained in the core and hence affected steam binding. For instance, CCTF
core power was generally higher than the more realistic best estimate for a
comparable PWR. Higher power increased the steam generation rate and may
have resulted in more liquid entrainment and carryover to the steam
generators and thus more severe steam binding.

The effect of steam binding on core mass flooding rate is illustrated
in Figure 6.4-99 (6.4.43). After an initial onrush of coolant into the
bottom of the core at the start of reflood, steam binding effectively
restricts the mass flow rate into the core. Figure 6.4-100 illustrates the
average quench front envelope (i.e., quench elevation vs. time) for the
base case test. Clearly, the rate of advance of the bottom quench front
decreases as the reflood transient proceeds. The buildup of a back
pressure above the core is illustrated in Figure 6.4-101. The pressure
above the core during the base case test was generally about 0.25 MPa
(36.5 psia), or about 0.05 MPa (7.25 psi) above the containment tank
pressures due to the pressure drop through the loops.

Reverse heat transfer in the steam generators was also observed in
CCTF; typical CCTF test results are shown in Figure 6.4-102. These data
are from the base case test. Figure 6.4-102 shows the primary side inlet
and outlet plenum fluid temperatures and the secondary-side fluid
temperature for steam generator No. 1 (intact loop). The temperatures were
nearly identical in steam generator No. 2 (broken loop). The inlet plenum
field temperatures are essentially saturated at the local pressure, about
0.24 MPa (35 psia). The outlet plenum fluid temperatures are superheated
for most of the transient. The secondary-side fluid temperatures decrease
with time from an initial value near 2650C (5090F), illustrating the
cooling of the secondary side that accompanies the heatup of the
primary-side fluid to the superheated state. The contribution of reverse
heat transfer in the steam generator to steam binding is significant. In
fact, without this reverse heat transfer, it is estimated the core mass
flooding rate would increase about 20%.

A significant degree of stratification occurred on the secondary side
in both steam generators. Initially, fluid in the tubesheet is cooler than
at the upper elevations. This is because, during test preparation, the
tubesheet is cooler than nominal secondary temperature because of the
influence of the primary side. Once the test begins, cooling takes place
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preferentially at the bottom of the secondary side because this is the
inlet region of the tubes. Most of the secondary-to-primary heat transfer
takes place in the first few feet of these tubes. Hence the initial
stratification grows, and there is no mechanism to mix the secondary side.
This phenomenon is an artifact of CCTF and potentially results in slightly
lower outlet temperatures than would occur if the secondary were completely
mixed since the outlet of the steam generator tubes also passes through the
cooler region. Correcting the result for efficient secondary-side mixing
demonstrates that the phenomenon in a PWR would not differ significantly
from that in CCTF. For example, it has been estimated that a PWR would
have primary loop flows about 3% less than those determined using the CCTF
test results directly.

The secondary side of each steam generator is equipped with a large
number of thermocouples. An energy balance analysis in which the amount of
cooling on the secondary sfde of the steam generator in combination with a
measurement of the primary-side flow rate may be used to assess the quality
in the hot legs upstream of the steam generator. Typical results of such
an analysis are shown in Table 6.4-2. Subsequent direct measurements of
hot leg quality using the hot leg spool pieces showed these estimates to be
reasonably accurate and confirmed that the physical phenomena underlying
the steam binding phenomenon are well understood.

Conclusions

In summary, the CCTF tests suggest that steam binding affects the core
flooding rate. However, even in the presence of the steam binding effect,
the core was still cooled and quenched effectively. The steam binding
effect caused by the secondary flow leakage into the steam generator
primary side is discussed in Section 6.10.

6.4.3.11 Vent Valve Effects Experiments.

Relevant Experiment Programs

The Cylindrical Core Test Facility Core II (6.4.78) incorporated vent
valves that simulated the mechanical and flow characteristics of the vent
valves (see Figure 6.4-103) in current B&W reactors. In CCTF, four scaled
vent valves (see Figure 6.4-104) were used to simulate the eight vent
valves of a B&W plant. The characteristics of both valve types are given
in Table 6.4-3. The locations of the vent valves in the CCTF Core II
pressure vessel are shown in Figure 6.4-105.

Two tests [C2-AS2 (6.4.79), and C2-10 (6.4.80)] were performed in CCTF
Core II to investigate the effects of the vent valves. The results of
these tests can be compared to each other and to a base case test (test
C2-SH1) (6.4.81) in which the vent valves were secured in the shut
position. In test C2-10, the flow areas in the pump simulators were
mechanically blocked to simulate water seals that might form in the loops.
Flow through the primary loops was not prevented in test C2-AS2. Other
conditions for the tests were substantially the same.
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TABLE 6.4-3. COMPARISON OF VENT VALVE CHARACTERISTICS

B&W

Quantity of Vent Valves 8

Diameter of VV hold, m 0.365

Flow area ratio (Loop/VV) 1.75

Flow area ratio (Core/VV) 6.12

K factor 1-3 (4.2)a

DP (start to open), kPa 1.03

DP (full open), kPa 2.06

a. Used for B&W safety evaluation calculation.

CCTF

4

0.114

1.85

6.73

2-4

0.98

2.55
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Results

Comparisons of the surface temperatures of the heater rods in CCTF
Core II between the two vent valve tests (C2-AS2 and C2-10) and the base
case test (C2-SH1) are given in Figure 6.4-106 for a high-power region in
the core. The high-power region had the limiting temperatures although the
general behavior was similar everywhere in the core. Data from test C2-10
must be disregarded for times greater than 285 seconds because electric
power to the heater rods in the core was disrupted by an equipment
failure. Surface temperatures and quench times for test C2-AS2 were
significantly less than those of the base case test. For test C2-10,
surface temperatures and quench times below the core midsurface
temperatures were less than those of the base case test, and no conclusion
can be made about quench times because of the equipment malfunction noted
above.

The cladding temperatures of tests C2-AS2 and C2-10 were similar
although the quench times in test C2-AS2 were slightly shorter. The
shorter quench times apparently result from reduced steam binding since
flow was permitted through both the loops and the vent valves.

The differential pressure in the upper plenum is given in
Figure 6.4-107. More water accumulates in the upper plenum during the two
vent valve tests than during the analogous test without vent valves. A
portion of the increased water height in the upper plenum is apparently due
to a greater opportunity for deentrainment because the vent valves are
located above the loop nozzles in CCTF (see Figure 6.4-105) and B&W
reactors. The water height in the upper plenum is also higher because ECC
flows through the core more readily with the vent valves and core cooling
is improved. The greater deentrainment has a small effect on core flooding
because the differential pressure associated with it is small.

The beneficial effect of a vent line between hot and cold legs was
also obtained in Semiscale tests. In the Semiscale tests a core bypass
line between the downcomer annulus and the upper head allowed a venting for
the steam binding problem. This line simulated normal leakage between
these components in a PWR (6.4.82). During reflooding, the vent line
functioned as expected in that increased steam flow out of the upper plenum
allowed significantly higher reflood rates to occur. Even though
reflooding of the system was initiated at the same time in the vent-line
test and in the baseline test (the vent line did not influence the
Semiscale hot-wall delay or the ECC penetration characteristics), complete
quenching of the core occurred by 100 seconds in the vent-line test as
compared with about 250 seconds in the baseline experiment.

6.4.4 Conclusions

The previous sections have described a portion of the vast amount of
PWR reflood research that has been performed since the 1975 ECCS rule was
adopted. This research has greatly improved the understanding of reflood
behavior and the ability to model such behavior. The following conclusions
can be drawn from the previous sections:
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1. Bottom reflood experiments show that beneficial core quenching
rates are achieved even for flooding rates of only one inch per
second. This result confirms that the 1975 ECCS licensing
assumptions for reflood are conservative.

2. The presence of grid spacers enhances reflood heat transfer. The
1975 Appendix K requirements conservatively neglected this effect.

3. Deentrainment of liquid in the upper plenum region has a
beneficial effect on reflood by reducing steam binding and under
certain circumstances producing top-quenching.

4. Experiments have shown that even in the presence of steam binding
effects, the core can still be cooled and quenched effectively.

5. Experiments have shown that vent valves in the core
barrel/downcomer can effectively reduce cladding temperatures
during a LOCA by reducing steam binding effects even when flow
through intact loop piping is completely held back.
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6.5 BWR Refill
2''

The refill phase of a BWR large break LOCA transient starts with the
downcomer and upper plenum empty, and the bundle and lower plenum depleted
of fluid. Evaluation models would typically calculate a hot, empty bundle
although, depending on the break size, some liquid mass might actually
still remain in the bundle because CCFL limits drainage of the bundle at
the side entry orifice. The exact timing of ECCS initiation and the
location would vary depending on the transient and type of BWR. However,
for all transients and systems (except BWR/2), two basic cooling modes
would occur: top spray cooling and bottom refill and reflood. The ECCS
are different for each class of BWR and vary somewhat within each class;
therefore, any discussion on refill and reflood must address these
differences. This variation in ECCS was the direct result of design
changes attempting to respond to the pre-Appendix K requirements
(PCT 27001F), Interim Acceptance Criteria (PCT 23001F), Final Acceptance
Criteria (PCT 22000F), and later research results on BWR LOCA performance.
Table 6.5.1 summarizes the various ECCS. All BWRs have at least one
low-pressure core spray that sprays water over the top of the core. All
BWRs with the exception of BWR/2 have reflood capability through
low-pressure core Injection, but the Injection point varies. All BWRs also
have some type of high-pressure system, either emergency feedwater or a
dedicated high pressure ECCS. BWR/6 reactors and most BWR/5 reactors have
high pressure core sprays. BWRs can, therefore, be cooled in two manners
following a LOCA: (1) Spray cooling from above; and (2) bottom reflood
(except BWR/2). The automatic depressurization system (ADS) is also
classified as an ECCS system since it serves as a backup to high-pressure
systems for small breaks that would not be sufficient to depressurize the
system fast enough for the low-pressure systems to work.

6.5.1 Phenomena

Two basic phenomena exist regarding the refill behavior of a
BWR: counter-current-flow (CCFL) and core spray distribution. CCFL refers
to the concern that ECCS fluid injected above the core might not flow into
the core to provide spray cooling and to assist in eventual bottom
reflood. It was postulated that small amounts of spray water flowing into
the hot core would produce large amounts of steam in the core which would
prevent further flow of water down into the core due to CCFL at the upper
tie plate restriction. Further the combination of steam generation in the
core and the head of water accumulating in the upper plenum might produce
sufficient backpressure in the core to retard bottom reflood. The
postulated result would be a rapidly filling vessel, but a dry and uncooled
core. A potential benefit of steam binding can be realized by the fact
that CCFL limits at the core bottom tends to maintain fluid in the core.
In addition, steam generation in the core that produces the CCFL problem
removes core decay heat. BWR-FLECHT spray cooling experiments (6.5.1) were
available when Appendix K was written, and were the basis of the rule.
Appendix K allows no cooling before the spray reaches full rated flow and
then allows only the minimum heat transfer observed in these experiments.
These heat transfer values used in Appendix K are very conservative In that
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TABLE 6.5.1 BOILING WATER REACTOR EMERGENCY CORE COOLING SYSTEMS

High-Pressure High-Pressure Low-Pressure Low-Pressure
BWR Type Core Spray Injection Core Spray Injection

BWR/2 No Emergency Yes No
Feedwater

BWR/3 No To annulus Yes To lower
via feedwater plenum via
line jet pumps

BWR/4 No To annulus Yes To lower
via feedwater plenum via
line jet pumps

BWR/5 Yes No Yes To core shroud

BWR/6 Yes No Yes To core shroud
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they were from low-pressure tests (15 psia) that maximize CCFL effects and
had a closed bottom to prevent steam venting through the bundle bottom.

Appendix K takes a very simplistic prescriptive approach to the refill
cooling process. Appendix K states:

"Convective Heat Transfer Coefficients for Boiling Water Reactor
Fuel Rods Under Spray Cooling. Following the blowdown period,
convective heat transfer shall be calculated using coefficients based
on appropriate experimental data. For reactors with jet pumps and
having fuel rods in a 7 x 7 fuel assembly array, the following
convective coefficients are acceptable:

a. During the period following lower plenum flashing but prior to
the core spray reaching rated flow, a convective heat transfer
coefficient of zero shall be applied to all fuel rods.

b. During the period after core spray reaches rated flow but prior
to reflooding, convective heat transfer coefficients of 3.0, 3.5,

1.5, and 1.5 Btu-hr 1-ft 2OF-' shall be applied to the fuel
rods in the outer corners, outer row, next to outer row, and to
those remaining in the interior, respectively, of the assembly.

c. After the two-phase reflooding fluid reaches the level under
consideration, a convective heat transfer coefficient of

25 Btu-hr l-ft 2OF l shall be applied to all fuel rods."

"The Boiling Water Reactor Channel Box Under Spray Cooling. Following
the blowdown period, heat transfer from, and wetting of, the channel
box shall be based on appropriate experimental data. For reactors
with jet pumps and fuel rods in a 7 x 7 fuel assembly array, the
following heat transfer coefficients and wetting time correlation are
acceptable.

a. During the period after lower plenum flashing but prior to core
spray reaching rated flow, a convective coefficient of zero shall
be applied to the fuel assembly channel box.

b. During the period after core spray reaches rated flow, but prior
to wetting of the channel, a convective heat transfer coefficient

of 5 Btu-hr -ft 2  ~-2 F shall be applied to both sides of
the channel box.

c. Wetting of the channel box shall be assumed to occur 60 seconds
after the time determined using the correlation based on the
Yamanouchi analysis ("Loss-of-Coolant Accident and Emergency Core
Cooling Models for General Electric Boiling Water Reactors,"
General Electric Company Report NEDO-10329, April 1971)."

The second major phenomena concerning BWR refill was core spray
distribution. The heat transfer coefficients required by Appendix K are
based on the assumption that some minimum spray flow reaches the tops of
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each bundle. The spray patterns from the core spray nozzles would be
affected by condensation of steam on the subcooled spray. Therefore,
questions existed about how much flow each bundle would receive. This was
especially true for the hot central bundles, which are typically located
far from the spray headers. A typical BWR evaluation model based on
Appendix K would calculate an adiabatic heatup until rated core spray was
reached. Then some cooling would be allowed to slow, but not terminate,
the heatup. The heatup would be terminated only when lower plenum refill
and bottom reflood were achieved by other ECCS. The core spray fluid would
not be assumed to contribute to bottom reflood. Typical evaluation models
would not calculate what happens to the core spray water but would simply
remove it from the calculation. The actual BWR refill and reflood
transient would be significantly different from that discussed above and
would typically include complex two-phase flow patterns that would be
highly beneficial to core cooling.

6.5.2 Predictive Models

The previous section demonstrated that accurate predictions of CCFL
phenomena in a BWR is important because steam generation in the fuel
bundles can limit the quantity of ECC available to cool the fuel. The
TRAC-BOl/MOD1 and TRAC-BF1 computer codes have been used to predict CCFL
effects for various steady state and transient experiments. As mentioned
in the section on ECC bypass in PWAs, Kutateladze scaling appeared to be
the most appropriate for large diameter openings. Therefore, TRAC-BOl/MO01
and TRAC-BF1 implement the following equation:

K1/2 + K1/2 = constant
I g

The Kutateladze scaling parameter K is defined as in Section 6.3.
Code comparisons to experimental data are presented in Section 6.5.3.

Accurate modeling of core spray behavior often involves
multidimensional, nonequilibrium effects. Direct contact condensation
effects can significantly affect the core spray distribution patterns.
Therefore, this phenomena offers a significant challenge to the codes.
Section 6.5.3 provides code comparisons to experimental data.

6.5.3 Experiment Results and Analysis

Three additional experiment programs besides BWR-FLECHT investigated
the refilling and reflood of a BWR following a LOCA. The entire LOCA
transient was investigated in Two-Loop Test Apparatus (TLTA), including the
ECCS injection phase for both large (6.5.2) and small-break LOCA (6.5.3).
The BWR Full Integral Simulation Test (FIST) program represented an upgrade
of the TLTA facility to better simulate a wider range of break sizes and
types. Tests simulating small, intermediate, and large breaks of the
recirculation line as well as steam line breaks were conducted in FIST.
The BWR Refill/Reflood program used several different test facilities to
investigate potential multidimensional phenomena that occur during the
refill phase of a LOCA. The major facility used was the 300 Sector Steam
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Test Facility (SSTF), which was a full-scale representation of a 30° sector
of a BWR. Both the FIST and BWR Refill/Reflood programs integrated the
experimental programs with the use of computer codes to perform test
planning, pretest predictions, and code assessment. All three of these
programs were jointly sponsored by the NRC, the Electric Power Research
Institute, and the General Electric Company.

Tests from TLTA, FIST, SSTF and other test facilities (e.g., ROSA-III)
have been used to investigate the effectiveness of the ECCS in mitigating
the consequences of LOCA in a BWR. The data cannot be used directly to
demonstrate BWR behavior, because each facility has limitations. The FIST
facility is a true Integral test which simulates the entire LOCA at typical
BWR pressures and temperatures. However, FIST is a one-dimensional
facility and the data must be supplemented with information from the SSTF.
The method of integrating this information to predict BWR behavior is the
BWR TRAC code as discussed in Chapters 4 and 5.

TLTA was a scale model of a BWR utilizing a single full-size
electrically simulated fuel bundle. TLTA was originally used to
investigate heat transfer during the blowdown phase of the LOCA in a BWR/4
configuration with a 7 x 7 simulated fuel bundle. The TLTA was then
systematically reconfigured to investigate blowdown heat transfer in a
BWR/6 scaled system with an 8 x 8 simulated bundle through the ECC
Injection phase and early reflood. In order to correctly simulate the
early LOCA blowdown in a scaled system, compromises that prevented testing
of the entire LOCA had to be made. In particular, the jet pumps were not
full height, which prevented full bundle reflood. However, as indicated in
the results, the temperature transient was terminated or the bundle
completely quenched in these tests prior to bottom reflood, and thus there
was little need for continuation of the tests.

Two TLTA test series are reported. Configuration TLTA-5 simulated a
BWR/6 with an 8 x 8 bundle. These tests utilized a power decay of
1.2 times the value in the 1971 ANS standard up to 50 seconds. Beyond
50 seconds, the power was held constant and was thus artificially high.
Holding the power constant beyond 50 seconds allowed the tests to progress
longer by delaying final quench. The TLTA-5 series, while atypical, was
useful for evaluating heat transfer coefficient because the higher power
resulted in an extended reflood process. The second test series,
configuration TLTA-5A, utilized a power decay curve of 1.0 times the
1971 ANS value throughout the tests and incorporated leakage paths between
the simulated bypass region (area between fuel channels) and the bundle.
This latter change reflects a design change in BWRs and resulted in
significant changes in the system response. The results of these tests are
summarized in Reference 6.5.2 along with data from major tests.

Peak rod temperatures observed in these tests with ECC injection were
generally low (600-900 K). Early temperature excursion's due'to CHF'were
observed only during the highest power tests and these initial temperature
rises were quickly reduced by high core flows as lower plenum fluid flashed
and swelled through the bundle. Sustained heatup was observed only after
fluid drained from the bundle 30 to 40 seconds after the transient
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initiation. By this time, the power level had decayed significantly and
stored energy had been removed, thus limiting the heatup rate. Even during
this period when the bundle was essentially empty, ECC and residual upper
plenum fluid periodically penetrated the bundle and quenched the rods
sporadically as shown in Figure 6.5-1. To illustrate the effect of varying
the ECC injection rate, tests with no ECC, average ECC and low ECC were
compared.

Figure 6.5-2 shows the corresponding heat transfer coefficients. The

heat transfer coefficient never drops below 10 Btu/ft -h-OF and
periodically increases during rewets. Also shown for comparison are
typical heat transfer coefficients used in licensing calculations (BWR EM),
which are shown to be highly artificially conservative.

These tests shown in Figure 6.5-2 could not be run through complete
reflood because the short jet pumps prevented complete core covery by
classical bottom reflood. However, tests in the 5A series exhibited
significantly different behavior owing to the leakage paths between the
bottom of the fuel channel and the bypass region (area between fuel
channels simulated by a pipe in the TLTA). In these tests, the bundle
refilled completely and quenched prior to refilling of the lower plenum.
ECC fluid injected in the bypass (area between bundles in a BWR) entered
the bundle through the leakage paths and was prevented from draining to the

lower plenum by CCFL at the side entry orifice. a This behavior is shown
in Figure 6.5-3. Figure 6.5-4 presents a comparison of TRAC-BOl/MOD1
predictions to TLTA CCFL data.

Another phenomenon observed in these tests is that the rate of
depressurization was slower with ECC injection due to increased liquid flow
out the break. Significant ECC fluid did reach the lower plenum during the
blowdown phase; however, the lower plenum can fill only to the height of
the jet pumps in TLTA. Any liquid reaching the lower plenum after it fills
to the level of the jet pumps will be entrained up the jet pumps. Thus in
the tests with ECC injection, some ECC fluid reached the break via the jet
pumps.

TLTA identified a large degree of potential conservatism in typical
BWR evaluation models. Key areas of conservatism identified include:

1. Delayed bundle draining due to CCFL at the side entry orifice and
a resulting delay in bundle heatup and a corresponding removal of
stored energy,

2. Good cooling by steam and droplets during periods when the bundle
is essentially empty, and

3. Early bundle filling and quenching through the leakage paths.

a. The SEO is the restriction at the bottom of the fuel channel used to
control flow distribution.
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TLTA was later upgraded to the FIST facility in order to better
simulate small- and intermediate-break LOCAs and non-LOCA
transients (6.5.4). A very limited number of large-break LOCA tests were
conducted for use in BWR TRAC assessment. No new phenomena related to a
large-break LOCA were discovered, and the FIST results tend to confirm the
TLTA test results.

Research in TLTA and FIST research identified a large degree of
conservatism in the LOCA calculations performed for licensing BWRs. TLTA
and FIST were essentially one-dimensional facilities, however, so final
conclusions had to await research on multidimensional effects (6.5.5). The
research contained a number of different tasks investigating the refill and
reflood phases of a BWR LOCA both experimentally and through analytical
modeling. While this program was primarily oriented toward the large-break
LOCA, the results are applicable to small- and intermediate-break LOCAs and
other BWR transients in which activation of the automatic depressurization
system would lead to rapid system depressurization. SSTF was used to
investigate potential phenomena that might occur only at large scale or
with many channels in a facility that, while large, did not have the heated
channels and high-pressure capability that would be prohibitively expensive
in a facility of this size. SSTF used steam injection to simulate core
heat. Regions at the top and bottom of the core, the upper plenum and ECC
spray headers were simulated exactly using actual reactor hardware
(6.5.6). Other regions were simulated using the correct volumes (1/12 the
volume of a BWR). Two general types of tests were performed in the
SSTF: (1) separate effects tests to obtain data involving specific
phenomena, and (2) system transients.

The separate effect tests in the SSTF were designed to look at
phenomena separately, while the SSTF system transients were designed to
combine all the phenomena in a test simulating the late phases of LOCA
blowdown and refill. These tests were conducted by initializing the mass
distribution to that expected at this point in the transient (approximately
50 seconds) and blowing the system down from 150 psia.

The separate effects tests included steady-state tests of core spray
distribution, CCFL tests at various locations, and mixing ECC fluid with
steam and water in various regions. The system transients were
experimental simulations of the latter phases of the LOCA blowdown (below
150 units), refill and reflood. These tests showed significant
multidimensional and multichannel effects, which are in general, beneficial
and result in more effective refill and reflood than that observed in
one-dimensional tests.

Tests were conducted to evaluate the distribution of ECC system core
spray over the top of the core and the effect of the steam environment on
the spray distribution (6.5.7). These tests do not provide an indication
of the amount of liquid that would penetrate down a fuel channel during a
LOCA, but rather, the amount of liquid that would reach the top of each
fuel channel. This information is important because the heat transfer
coefficients specified in Appendix K were obtained assuming that a minimum
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flow of liquid would reach the top of each fuel channel. Data were
obtained from the SSTF in geometries representative of a BWR/6 with both
high- and low-pressure core spray headers and with one of two spray headers
in a BWR/4 or BWR/5 system. These data were used to qualify the method
used to calculate the effect of steam on the spray distribution (6.5.8).

The SSTF data generally validate the method to predict the spray
distribution as shown in Figure 6.5-5. Because the SSTF is only a
300 sector; however, the data cannot be used to qualify the method for the
center of the core (or the apex of the sector). This is because the effect
of spray overlapping in the center of the core cannot be simulated in a
sector. There are no spray distribution data for a full circle in a steam
environment, and one therefore cannot qualify the spray calculated to reach
the tops of the central fuel channels.

One interesting phenomenon relevant to spray distribution was noted
during later separate effects tests and systems transient tests. A
residual amount of liquid always remained in the upper plenum whenever the
spray flow exceeded CCFL limited drainage through the core. This residual
liquid remained even after CCFL breakdown and drainage of the bulk of the
upper plenum liquid. Liquid could therefore flow to the tops of the fuel
channels regardless of the distribution of the spray over the tops of the
channels. Thus, while spray distribution is very important to current
evaluation model calculations, the spray distribution should not be
Important to the actual system response. This phenomenon should be
considered during any reevaluation of spray distribution for licensing
calculations and should be included in any best-estimate analyses.

Both calculations and tests in TLTA show that steam flowing up between
the individual fuel channels (bypass region) might result in CCFL at the
top of the bypass and prevent upper plenum liquid from draining down
between the fuel channels. Penetration of liquid between the fuel channels
is beneficial since liquid in the bypass area provides cooling for the
channel boxes and also provide a means to refill the fuel channels through
leakage paths between the channels and bypass region. Both TLTA and SSTF
tests show that leakage of liquid from the bypass is an important means of
refilling the fuel channels and, therefore, makes liquid penetration from
the upper plenum into the bypass an important phenomenon to understand.

Tests were conducted in SSTF to measure CCFL at the top of the
bypass. Steam was injected in the bypass in an attempt to limit the flow
of liquid from the upper plenum down between the fuel channels. It was not
possible to limit the penetration of upper plenum liquid between the fuel
channels (6.5.9). This penetration occurred even though several times the
amount of steam required, based on a one-dimensional CCFL correlation, was
injected as shown in Figure 6.5-6. Multidimensional effects that occurred
during this test enhanced the ability of the liquid to penetrate over that
calculated using a standard one-dimensional correlation (e.g., liquid
penetrated one part of the bypass while steam vented up another area).
This finding is significant in view of the importance of leakage from the
bypass in providing an additional mechanism to refill the fuel channels.
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Upper plenum mixing tests were performed to investigate the mixing of
the subcooled.ECC spray with a two-phase mixture in the upper plenum and
the process by which liquid penetrates down through the fuel channels. The
objective was to investigate how long it takes the core spray to subcool
the upper plenum mixture sufficiently to cause subcooled CCFL breakdown
above the fuel channels and allow the accumulating upper plenum liquid to
drain into the core and lower plenum. These tests differed from the spray
distribution tests in that sufficient steam was flowing up through the fuel
channels to limit the flow of liquid down the channels. Thus significant
liquid could accumulate in the upper plenum. These tests were also
conducted with the bypass full of liquid since, as indicated previously,
liquid easily penetrates the bypass and it Is impossible to accumulate
significant liquid in the upper-plenum until the bypass is filled.

Typical results are reported in Reference 6.5.9. When the spray
header was covered by a liquid pool or two-phase mixture, the ECC spray
rapidly subcooled the pool in a localized area near the spray header. This
is illustrated in Figure 6.5-7, which shows that temperatures below the
upper tieplates of peripheral bundles (near the spray header) were
subcooled immediately after initiation of ECC spray. Other bundles away
from the spray header showed no evidence of subcooling. This localized
subcooling above the peripheral bundles caused breakdown of CCFL at the
tops of these bundles and allowed upper plenum liquid to rapidly drain down
the peripheral bundles. Once the upper plenum drained so that the spray
header was uncovered, the spray was exposed to steam which rapidly heated
the ECC liquid and eliminated the local subcooling. Thus, CCFL was once
again established. The result was an oscillation of the liquid level at
the vicinity of the header, as shown in Figure 6.5-7, with localized
subcooling and subcooled CCFL breakdown being periodically established as
the header was covered and uncovered. This scenario of maintaining a level
of the vicinity of the spray header would provide an optimal situation in
which all ECC spray penetrates to the core and lower plenum to promote
bottom reflood, while a residual mass remains in the upper plenum to
provide liquid to the tops of all bundles to provide cooling from above.

Multichannel behavior was observed during both the separate effects
tests and the system transients as illustrated in Figure 6.5-8.
Reference 6.5.10 provides a detailed discussion of the phenomena observed.
At the initiation of the transients, the entire core was operating in a
CCFL mode similar to the "average" bundle in Figure 6.5-8. Steam flowing
up from the lower plenum caused CCFL at the inlet orifice located at the
bottom of the bundles and limited the drainage of the two-phase mixture in
the bundles. The bundles began filling through leakage from the bypass and
draining from the upper plenum (limited drainage due to CCFL at the upper
tieplate), similar to the behavior observed in single-channel TLTA tests.
As time progressed, however, multichannel behavior was established. The
bundle-averaged mass controlled the elevation head or differential pressure
across the core. Differential pressure across parallel channels, was
equal. The central bundles, with their higher void fractions, soon filled
with a two-phase mixture and could not accumulate additional mass to match
the increasing elevation head of the average bundles. The central bundles
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in response to the differential pressure developed high upflow. This
upflow consisted of a two-phase mixture of steam from the lower plenum and
liquid entering the bundle at the bottom from the bypass leakage paths.

The peripheral bundles started to fill with liquid because a smaller
inlet orifice limited the drainage rate. Subcooled CCFL breakdown above
the peripheral bundles also increased the filling rate. These peripheral
bundles therefore developed an elevation head faster than the average
bundles and developed downflow. The resultant core-wide flow mode is shown
in Figure 6.5-8. The average bundles operated in a CCFL mode similar to
single-channel TLTA tests. The peripheral bundles, however, operated in a
downflow mode draining upper plenum liquid to the lower plenum, and the
central bundles operated in an upflow mode, venting lower plenum steam.
The downflow in the peripheral bundles resulted in easier penetration of
upper plenum liquid to the lower plenum and the upflow of the central
bundles allowed a vent path for lower plenum steam. This resulted in less
liquid entrained out the jet pumps and allowed the lower plenum to fill
above the jet pump exit. The net result of the multichannel and
multidimensional phenomena was a more rapid and effective refill than that
observed in one-dimensional TLTA tests. The results of these transient
tests are reported in Reference 6.5.12. This multichannel behavior is what
is expected to occur in an actual BWR. The Two Bundle Loop (TBL) (6.5.11)
represents a bridge between the single-channel heated TLTA tests and the
multichannel unheated SSTF tests. The TBL contains two electrically heated
channels. While two channels cannot duplicate the three modes of
simultaneous operation observed in the SSTF, the TBL did exhibit some of
the behavior observed in the SSTF and gives confidence that the SSTF
results are typical of that that would occur in an actual reactor.

The results of a BWR/4 simulated large-break LOCA in the SSTF are
shown in Figure 6.5-9. The system was completely filled within 100 s of
the start of the test (approximately 150 s into a LOCA). Figure 6.5-10
shows, however, that the bundles were completely filled with a two-phase
mixture within 50 s (approximately 100 s into the LOCA). This test also
illustrated the effectiveness of the BWR/4 low-pressure injection into the
jet pump. The lower plenum was rapidly filled and very little liquid was
lost to the break.

These tests have shown that multidimensional and multichannel effects
improve the system response over that observed in single-channel tests.
Figure 6.5-11 summarizes these multidimensional phenomena. These results
cannot be applied directly to a BWR because these tests are not true
integral tests simulating the entire transient. Thus, TRAC-BWR is used to
relate TLTA, SSTF and TBL results to a BWR.

TLTA was designed to test large-break LOCAs and could not adequately
simulate small-break LOCAs. By forcing the boundary conditions, however,
TLTA could be made to duplicate conditions similar to those expected in a
BWR during a small-break accident. Typical boundary condition changes
included a variable-size break to expel excess mass initially required to
obtain correct levels and a larger-than-scaled automatic depressurization
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refill/reflood program showing that multidimensional effects
enhance refilling of the core region by ECCS fluid injected
above the core.
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system (ADS) opening to obtain a more representative depressurization and
level swell. Thus these tests should not be viewed as representative of
what could happen in -a BWR. They -do, however, serve the intended purpose
of assessing calculational techniques.

Two tests were conducted in the TLTA simulating a small (0.05 ft2)
break in a recirculation line (6.5.3). The first test simulated conditions
with all emergency core cooling (ECC) systems functioning while the second
test simulated the same break but with failure of all high-pressure ECC
systems. In the latter test, the ADS system depressurized the vessel to
allow low-pressure ECC systems to refill the vessel. This test was chosen
since licensing calculations indicate that a small-break of this size with
failure of high-pressure ECC systems will result in core uncovery and is
one of the more severe small-break LOCAs.

The first test with fully functioning ECC systems resulted in a slow
depressurization and drop in system inventory until pressure dropped to the
point at which ECC flow exceeded break flow. At this point, the vessel
filled and the bundle was never uncovered. This test was used to evaluate
h6w well the level in the annulus, which is measured in a BWR, represents
the level in the core.

While it was expected that the second test would be more severe and
result in bundle uncovery and core heatup, this did not occur. The
calculations used to plan the test were similar to evaluation model
calculations. The code used did not model CCFL at the bundle inlet side
entry orifice. During the test CCFL at the side entry orifice played an
important role in preventing fluid from draining out of the bundle and thus
the bundle never uncovered. the core heatup predicted by the licensing
calculation did not occur during the test.

Figure 6.5-12 illustrates some of the complex behavior observed in the
lower plenum during the second test. At 286 s, the rapid depressurization
caused by ADS opening caused lower plenum and bundle liquid to swell into
the upper plenum. The lower plenum remained partially empty because CCFL
at the side entry orifice prevented draining of liquid back into the lower
plenum and a two-phase mixture remained in the bundle keeping it cooled.
At 550 s, CCFL above the bundle broke down and allowed ECC liquid
accumulating in the upper plenum to fill the bundle. The resulting
increase in hydrostatic head in the bundle forced liquid out of the jet
pumps and depressed the lower plenum level to the jet pump exit. At 610 s,
CCFL at the side entry orifice broke down and the lower plenum refilled.
These results show the importance of CCFL at the side entry orifice in
determining the course of the BWR small-break LOCA.

The TLTA could not accurately simulate small-break LOCAs because the
area of the downcomer was too large. For LOCA simulations, the correct
scaled mass could be achieved by starting the test with a low level in the
downcomer. This reduced level in the downcomer was believed to have little
influence on the TLTA large LOCA simulations. For a small-break LOCA,
however, liquid level is very important since level in the downcomer serves
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as an input to safety system activation, influences natural circulation,
and influences the level within the core and bypass regions. The TLTA
small-break tests used the correct initial level but, as a result, had an
excess of mass in the system. Variable break sizes were used in an attempt
to rid the system of this excess mass. This excess mass was the likely
cause of no heatup in the TLTA small-break tests.

The FIST facility was built specifically to correct the simulation
deficiencies of the TLTA for small-break LOCAs. FIST had a total system
volume scaled to a single bundle, similar to the TLTA. FIST, however was
full height and all major region and component heights were correct.
Furthermore, the region and component areas are correctly scaled so that
the scaled mass as a function of level is correct. This allows accurate
simulation of levels and natural circulation driving forces for small-break
LOCAs. In addition, other general improvements were made In FIST to
improve the overall simulation capability for a variety of transients as
discussed in Appendix A.

Three small break LOCA tests were conducted in FIST (6.5.4). The
failure of high pressure ECCS injection was simulated in all three tests
since high-pressure ECCS is designed to maintain vessel inventory during
small breaks and, therefore, small breaks with high-pressure ECCS are
relatively uninteresting. For small breaks without high-pressure ECCS, the
liquid inventory decreases slowly, with pressure held initially constant by
the pressure control system as shown in Figure 6.5-13. As the level
decreases, the main steam lines isolate and the pressure starts to
increase. Depending on the break size, the pressure may reach the
set point of the relief valve, which would then open and control pressure.
(Because of this, one of the three small-break LOCA tests in FIST simulated
the further failure of the relief valve to close). The level would
continue to decrease as shown in Figure 6.5-14, and the core may be
partially uncovered resulting in the potential for an initial core heatup
as shown in Figure 6.5-15. Without any high-pressure ECCS injection, a
small break would eventually result in ADS actuation. The ADS, responding
to the combined signals of low vessel level and high containment pressure,
rapidly depressurizes the system after a delay of 1 to 2 min by opening all
relief valves. Following ADS actuation, the small-break LOCA scenario is
similar to the large LOCA. Flashing of liquid due to the rapid
depressurization results in a swelling of lower plenum liquid up through
the bundle to the upper plenum as shown in Figure 6.5-14. The core is
quenched until the liquid once again drains from the bundle and a
subsequent heatup occurs as shown in Figure 6.5-15 as in the large break
LOCA. CCFL at the side entry orifice delays this draining and also allows
the low pressure ECCS systems to refill the bundle prior to refilling the
lower plenum.

The Japan Atomic Energy Research Institute performed a 2.8%
recirculation pump suction line break BWR LOCA test at the ROSA-III test
facility. The test was a counterpart test to the 2.8% break test performed
at the FIST test facility by the General Electric Company. The objective
of the test was to develop a common understanding and interpretation of the
controlling phenomena for a small break LOCA of a BWR. Similar phenomena
were observed in the two tests in a similar time sequence (6.5.14). These
two test results and a 2.8% break reference BWR LOCA were analyzed using
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the THYDE-B1 computer code. It was confirmed from the analysis that the
THYDE-B1 code has enough capability to analyze a BWR small break LOCA. The
applicability of the tests performed at the two facilities to a BWR was
also confirmed through the analyses.

Two 200% large break and two 5% small break loss-of-coolant tests with
and without heat generation difference among the bundles were conducted at
the ROSA-III test facility to investigate the interaction of
thermal-hydraulic phenomena among bundles in a multi-bundle core (6.5.15).
The following conclusions were obtained from the investigation of the test
results:

1. Flow imbalance among the bundles was not prominent during the
blowdown and reflooding periods both in the large and small break
experiments regardless of the heat generation difference among
bundles. After the reflooding was completed, some bundles showed
upward flow and other bundles showed downward flow in each
experiment. However, there was no preference of flow direction
in each bundle.

2. The radial distribution of the axial propagation of quenching
tends to become more pronounced in the same bundle as well as in
the core in both large and small break experiments when the heat
generation difference exists among the bundles. Although the
flow imbalance was not clearly observed in the experiments, even
the slight imbalance in flow among the bundles, is considered to
increase the scattering of the quenching propagation.

A main steam line break test was also conducted in the FIST
facility (6.5.4). This break results in a vapor only leak and therefore
results in a high depressurization rate with the associated high rate of
liquid flashing and level swell. At the same time, the break minimizes
system mass loss since there is no liquid leakage. The result was no core
uncovery because the rapid depressurization and minimum mass loss allowed
the low pressure ECCS systems to refill the vessel prior to core uncovery.

An intermediate break test was also conducted in FIST (6.5.13). This
test showed no core heatup with the basic phenomena similar to those
observed in large LOCA tests. The major difference between small,
intermediate, and large LOCA results is in the timing of events rather than
any fundamentally different phenomena.

6.5.4 Conclusions

The previous sections presented experimental results for a variety of
BWR test facilities. The refill phenomena addressed by these experiments
are CCFL and core spray distributions. Analysis of some of these data with
transient thermal hydraulic computer codes has shown reasonable agreement.
The following conclusions can be drawn:

1. Experiments have shown that CCFL at the bundle side entry orifice
causes delayed bundle draining. This results in greater stored
energy removal and delayed bundle heatup.
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2. Experiments have shown that steam and droplets provide good heat
transfer during periods when the bundles are essentially
uncovered. This result demonstrates that the Appendix K
requirement of zero heat transfer is too conservative.

3. Leakage paths enhance bundle filling and quenching.
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6.6 Flow Blockage

Appendix K to 10 CFR Part 50 requires that any effect of fuel rod flow
blockage be explicitly accounted for in safety analysis calculations when
the core reflood rate drops below 1 in./sec. To comply with this
requirement, vendors have developed semiempirical methods of treating fuel
rod flow blockage. Experiment data on single-rod and multirod burst test
behavior have been correlated into a criterion that yields a worst planar
blockage given the cladding temperature and internal rod pressure of the
average power rod in the hot assembly. The test data used to establish
this criterion indicate that the rod ballooning is random and noncoplanar
and is distributed over a short axial length of the hot zone. The pressure
drop in the flow blockage zone is altered by rod ballooning, and flow
redistribution is calculated using multichannel codes. Many out-of-pile
experiments with sleeves to represent blockage have been conducted.

6.6.1 Phenomena

The gas volume in a water-reactor fuel assembly (i.e., the space
between the U02 fuel and the zircaloy cladding) is at an elevated

pressure as a result of:

o The helium gas used in the fabrication of "pressurized" rods

o The buildup of gaseous fission products in the fuel rods during
plant operation.

During normal operation, the gas pressure results in cladding stresses
that are less than allowable stress values. However, during a
loss-of-coolant event, the cladding temperature could increase to a point
at which the cladding strength is reduced enough that the stress induced by
the gas pressure exceeds the yield strength of the fuel cladding.
Deformation and failure of the zircaloy cladding can then occur as follows:

o For nonpressurized fuel rods, failure will most likely occur at a
temperature above 980'C (1800'F). At this temperature, the
zircaloy has a beta-phase structure that is characterized by
isotropic physical properties. As a result, a concentric
swelling profile leading eventually to rupture would be expected.

o For pressurized fuel rods, failure will most likely occur at a
lower temperature at which the zircaloy has an alpha-phase
structure and anisotropic physical properties. This type of
failure is likely to result in a nonconcentric swelling profile
that eventually leads to rupture.

The effect of flow blockage on heat transfer is a combination of two
key thermal-hydraulic phenomena:

o A flow bypass effect that reduces the main flow in the blocked
region and consequently tends to decrease the heat transfer
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a A flow blockage effect that causes flow acceleration, droplet
breakup, improved mixing, and steam desuperheating and
consequently tends to increase the heat transfer.

These two effects are dependent on blockage geometry and distribution and
counteract each other so that it is not analytically evident which effect
dominates over a range of flow conditions.

6.6.2 Predictive Models

In order to predict how flow blockages would impact core coolability,
various hydraulic and heat transfer effects must be considered. First, the
pressure drop induced by the flow restriction must be evaluated. Second,
heat transfer effects resulting from droplet breakup and impingement and
boundary layer separation and reattachment downstream of the blockage must
also be evaluated.

The COBRA-TF (FLECHT-SEASET version) has been used to predict the
hydraulic and heat transfer effects for a variety of flow blockage
experiments. The code includes subroutines that allow the user to specify
vertical variations in the flow area and in the transverse width for gaps.
Comparisons to data have shown that the code can predict the pressure drop
across the blockage region quite well. The flow blockage heat transfer
model used in COBRA-TF (FLECHT-SEASET version) treats the axial point at
which the maximum flow blockage occurs within a subchannel as the inlet to
a diffuser. Therefore, use is made of a variety of earlier studies
performed on diffusers. The convective enhancement due to boundary layer
separation and reattachment downstream of the maximum flow blockage point
is predicted by COBRA-TF using the following equations:

Nu(z) = Numax 1 -exp max
D0

where:

Numax = 0.15 Re2/3

C = 0.6 - 0.45 Lse-
Do

Zmax = 4(D -D sep)

In these equations Numax is the Nusselt number evaluated at the

boundary layer reattachment point. It is evaluated using a modified
Zemanick and Dougall correlation. The Reynold's number is evaluated using
the reduced flow diameter at the separation point (D sep) and the location

of the boundary layer reattachment point is empirically given by Zmax'
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In addition to the convective enhancement downstream of the blockage,
COBRA-TF also includes models for droplet shattering and evaporation. The
correlation of Wachters and Takeuchi is used to predict the shattered
droplet size. Furthermore, heat transfer due to droplet impingement on the
blockage is estimated using the correlation of Kendall and Rohsenow.

The following section provides comparisons of COBRA-TF calculations to
actual flow blockage data. These comparisons show that the predominant
hydraulic and heat transfer effects can be predicted using the code.

6.6.3 Experiment Results and Analysis

Many rod burst research programs were conducted to understand the
-cause and nature of rod ballooning. Chapman (6.6.1) has compiled a summary
of various programs and found that the pressure drop caused by blockage
restrictions could be several times higher than that caused by the grid
spacer as shown in Figure 6.6-1. Although blockages create significant
flow restriction, there is sufficient crossflow to make the pressure drop
at various locations similar at the same elevation; that is to say, the
pressure profile is close to one-dimensional (Figure 6.6-2). In the
earliest phase of flow blockage heat transfer testing in the U.S., the
FLECHT program used plates to simulate flow blockage (6.6.2). Hence the
flow resistance was simulated and geometric effects were not taken into
account. Later tests in FLECHT-SEASET took the geometric effects into
account.

6.6.3.1 FLECHT Experiments. Under the FLECHT PROGRAM (6.6.2), flow
blockage tests were performed in two test series (Group I and Group II).
The blockage was effected by a 3/8-inch-thick flat plate approximately one
inch below the bundle midplane. In the Group I tests, the plate blocked
from 50 to 75% of the flow area of the sixteen central flow channels in a
49-rod bundle, allowing bypass flow around the plate in the outer
channels. A sketch of the plate is shown in Figure 6.6-3. Flooding rates
for these tests were 6, 4, and 2 in./sec. The Group II blockage plate
initially blocked 75% of the total area in the 10 x 10 bundle with no
bypass. The blockage of 16 central flow channels could be increased up to
100% with the rest of the bundle blocked 75 to 90%. This was the most
severe blockage configuration investigated. Figure 6.6-4 is a schematic of
the various blockages used in the Group II series. The severity of
blockage was increased in going from blockage geometry 1 to blockage
geometry 4. For this series, flooding rates were 4, 1, and 0.6-in./sec.
Special thermocouples were installed at 6 ft-4 in. and 6 ft-8 in. for the
Group II flow blockage tests. On both path plate designs, blockage was
increased by means of special pins inserted into the plate. Table 6.6.1
gives the actual run conditions and test results of the constant-flow flow
blockage tests. Figures 6.6.5 and 6.6.6 present typical inner rod midplane
heat transfer coefficients for the Group I and Group II flow blockage
tests, respectively. Zero blockage cases are also shown. In general, flow
blockage at the midplane was found to improve heat transfer. This was due
to increased turbulence and atomization of entrained liquid droplets as the
flow passed through the blockage region. More specifically, it was
observed that:
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TABLE 6.6-1. UNBLOCKED AND BLOCKED BUNDLE TESTS FOR COMPARISON OF FLOW
BYPASS EFFECTS

Test Conditions

Blockage

Description

Flooding Rate
W/s

(in./s)

Peak Power
kW/m

(kW/ft)

Power/Flow

kWs/m2Bundle

21-rod
unblocked

Not applicable 0.023 (0.9)
0.028 (1.1)

2.44 (0.745)
2.44 (0.745)

106
87

21-rod
blocked

Long, nonconcentric
sleeves distributed
noncoplanar on all
21 heater rods

0.038 (1.5)
0.15 (6)

2.3 (0.70)
2.3 (0.70)

60
15

161-rod
unblocked

Not applicable 0.021 (0.8)
0.025 (1.0)

2.3 (0.70)
2.3 (0.70)

110
92

163-rod
blocked

Long, nonconcentric
sleeves distributed
noncoplanar on two
21-rod islands

0.038 (1.5)
0.038 (1.5)
0.15 (6)

2.3 (0.70)
1.3 (0.40)
2.3 (0.70)

60
34
15
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1. Flow blockage significantly increased midplane heat transfer
coefficients for all blockages tested, including 100% blockage of
16 adjacent flow channels surrounded by 75 and 90% blockage of
the remaining flow channels.

2. Flow redistributions very rapidly downstream of the blockage, as
indicated by increased heat transfer effectiveness as close as
1 in. downstream of the 16 100% blocked channels.

3. Midplane flow blockage increased heat transfer coefficients as
far as 2 ft upstream and 4 ft downstream of the blockage location.

4. As blockage was increased, the improvement in heat transfer at
the 8 ft and 10 ft elevation decreased. However, for the most
severe blockage tested, the temperature rise at the 8 ft
elevation was, at worst, on the same order as in the unblocked
case.

6.6.3.2 FLECHT-SEASET Experiments and Analysis

The flow blockage program conducted under the FLECHT-SEASET program
consisted of tests on the following:

1. 161-rod unblocked bundle

2. 21-rod bundle

3. 163-rod bundle.

The tests on the 161-rod unblocked bundle provided a heat transfer
data base for comparison with the data from tests on the 21-rod blocked
bundle and the 163-rod'blocked bundle. The 161-rod unblocked tests are
described in. Chapter 6.4 "PWR Reflood." Therefore a description is not
repeated here. The FLECHT-SEASET flow blockage test program has been
coordinated with programs conducted in Germany's FEBA Tests (6.6.3) and
Japan's SCTF Tests (6.6.4).

21-Rod Blocked Bundle. The primary objectives of tests on the 21-rod
blocked bundle were threefold:

1. To screen various fuel rod blockage configurations that are
postulated to occur in a hypothetical loss-of-coolant accident
and determine the least favorable heat transfer blockage
configuration.

2. Using the worst heat transfer blockage in subsequent tests on the
163-rod blocked bundle, to evaluate the additional effect of flow
bypass.

3. To develop an analytical or empirical method for use in analyzing
the blocked bundle heat transfer data.

Detailed experimental results and data analysis are given in
Reference 6.6.5, and a summary is provided in Reference 6.6.6.
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The high internal pressure and temperature of fuel rods during a
postulated PWR LOCA-are expected to cause fuel rods to swell and burst.
The resulting rod deformation would reduce the flow area in the rod array.
The flow area reduction is governed by the shape and spatial distribution
of the blockage. Therefore, to simulate the thermal-hydraulic conditions
of the fluid in the blocked rod array, blockage shapes and their spatial
distribution must be chosen properly. The blockage shapes were simulated
by stainless steel sleeves attached to the rods to simulate flow blockage.

A detailed review of several single-rod, multirod, in-pile and
out-of-pile burst tests was made by Hochreiter et al. in order that
prototypical blockage shapes could be simulated in the 21-rod
bundle (6.6.7). The available results indicated that there were two
distinctive rod swelling shapes depending on the burst temperature. The
material properties of the zircaloy cladding are such that the clad
swelling phenomena at temperatures less than 8301C are quite different from
those at temperatures greater than 970'C. Zircaloy is in the alpha phase
at temperatures less than 8300C; above 9701C, it is in the beta phase. In
the alpha phase, zircaloy has anisotropic strain properties, and the
blockage tends to take on a long, nonconcentric shape. In contrast,
zircaloy in the beta phase has isotropic strain properties, and the
resultant ballooning is short and concentric. Between 8301C and 9700C,
zircaloy is in a mixed phase of alpha and beta. Although the burst
phenomena in this mixed phase are not well understood, they can be treated
essentially as alpha phase phenomena because of the anisotropic property of
the alpha phase. Therefore, two blockage shapes, a short, concentric shape
(high temperature) and a long, nonconcentric shape (low temperature) were
selected for the 21-rod bundle tests (Figure 6.6-7).

The blockage sleeves were placed on the heater rods in both coplanar
and noncoplanar distributions. The coplanar distribution, with all of the
sleeves centered at the 73-in. elevation was selected for its relative
simplicity in data analysis. With the short concentric sleeves in a
coplanar distribution, the sleeves on adjacent heater rods just touch and
provide 62% flow area blockage. For noncoplanar blockage, the sleeves were
distributed at various elevations on the heater rods in the bundle so that
the statistics of the sleeve locations coincide with the calculated hot
spot locations of a PWR. The basis of this approach is the following
statement from the ORNL multirod burst test results: "Posttest deformation
measurements showed excellent correlation with the axial temperature
distribution, with deformation being extremely sensitive to small
temperature variations (6.6.8).."

The method developed by Burman and Olsen (6.6.9) was employed to
determine the statistics of the hot spot locations, which are then assumed
to be the burst locations in the bundle. The resultant noncoplanar
blockage distribution is shown in Figure 6.6-8.
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Six bundles were tested l.n the 21-rod bundle program. The first
bundle was unblocked and was utilized as a reference to determine the
effect of flow blockage on heat transfer. The following five blockage
configurations were tested:

1. 9 rods blocked; coplanar with short sleeves (configuration B)

2. 21 rods blocked; coplanar with short sleeves (configuration C)

3. 21 rods blocked; noncoplanar with short sleeves (configuration D)

4. 21 rods blocked; noncoplanar with 36% maximum strain long sleeves
(configuration E)

5. 21 rods blocked; noncoplanar with 44% maximum strain long sleeve
(configuration F).

The percent blockage as a function of elevation for all blocked
bundles is shown in Figure 6.6-9. The radial distribution of flow blockage
in each subchannel at the plane of maximum bundle-wide blockage, 73 in., is
shown in Figure 6.6-10 for the three noncoplanar blockage distributions.
In configuration E, the maximum local subchannel blockage was 77.2% and in
configuration F, 93.1%; both occurred at the 73.6 in. elevation in the
subchannel surrounded by rods 3B, 3C, 4B, and 4C.

The blocked and unblocked tests in the 21-rod bundle test facility
were replicate tests with good repeatability of the Initial and boundary
conditions. The heat transfer data can therefore be compared on a
one-to-one basis. Figures 6.6-11 through 6.6-15 compare the heat transfer
data for the blocked bundles with that of the unblocked bundles for the
reflood test with the highest ratio of power to flow. For various
elevations within and immediately downstream of the blockage, the heat
transfer is greater for the blocked bundle than for the unblocked bundle.
The coplanar blockage comparisons (configuration B with flow bypass and
configuration C without flow bypass) clearly show a heat transfer
improvement downstream of the blockage that decreases as the distance from
the blockage increases.

The heat transfer Improvement immediately downstream of the blockage
was measured to decrease as a function of time after reflood initiation.
As the reflood water initially penetrates the bundle, single-phase steam
flow is accelerated through the blockage region, which causes a heat
transfer improvement relative to the unblocked case. In addition, the
steam will subsequently entrain water droplets and accelerate the water
droplets through the blockage zone. These water droplets are presumed to
be broken up in the blockage region, which desuperheats the
high-temperature steam. The desuperheated steam provides a greater heat
sink for the heater rods. As the quench front continues to move up the
bundle, the vapor generation below the blockage as well as the steam
temperature is reduced. Both effects reduce the steam velocity so that the
velocity of the entrained droplets is decreased, which in turn reduces the
droplet breakup. Hence the heat transfer in the blocked bundle approaches
that in the unblocked bundle.
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The COBRA-TF code has been used to predict the thermal hydraulic
01 results and the FLECHT-SEASET 21-rod bundle tests. Figure 6.6-16 shows

that the bundle pressure drop due to the presence of flow blockages and
spacer grids can be adequately modeled with COBRA-TF. Figures 6.6-17
through 6.6-20 show that COBRA-TF predicted the axial rod temperatures
quite well.

163-Rod Blocked Bundle. The purpose of this program was to test the
flow blockage configuration that provided the least favorable heat transfer
characteristic in the 21-rod blocked bundle tests in order to evaluate the
additional effect of flow bypass. The 21-rod noncoplanar blockage
distribution was found to give the worst heat transfer characteristic.
Therefore, a noncoplanar blockage distribution was used for the 21-rod
bundle islands in the center of the 163-rod blocked bundle as shown in
Figure 6.6-21. Detailed and summary results are givenvin References 6.6.10
and 6.6.11, respectively.

A series of constant flooding rate, variable flooding rate, and
gravity feed flooding rate tests have been conducted at test conditions
that match the previously conducted 161-rod unblocked bundle test.
Examples of the rod temperatures, vapor temperatures, and heat transfer for
the unblocked 161-rod bundle and the blocked 163-bundle are shown in
Figures 6.6-22 through 6.6-27. Analysis of the data indicates that the
blockage in the 163-rod bundle promotes improved heat transfer within and
downstream (three to four feet) of the blockage zone in nearly all cases.
At the 10-foot location, some of the blocked rods did show poorer heat
transfer than the unblocked rods. However, the absolute value of the
temperature is low (approximately 15000F) and the temperature difference
between blocked and unblocked rods is only 500F.

The key element of the 163-rod blocked bundle is the effect of flow
bypass. To provide a comprehensive yet simple comparison of the flow
blockage results to qualify the effects of flow bypass, the difference in
the temperature rise between the blocked and unblocked bundle was
calculated as functions of elevations and flooding rate. The temperature
rise reflects the integrated heat transfer effect of the flow blockage and
bypass. The difference between the unblocked and blocked temperature rise
is defined as

(ATrise)unblocked - (ATrise)blocked (6.6.1)

(Tmax -Tinit)unblocked - (Tmax - Tinit)blocked . (6.6.2)

If the initial clad temperatures were the same in the two bundles, the
above relationship would simply reduce to the difference between the
respective maximum temperatures at the turnaround time:

(Tmax)unblocked - (Tmax)blocked '
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The unblocked and blocked bundle tests are compared in Table 6.6.1.
The elevations selected for these comparisons were 78 in., which is
immediately downstream of the blockage, and 96 and 120 in., which are
located in the next two grid spans. To provide the most appropriate
comparisons between the 21-rod bundle and the 163-rod/161-rod bundles, only
the heater rods in the two 21-rod blockage islands of the 163-rod bundle
were utilized. The results of these calculations, shown in Figure 6.6-28,
generally indicate the following effects:

1. The temperature rise difference is greater for the 21-rod bundle
than for the large blocked bundle. This is attributed to the
flow bypass effect in the large bundle, which decreases the flow
through the blockage region. However, even with the flow bypass
effect, the maximum temperature for the blocked bundle is less
than that for the unblocked bundle.

2. As the flooding rate decreases, the temperature rise difference
between the unblocked and blocked bundles increases. This
indicates that the maximum temperature in the blocked bundle
decreases. The maximum temperature in the blocked bundle
decreases because of the improved heat transfer down stream of
the blockage. The amount of the heat transfer improvement is
affected by the absolute level of the heat transfer. As the
flooding rate decreases, the overall heat transfer level
decreases; therefore any improvement in the heat transfer
significantly affects the measured rod temperature. Also, with
reduced flooding rate, the period of two-phase dispersed flow is
increased, which means that the droplet breakup effect is
increased.

3. As the distance downstream of the blockage increases, the
temperature rise difference between the unblocked and blocked
bundles decreases. This indicates that the maximum temperature
in the blocked bundle increases with distance from the blockage.
However, the maximum temperature for the blocked bundle is still
less than that for the unblocked bundle.

The temperature rise difference as a fraction of time is shown in
Figure 6.6-29 for the tests with the highest power-to-flow ratio at the
78 in. elevation. This figure indicates a consistently larger difference
in the temperature rise as the reflood transient progresses through
120 seconds. This difference is greater (801F) than that shown in
Figure 6.6-28 (451F) since the turnaround time for the blocked bundle with
flow bypass is longer than that for the blocked bundle without flow bypass.

COBRA-TF calculations of the 163-rod blocked experiments have been
compared to the data. Figures 6.6-30 through 6.6-33 show very good
agreement between the calculated and measured data.

6.6.3.3 FEBA Experiments and Analysis. The FEBA (Flutexperimentemit
blockerten Anordnungen) project was conducted at KfK (Kernforschungszentrum
Karlsruhe) with the objective of investigating the effects of flow blockage

6.6-34



It @rx1 A.

I I I I I I I
I I

140

.i

0~

0
-

0

9
0
(:

0
g-

Sp

(UM

aM

0

E
CD

E
E

120 -
0.15 rn/sec
(6.0 in./sec)

It

0.038 rn/sec
(1.5 in./sec)

$

0.028 rn/sec (1.1 In.lsec)
for 21-Rod bundle
0.025 m/sec (1.0 in./sec)
for large bundle -

, .

N1-,
100 - _A

80 -

A

a
to

a

0

0

Large bundle at 1.98 m (78 In.)
Large bundle at 2.44 m (96 In.)
Large bundle at 3.05 m (120 In.)
21-Rod bundle at 1.98 rn (78 in.)
21-Rod bundle at 2.44 rn (96 in.)
21-Rod bundle at 3.05 m (120 in.)

0.23 rn/sec (0.9 In.lsec)
for 21-Rod bundle
0.020 m/sec (0.8 inJsec)
for large bundle

$3 -

Flooding rate __0 -

~.00
__ ___M°

;_ A" _ _ 1000,00,007
-1

220

200

180

160 O
C

140 a
._

0
120 W

100 =
CD

80 E
0)

0 ED
60

E
40 9

20

601-

40h , F-- f

20 I- 0

,

I' I I I I
J - - .- U

0 0.5 0.6 0.7 0.8 0.9 1.0

0 9417Power/flow ratio

Figure 6.6-28. Comparison of maximum temperature rise difference
with and without flow bypass.



180

1/ _160

140

_70 -

120

60 -

100

~50

E
I- 80o

40-

6flow bypass0 1 6
30 -(163-ROD bundle)

40
20-

10 20

0 20 40 60 '80 100 120

Time (a) 6 9013

Figure 6.6-29. Transient temperature rise comparison with and
without flow bypass,, 1.98 m (78 in.) elevation.

6.6-36



1500

1200

2M
M
E)a

E
0

900

_ 2000

_ 1500

*. a0
0 ie

_ 500

3.0 3.5 4.0

600

3nn_vv
0 0.5 1.0 1.5 2.0 2.5

Elevation (m)

Figure 6.6-30. Comparison of COBRA-TF-calculated axial rod
temperature versus elevation with FLECHT SEASET
163-rod data, test 61916, t = 60 seconds, rod 1.

'A I1

1500

1200

2

*E 900

E
0

I

I - I I I I I I

_~ I \

Axial Rod temperature ROD 1
FLECHT 61916 T=80s
* Data 0

-COBRAITF

0

I . .1

11500 0

0

0.
E
PR

2000

11000

6001
500

30CI
0 0.5 1.0 1.5 2.0

Elevation (m)
2.5 3.0 3.5 4.0

7-5178

Figure 6.6-31. Comparison of COBRA-TF-calculated axial rod
temperature versus elevation with FLECHT SEASET
163-rod data, test 61916, t = 80 seconds, rod 1.

6.6-37



1500

1200 I

a,
C.
E
le

900

I I I

0 1%
S 0

Axial Rod temperature ROD 1 0 0
FLECHT 61916 T=100s 0
* Data

|j - COBRA/TF

I I I ' .1 I

A 2000

1500 °
2
Ly

a,

1000 E

500
600 I

300
DI 0.5 1.0 1.5 2.0

Elevation (m)
2.5 3.0 35 4.0

Figure 6.6-32. Comparison of COBRA-TF-calculated
temperature versus elevation with
163-rod data, test 61916, t = 100

axial rod
FLECHT SEASET
seconds, rod 1.

1500

12001

£
a,
L.

0.
E
a,

900

-- r- I I - I I I I

(IN
_P~ I-I,

0 1'
0

Axial Rod temperature ROD 1.
I FLECHT 61916 T=120s |

* Data
- COBRA/TF

I I I . .1 I I

A 2000

4 1500
C

a:

0

E
a,

_ 1000

600 F
500

30C
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Elevation (m)
7-5179

Figure 6.6-33. Comparison of COBRA-TF-calculated axial rod
temperature versus elevation with FLECHT SEASET
163-rod data, test 61916, t = 120 seconds, rod 1.

6.6-38



and grid spacers on reflood thermal-hydraulic phenomena (6.6.12). The
tests were conducted in 1 x 5 and 5 x 5 rod bundles with 62% and 90%
blockage. The eight separate test series conducted for the 25-rod facility
are Illustrated in Figure 6.6-34. The arrays of the 62% and 90% blockage
in a 5 x 5 rod bundle are shown in Figures 6.6-35 and 6.6-36.

The results obtained for reflooding rod bundles with severe coolant
channel blockage with bypass show that blockages of 62% and even 90% in the
arrays chosen in FEBA scarcely show increased cladding temperatures for
flooding velocities as low as 2 cm/s. An example of the temperature
transients for the 62% blockage case is shown in Figure 6.6-37.

Figures 6.6-38 through 6.6-41 show good agreement between COBRA-TF
calculations and FEBA data.

6.6.3.4 Slab Core Test Facility Experiments. The Slab Core Test
Facility (SCTF) test program is being conducted at the Japan Atomic Energy
Research Institute (JAERI) as one of the subprograms of the large-scale
reflood test program (6.6.13). One of the objectives of SCTF is to study
two-dimensional thermal-hydraulic effects due to flow blockage.
Figure 6.6-42 shows the vertical cross section of the pressure vessel. The
simulated core consists of eight electrically heated rod bundles arranged
in a row. The simulated fuel bundle corresponding to the center bundle of
the actual core is designated as Bundle 1; Bundle 8 corresponds to the
peripheral bundle. Bundles 3 and 4 are the blocked bundles as shown in
Figure 6.6-43; all their heater rods have coplanar blockage sleeves at the
midplane to simulate ballooned fuel rods (Figure 6.6-44). The local
blockage fraction of the SCTF core is only about 62%. However the blocked
zone occupies two full bundle cross sections and hence the effect of large
flow blockage on core heat transfer can be studied. Some results are shown
in Figure 6.6-45, a comparison of the quench envelopes of blocked and
unblocked bundles for various tests with different ECC water injection flow
rates (6.6.14). The ECC water injection flow rates for each test are given
in Table 6.6.2. The conclusion that can be drawn from the figure is that
the quench envelope is not much affected by flow blockage except for just
downstream of the blockage sleeves. Immediately downstream of the flow
blockage, the quench time is slightly shorter than for the normal bundle
especially when the core inlet flow rate is higher. The slightly longer
quench time for Bundle 4 measured downstream of the blockage section (the
thermocouples at elevations 6 through 9) than that for Bundle 5 in
tests S1-05 (low LPCI injection rate), Si-Ol (base case), and S1-SH1 (high
accumulator injection rate) is probably caused by the 5% higher bundle
power. Figure 6.6-46 shows a comparison of the heat transfer coefficients
for the blocked and unblocked bundles for test S1-09. When the flow
blockage is sufficiently far from the quench front, the effect of the
blockage sleeves on the heat transfer coefficient is small. However, when
the quench front approaches the blockage zone, the heat transfer just
downstream of the blockage zone is dramatically improved. Detailed
examination of the heat transfer data shows that this improvement of core
cooling can be seen only within about 100 mm downstream from the blockage
zone. No effect of blockages on the heat transfer upstream of the
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Figure 6.6-34. Bundle geometries for test series I through VIII;
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blockages; 5 x 5 rod bundle.
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Figure 6.6-35. Array of the 62% partial blockage achieved with
sleeves; 5 x 5 rod bundle.
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Figure 6.6-36. Array of the
sleeves; 5 x

90% partial blockage achieved with
5 rod bundle.
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Figure 6.6-43. Arrangement of heater rod bundles.
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TABLE 6.6-2. ECCS INJECTION RATES FOR SCTF CORE I FORCED FLOODING
TESTS

Test

Si-SHi

Si-01

Accumulator

Injection Nominal Flood
Rate Speeda
(kg/s) (cm/s)

40 9.4

22 5.3

Injection
Rate
(ka/s)

11

11

Nominal Flood

Speeda
(cm/s)

2.6

2.6

LPC1

Notes

High accumulator injection rate

Base case

Si-os 22 5.3 6.5 1.5 Low LPCI injection rate

SI-O9 40 9.4 18 4.3 High accumulator and LPCI injection rat

a. Based on measured core flow area, including core bypass region and additional fluid spaces such as gap
between vessel wall and core barrel and instrumentation penetration holes.

ate
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blockages could be observed. JAERI concluded that, from all the SCTF tests
conducted, the effect of core flow blockage (60% local blockage) was
insignificant in spite of a blockage region of two full bundles.

6.6.4 Conclusions

Section 6.6.3 has presented the results of experiments performed in
the FLECHT, FLECHT-SEASET, FEBA and SCTF test facilities. These
experiments have shown that:

o Flow blockage at the midplane was found to improve heat transfer
both upstream and downstream of the blocked region. This was due
to increased turbulence and atomization of entrained liquid
droplets and was found to be enhanced near the region of blockage.

o Core rod heat transfer for a blocked and unblocked channel is
dependent on the stage of reflood, that is, whether in the early
violent steam generation stage or the later steady reflood phase
(see Chapter 6.4). During the early stage, intense steam
generation entrains liquid into the blocked portion which
atomizes water droplets and increases the heat transfer
significantly. Later during steady reflood the atomization
effect is diminished because the entrainment of liquid to the
blocked position is diminished.

o On an overall heat transfer basis, large scale testing has shown
that flow blockage of up to 62% (local blockage) produces an
insignificant affect on core heat transfer.

Furthermore, analyses of these data show that the COBRA-TF code adequately
predicts the important hydraulic and heat transfer behavior which occurs
during the reflood of a partially blocked core.
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6.7 Alternative ECCS (Upper Plenum Injection, Upper Head Injection)

Title 10 of the Code of Federal Regulations, Part 50.46 requires that
all light water reactors have an ECCS designed such that its calculated
cooling performance following a postulated LOCA prevents the cladding from
exceeding the maximum temperature, oxidation and hydrogen generation safety
limits. Certain PWRs in the United States are configured to pump
low-pressure emergency core coolant into the upper plenum of the reactor
vessel during a large-break LOCA. This approach contrasts with the
majority of U.S. PWRs, which pump ECCS into the cold legs or downcomer.
The plants using upper plenum injection (UPI) are the Westinghouse two-loop
PWRs. These plants are unique in that they have only two cold legs.
Licensing assumptions regarding equipment failure and the loss of ECC
liquid out the hypothesized break make injection of ECC into the cold leg
impractical for these plants. If it were assumed, for example, that the
break occurred in one cold leg and a single failure of the ECCS pump
occurred in the other, no ECCS liquid would be available. UPI was the
alternative chosen at the time these plants were designed. The injection
of accumulator ECC is into the cold legs as in the plants with cold leg
injection (CLI). A typical arrangement of the ECCS for UPI plants is shown
in Figure 6.7-1.

The upper head injection (UHI) system is an emergency core cooling
system incorporated into four-loop Westinghouse pressurized water
reactors. It is a passive safety system that uses an accumulator to
deliver liquid into the reactor vessel through four injection ports in the
upper head when the reactor vessel fluid pressure drops below a preset
value. Flow paths between the upper head and the core are provided by
hollow guide tubes and support columns to allow flow of coolant from the
upper head to the core (Figure 6.7-2). Much of the phenomena described for
UPI plants applies to UHI plants including upper core bypass due to
entrainment.

There are other differences between conventional and UHI-equipped
PWRs. The pressure of the cold leg accumulators is reduced from 600 to
400 psia in the UHI design. In addition, all UHI plants have an ice
condenser containment. It uses 2.5 million pounds of ice in about half the
volume of a conventional containment to suppress the containment pressure
during a loss-of-coolant accident. The rest of the system, which includes
the high- and low-pressure injection systems (HPIS-LPIS), pumps, steam
generators, and pressurizer, is the same as for a plant without UHI.

6.7.1 Phenomena

The blowdown and refill phenomena for UPI and UHI plants would be the
same as those in a CLI plant because the accumulator flows are injected
into cold legs in both types of plant. The reflood phenomena for the two
tvnpc hnwpvpr would hp rnnsidprahly diffprpnt horaimp thp Inw-nraceimp



See note 2 Residual
heat removal
(LPCI) pumps

Notes:

1. Separate cold leg Injection nozzle provided for HPCI at Prairie Island 1 and 2 and Kewaunee.
2. Pumps discharge to single header at R.E. Ginna.
3. Three HPCI pumps at R.E. Ginna.
4. HPCI in hot legs instead of upper plenum at R.E. Ginna. 6 2796

Figure 6.7-1. Schematic diagram of the reactor coolant system and ECCS for
a plant with upper plenum injection.
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Figure 6.7-2. Sketch of PWR vessel with upper head injection (UHI).
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As the rods below this region where UPI water is being dumped begin to
quench, additional steam is produced. This steam can either flow up and
interact with the subcooled water and fall back into the core or flow
radially outward and then up. If the steam flows radially out and then up,
the low-power bundles in the region of the core where dumping is occurring
will quench much earlier than the rest of the core, which then allows the
UPI water to be dumped directly into the pool of water at the bottom of the
core that is quenching the core from the bottom.

If the additional steam produced from quenching bundles flows up and
interacts with the UPI. water falling into the core, dumping in that region
of the core can be retarded or stopped. If dumping is stopped, the steam
production is reduced and subcooled water begins to penetrate again and the
cycle repeats. Therefore, the difference between the two cases is that one
results in continuous dumping of ECC water from the upper plenum into the
core, while the other results in intermittent dumping.

6.7.2 Predictive Models

An accurate prediction of the complex phenomena described in
Section 6.7.1 requires a significant effort on the part of best-estimate
computer codes. The three-dimensional hydraulic patterns induced by direct
contact condensation and counter-current flow limiting effects do not lend
themselves to simple, nor stable, numerical treatment. It should be noted
that the need to predict the types of thermal hydraulic phenomena
encountered during UPI and UHI operation helped prompt the development of
multi-dimensional, nonequilibrium computer codes. Although significant
advancements have been made over the past fourteen years, the accurate
prediction of the aggregate behavior of the many thermal hydraulic
phenomena occurring during UPI or UHI operation remains very challenging.

The COBRA/TRAC and the TRAC-PF1/MOD1 computer codes have been used to
analyze large-scale UPI experiment data (6.7.1-6.7.6). The following
sections will show that a best-estimate code can predict the peak cladding
temperatures reasonably well. A later section refers to COBRA/TRAC
calculations for UHI. Further modeling improvements could be made to
obtain better TRAC-PF1/MOD1 predictions of core void distribution,
condensation, UPI fluid penetration into the core, and carryover to the hot
legs and steam generators (6.7.6). This would require improvements to the
condensation and interfacial drag models. Such improvements are being
considered for the MOD2 version of the code.

6.7.3 Upper Plenum Injection Experiment Results and Analysis

The Cylindrical Core Test Facility (CCTF) in Japan and the Semiscale
Facility of Idaho National Engineering Laboratory (INEL) are the only test
facilities in which integral experiments have been conducted to simulate
the phenomena that occur in an upper plenum injection (UPI) plant during a
large-break LOCA. Although other separate effects experiments that were
not specifically intended to evaluate UPI have produced data related to UPI
phenomena, the discussion in this section concentrates on the results of
CCTF and Semiscale.
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6.7.3.1 Cylindrical Core Test Facility Experiments and
Analysis. Five tests were conducted in CCTF Core II to evaluate
UPI (6.7.7-11). Special ECC injection nozzles were installed in the upper
plenum for these tests (Figure 6.7-3). Because CCTF was designed to
simulate a four-loop PWR, it was not possible to precisely simulate a
Westinghouse two-loop PWR. The major differences are:

1. CCTF has four loops instead of two as in the UPI plant.

2. The upper plenum injection configuration consists of internal
nozzles rather than wall nozzles.

3. The CCTF core is slightly different; basically there is a greater
proportion of unheated rods, which gives a greater core flow area
per unit power.

Because of these differences, companion tests to the cold leg
injection tests already run in CCTF were carried out with the ECC injected
in the upper plenum. This approach was intended to demonstrate the effects
of injecting LPCI in the upper plenum instead of the cold legs and to
provide data for assessing computer codes used to evaluate plants with UPI.

Table 6.7.1 summarizes the test conditions for the UPI tests and the
reference cold leg injection tests carried out in CCTF. For each reflood
test, the core was preheated to a preset level (to simulate the fuel rod
temperatures that would be achieved at the start of reflood), and the test
was initiated with a brief period of accumulator injection in the lower
plenum (to bring the water up to the bottom of the core). At the start of
reflood, the core heating was set according to the decay power, and the
accumulator injection was switched to the cold leg for a short time
(simulating the dump of the accumulators) and then throttled back to a low
value (to simulate HPCI). Also at the start of reflood, a continuous
injection through the UPI nozzles commenced (simulating LPCI through the
UPI nozzles). A constant containment pressure at the break exhaust was
maintained throughout the test, and the test was terminated after the core

awas completely quenched. The refill/reflood test (Run No. 78) was
conducted in a similar manner except that the test was initiated at a
higher pressure (0.6 MPa) with the opening of the break valves, and the
brief accumulator injection in the lower plenum was not used.

Table 6.7.2 shows a comparison of the CCTF UPI test conditions with
the appropriate UPI plant parameters. As shown, the "scale factor" of the
CCTF is on the order of ten. The core power levels used in the lower
powered CCTF tests are consistent with scaled values from the UPI plant,
but the power level in Run 57 is considerably higher. The UPI ECC flows in
Runs 59, 76, and 78 correspond closely to the flows obtained at the plant

a. UPI test Run No. 57 was prematurely terminated because the electrical
heater rod overheated.
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TABLE 6.7-1. MAIN BOUNDARY CONDITIONS OF CCTF-II UPI TESTS AND
REFERENCE TESTS.

CCTF
Test Number
(Run Number)

C2-SH2

C2-16
(76)

C2-AS1
(59)

Test Descriptiona

CLI reference

UPI single pump fail-
ure, one injection port

UPI single pump fail-
ure, two injection
ports

Power

(MW)b

7.9

7.9

Initial
System

Pressure
MPa
(psia)

.20(29)

.2(29)

Pct at
Bottom

Kef ood
Initiation
OC (OF)

801(1474)

765(1409)

-

8.1 .20(29) 801(1474)

*-.

C2-13 UPI no pump failure,
(72) two injection ports

C2-12 CLI best estimate
(71)

C2-14 CLI refill
(74)

C2-18 UPI best estimate/
(78) refill

C2-SHl CLI high power
(53)

C2-AAI UPI high power
(57)

a. CLI cold leg injection of LPCI.

8.0

7.1

9.4

7.1

9.4

9.4d

.20 (29) 784(1443)

.33(48) 307(585)

Acceleration
Period
Into LP

374

349

343

349
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TABLE 6.7.2. COMPARISON OF CCTF UPPER PLENUM INJECTION TESTS AND TWO-LOOP DESIGN PARAMETERS

on

0o

Core flow area (m2)

Scale factor

LPCI flowrate
(mJ/ x I0 )

LPCI flow ratLe per core
flow area (m /s-m2)

Number of UPI nozzles

Number of heated rods

Rod length (m)

Core power (MWt)

Core power per heated
length (kW/m)

C2-AAI
Run 57

0.2508

10.4

C2-ASI
Run 59

0.2508

10.4

C2-13
Run 72

0.2508

10.4

C2-16
Run 76

0.2508

10.4

C2-18
Run 78

0.2508

10.4

8.77 11.1 22.2 11.7 11.1 114 - 151 for one pump (single failure)
228 - 302 for two pumps (no failure)

0.035 0.0443 0.0885 0.0467 0.0443 0.0435 - 0.0576 (single failure)
0.087 - 0.115 (no failure)

2 2 2 1 1 1 (single failure)
2 (no failure)

1824 1824 1824 1824 1824 21,659

3.66 3.66 3.66 3.66 3.66 3.66

9.35 8.07 7.97 7.88 7.13 65 - 71 (best estimate at 30 seconds)
79 - 87 (licensing)

1.41 1.21 1.18 1.18 1.08 0.82 - 0.88 (best estimate)
1.02 - 1.08 (licensing)

Two-Loop PWR

2.62

( ( (



based on a single failure (i.e., one LPCI pump is operating and one has
failed). The ECC flow in Run 72 corresponds to a no-failure value. The
UPI flow in Run 57 is somewhat lower than the single-failure case. Because
of the excessive decay power used, Run 57 is not considered particularly
useful in evaluating UPI performance. Run 59 was run shortly thereafter
and achieved somewhat more realistic conditions. However, Run 59 injected
the ECC flow through two UPI nozzles whereas, for the single-failure flow,
only one nozzle should have been used. Also, a flow resistance mismatch
between the two nozzles led to an uneven flow split. Runs 72 and 76 were
run some time later after close consultation between JAERI and NRC-RES on
the desired test conditions and after installation of orifices to correct
the uneven flow split. These two tests reasonably stimulated the
conditions in the UPI plant for the no-failure and single-failure
conditions, respectively. Run 78 simulated a single-failure best-estimate
condition and is not appropriate to licensing evaluations.

Core Temperature Response

Typical temperature behavior is shown in Figures 6.7-4 and 6.7-5.
Figure 6.7-4 shows typical temperature time histories at five elevations in
Bundle 29, one of the center bundles in CCTF (see Figure 6.7-3 for bundle
locations), for a cold leg injection test (Run 54) and an upper plenum
injection test (Run 59). The temperature histories for the two tests are
about the same for this bundle. Figure 6.7-5 shows temperature-time
histories for Bundle 12, which is located in one corner of the core. In
this bundle, the thermocouples located in the upper half of the core quench
much earlier in the UPI test, which indicates significant downflow of water
in this core region. Figure 6.7-6 is a "top-quench map" in which all of
the top-quenched bundles in the UPI test are shaded. (A top-quenched
bundle is a bundle in which at least the top quarter of the core quenches
before the lower section.) These bundles are all concentrated toward one
side of the core. In the particular test for which these temperatures are
shown, the flow rate through the injection port closer to the top-quenched
region was slightly higher than the flow rate through the other port (about
a 60%:40% flow split) because of an unintended mismatch of Injection line
resistances. This mismatch was corrected and another test was performed
with equal flow through the two ports (Run 72, at twice the flow of
Run 59). This test also showed a "top-down quench" region; however, it was
located on the other side of the core. This behavior suggests that a "cold
channel" may develop in one part of the core. This channel quenches early
and thereafter produces less steam than other parts of the core, thus
providing a preferred path for water downflow. The remainder of the core
is cooled by bottom reflood from water injected in the upper plenum that
goes down to the bottom of the core. The prediction of the exact location
of the "cold channel" appears difficult, although it seems to favor some
portion of the outer, lower powered region of the core.

Figure 6.7-7 shows clad temperature traces for the single-failure UPI
test (Run 59), the no-failure UPI test (Run 72), and a reference cold leg
injection (CLI) test (Run 54). The temperatures are from a rod in the
central (hot) part of the core. The no-failure UPI test has about twice
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the LPCI flow rate; this test was run to ensure that a higher flow would
not effectively "block" the upper plenum to steam flow and result in poor
cooling. The cooling and peak temperatures in the single-failure UPI test
are comparable to those in the CLI test.

In the no-failure UPI test, the cooling is better and the peak clad
temperatures are lower than those in the CLI test in the middle and upper
(i.e., most limiting) portions of the core. This is primarily due to the
higher LPCI injection rate. There is no evidence of hypothesized poorer
core cooling due to blockage of steam flow in the upper plenum in this
test; this is because the steam does not have to go through the pool, but
instead is condensed in the pool.

ECC Distribution and Flow

Figure 6.7-8 shows the results of vessel mass balances performed by
JAERI for a typical periods during a UPI test and a comparable test with
cold leg injection. Both tests were performed under a single-failure
assumption, i.e., a failure of one of the LPCI pumps was assumed so that
1nly half of the maximum available flow was injected. In the UPI test,
10.8 kg/s of subcooled ECC liquid was injected; this subcooled liquid
condensed steam at a rate of 2.1 kg/s for a net input into the upper plenum
of 12.9 kg/s of saturated water. Of this, 3.1 kg/s went out the hot legs
and 9.8 kg/s went to the core where 3.5 kg/s was vaporized to cool the core
and 6.3 kg/s flowed through the core and up the downcomer and out the
break. (This simplified scehario ignore the liquid that goes downward to
the core and then is entrained and carried back up to the hot leg. This
internal circulation cannot be measured, but based on cold leg injection
results, it is expected to be a small fraction of total liquid carryover to
the hot leg.)

The key point to note in Figure 6.7-8 is that, although the amount of
liquid carried over to the hot legs was significantly higher in the UPI
test (3.1 kg/s) than in the CLI test (0.7 kg/s), the core cooling rate is
about the same in the two tests as evidenced by the equal rates of steam
generation (3.5 kg/s). The effective core cooling in the UPI test was also
shown by the clad temperatures in the central (hot) region, which were
about equal In the two tests (see Figure 6.7-7). This behavior
demonstrates that the amount of liquid entering the upper plenum is more
than enough to cool the core the remainder is bypassed either out the hog
legs or through the core to the downcomer and out the broken cold leg.
Similar behavior is observed in cold leg injection tests in CCTF; the core
flooding rate is about 5 kg/s for any LPCI injection rate, and any extra
injection above that amount spills out the cold leg break.

Figure 6.7-9 shows differential pressures in the upper plenum (from
just above the upper core support plate to the top of the pressure vessel)
in a UPI test (Run 59). Four traces are presented from four equally spaced
azimuths around the core. There is no significant difference between these
four measurements, indicating there is no significant horizontal variation
in pool height. However, the UPI tests had significant horizontal
variations in water downflow from the upper plenum to the core;
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specifically, the rod thermocouple measurements indicated the downflow
favored one side of the core. The flat pool combined with the uneven
downflow indicates that the water downflow is controlled not only by pool
height, but also by other phenomena (e.g., upper plenum subcooling
distribution, core power distribution, core internal energy distribution).

Figure 6.7-10 shows upper plenum pool height (differential pressure)
for the single-failure UPI test discussed above (Run 59), and a no-failure
UPI test with twice the upper plenum-injection flow rate of the
single-failure test (Run 72). The pool height in the no-failure test is
significantly higher than that in the single-failure test for two reasons:
(1) the injection flow rate is higher in the no-failure test and (2) the
amount of subcooled water injected into the upper plenum in the no-failure
test is sufficient to condense all of the steam from the core, so there is
essentially no steam to take up space in the upper plenum or to carry the
water from the upper plenum to the hog leg.

The TRAC-PF1/MOD1 computer code has been used to analyze CCTF
experiment data (6.7.6). Figures 6.7-11 through 6.7-14 compare TRAC
calculations to experimentally measured rod surface temperatures. Overall,
the predictions of peak cladding temperature are good. However, the
difficulty in accurately predicting the three dimensional void distribution
in the core causes difficulties in predicting the time at which rods
quench. These calculational difficulties have already been discussed in
Section 6.7.2.

In summary, CCTF single-failure upper plenum injection tests show
significantly higher liquid carryover rates to the hot leg than comparable
cold leg injection tests. However, the steam generation rates and the peak
clad temperatures in the two tests are similar, indicating that the liquid
that goes to the hot leg in the UPI tests is not needed for adequate core
cooling, much like the spill overflow to the broken cold leg observed in
CCTF cold leg injection tests. The CCTF UPI tests also show a higher upper
plenum pool height than comparable cold leg injection tests. The pool
height is uniform azimuthally around the core, but the water downflow is
not, indicating the water downflow in UPI tests is not controlled only by
pool height. The hypothesized poorer core cooling due to blockage of steam
flow from the core by the upper plenum pool under high UPI flow rate
conditions did not occur.

6.7.3.2 Semiscale Experiments. Semiscale is an electrically
heated integral facility operated by the Idaho National Engineering
Laboratory (see App. A for a description). Semiscale Mod 1 (6.7.12)
was used in the tests discussed below. To simulate the LOFT core, this
facility used a 5.5-ft core. Initial conditions are comparable to reactor
conditions except that the heater rods do not achieve full operating
power. Instead, the initial power is set to obtain a typical operating
heat flux (i.e., total power is about 5.5/12 or 46% of the scaled total
power). Also, the total simulated decay power is set at a constant
level for these particular tests.
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During 1977, a test that simulated UPI was run in Semiscale. ECC was
injected through a single nozzle in the side of the upper plenum
(Figure 6.7-15). Additional flow resistances were added to the triple
intact loop and the break flow area was increased to more closely simulate
a UPI plant. Even with these modifications, Semiscale was not considered a
precise model of a two-loop plant, so a companion cold leg injection test
was run before the UPI test to provide a baseline for comparing the UPI
performance.

Table 6.7.3 summarizes the test conditions for the UPI test (S-05-7)
and companion cold leg injection test (S-05-6) carried out in Semiscale.
Each test was initiated with the opening of the break at reactor typical
conditions, which led to rapid system depressurization. Accumulator
injection into the intact and broken loop was included in each test.
Low-pressure pumped injection was via the upper plenum injection nozzle in
Test S-05-7 and via the cold legs in Test S-05-6. The tests were
terminated after 300 seconds.

Table 6.7.4 shows a comparison of the Semiscale UPI test conditions
with appropriate UPI plant parameters. As shown, the scale factor of
Semiscale is about 550. The core power level in Semiscale is slightly
lower than the corresponding scaled value from the two-loop plant, but the
heat flux is slightly higher than that in the plant. The LPCI mass flow
rate is scaled according to the nominal scale factor, assuming a single
LPCI pump failure in the plant.

The data for the Semiscale test are contained in References 6.7.13
and 6.7.14. The Semiscale UPI test is discussed below in two areas: core
temperature response, and ECC distribution and flow within the primary
system.

Core Temperature Response. A comparison of the clad temperature
results from the cold leg injection and UPI tests showed that, for 74% of
the thermocouple locations (46 of 62), the peak clad temperature was lower
and the quench time earlier in the UPI test. In the remaining 26% of the
locations, the clad temperatures were comparable or slightly higher in the
UPI test. In those locations where the UPI test showed a higher
temperature than the cold leg injection test, these temperatures were not
the limiting values in the core. The maximum clad temperature was 950 K
(12500F) in both tests. Temperatures above 922 K (12001F) occurred on
11 different rods scattered throughout the core in the cold leg injection
test but only on three closely grouped rods in the UPI test. Overall,
better cooling was obtained in the UPI test, but in the limiting section of
the core during the UPI test, the cooling was comparable to the cold leg
injection test. Figure 6.7-16 shows the measured core midplane clad
temperature on Rod E2 for which comparable behavior was observed in the two
tests. Figure 6.7-17 shows the core midplane results on Rod B5 for which
significantly improved cooling was observed in the UPI test.

The rods that showed limiting behavior in the UPI test (i.e., behavior
comparable to that in the cold leg injection test) were all located in one
"quadrant" on the side of the vessel away from the UPI nozzle, as shown in
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TABLE 6.7-3. TEST CONDITIONS FOR SEMISCALE UPI TEST (S-05-7) AND
COMPANION COLD LEG INJECTION TEST (S-05-6)

Core power (MW)a

Intact loop cold leg fluid

temperature (K, OF)a

Hot leg to cold leg

temperature differential (K, OF)a

Steam generator feedwater

temperature (K, OF)a

Steam generator liquid level

(m, in.)a'b

Pressurizer pressure (MPa, psia)a

Pressurizer liquid volume

(m 3, ft 3)ac

Core flow rate (m 3/s, gpm)a

Pressure suppression system

pressure (MPa, psia)a

Accumulator injection location

Liquid volume (m3, ft3)

Injection rate (m 3/s, gpm)d

Actuation pressure (MPa, psia)

LPCI injection location

3 d
Injection rate (m /s, gpm)

Actuation pressure (MPa, psia)

Test S-05-6

1.454

561, 550

33, 59

478, 400

2.69, 106

15.6, 2263

0.022, 0.76

0.011, 175

0.24, 35

Intact CL!
Broken CL

0.082, 2.9/
0.091, 3.2

0.0011, 17.8/
0.0011, 17.5

5.08, 737/
4.96, 720

Intact CL!
Broken CL

0.0003, 4.6/
0.0001, 1.45

1.51, 220/
2.06, 299

Test S-05-7

1.448

562, 551

32, 58

478, 400

2.77, 109

15.5, 2253

0.020, 0.71

0.0114, 180

0.24, 35

Intact CL!
Broken CL

0.082, 2.9/
0.079, 2.8

0.0011, 18.0/
0.0013, 20.2

5.07, 735/
4.91, 712

Upper plenum

0.0003, 4.2

0.047, 69e

6.7-25



TABLE 6.7-3. (continued)

Test S-05-6 Test S-05-7

HPCI Injection location Not used Not used

a. Prior to rupture.

b. Above bottom of tube sheet.

3 3
c. Based on average fluid density of 598.4 kg/mr or 37.4 lb/ft .

d. Average attained during test.

e. Set point based on elapsed time after rupture (25 seconds).
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TABLE 6.7-4. COMPARISON OF SEMISCALE UPPER PLENUM INJECTION TEST AND
TWO-LOOP DESIGN PARAMETERS

Semiscale Two-Loop PWR

Core flow area (m2, ft2) 0.0048,
0.0513

2.61, 28.1

Scale factor 548

LPCI flow rate

(m /s, gpm)

2.65E-4,

4.2

1

0.114, 1800-0.151, 2400 for

one pump (single failure)
0.2217, 3500-0.304, 4800
for two pumps (no failure)

LPCI flow rate per core

flow area (m3/s-m2)

Number of UPI nozzles

Number of heated rods

0.0552 0.0437-0.0579 (single failure)

0.0849-0.11650
(no failure)

1

36

1 (single failure)
2 (no failure)

21,659

Rod length (m, ft) 1.68, 5.5 3.66, 12

Core power (MWt) 0.070 65-71 (best estimate at
30 seconds)
79-87 (licensing)

Core power
rod length

per heated
(kW/m)

1.15 0.82-0.886 (best estimate)
1.02-1.08 (licensing)
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Figure 6.7-18. Apparently the UPI preferentially flowed downward through
the three other quadrants, leading to the improved heat transfer in these
quadrants. These results are similar to the CCTF results except that the
region of greater cooling is larger in Semiscale (about 75%) than in CCTF
(about 25-50%). It appear this difference may be due to the much smaller
scale of Semiscale.

ECC Distribution and Flow. There is very little instrumentation in
the Semiscale facility to accurately determine core and upper plenum
hydraulic behavior.

Specifically there are no core or upper plenum differential pressure
measurements to determine core inventory accumulation and upper plenum pool
formation.

There are instrumented spool pieces to measure mass flow rate in the
hot and cold leg piping, but these are ranged principally for the blowdown
and provide only limited information during UPI reflood.

A comparison of the fluid temperatures in the upper plenum for the UPI
test (S-05-7) and the companion cold leg injection test (S-05-6) is shown
in Figure 6.7-19. The fluid conditions in the UPI test were saturated
whereas the conditions in the CLI test were about 1001F superheated. This
behavior also occurred in the hot leg. The fluid temperature measurements
indicate significant liquid presence in the upper plenum and hot leg in the
UPI test which did not occur in the cold leg injection test. This
conclusion is confirmed by the turbine meter and gamma densitometer
measurements taken in the hot leg spool pieces. Figure 6.7-20 shows the
volumetric flow in the intact hot leg as measured by the turbine meter.
The volumetric flow in the cold leg Injection test was at a significant
level, but the volumetric flow in the UPI test was roughly zero. These
turbine meter readings indicate that a substantial amount of liquid was
probably present in the hot leg in the UPI test but not in the cold leg
injection test. The density measurements in the intact hot leg for both
tests are shown in Figure 6.7-21. These data also show the difference in
liquid presence between the two tests.

In summary, very little experimental data are available for
determining the detailed ECC distribution and flow in the Semiscale tests.
As discussed previously, it appears that preferential ECC flow developed in
approximately three-fourths of the core in the UPI test. The data
presented here suggest that there is additional UPI water, not used for
core cooling, that fills the upper plenum and is carried into the hot legs,
but that there is no major detrimental effect from this behavior. More
detailed information on the ECC flow is available in the CCTF data as
discussed earlier.

6.7.3.3 Conclusions from UPI Experiment Results and Analysis. Two
conclusions have been drawn from the UPI tests:

o In the large scale CCTF apparatus there is no net benefit nor
penalty for including UPI as a part of the ECCS system. UPI
fluid does not significantly enhance nor hinder nominal reflood
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as provided by col.d leg injection. A large portion of the UPI
injected fluid is either entrained out the hot legs or penetrates
the core in a preferential channel and is carried up the
downcomer to the broken cold leg. The net effect being that UPI
injected fluid does little to enhance cooling relative to cold
leg injection and does not add to the steam binding problem.

o The basically one-dimensional Semiscale facility showed
preferential penetration of UPI water into the core nearest the
UPI injection point. Also better cooling was observed in 74% of
the core while the remaining 26% of the core showed comparable or
slightly higher temperatures.

o Best-estimate thermal-hydraulic computer codes have been used to
predict core reflood during UPI operation. Comparisons with
experimental data show good predictions of average peak cladding
temperature but difficulties in predicting void distributions.

6.7.4 Upper Head Injection Experiment Results

The upper head injection (UHI) system was designed by Westinghouse to
provide additional core cooling beyond that provided by the normal ECCS.
ECCS codes available in 1974 were inadequate to address the
thermal-hydraulic phenomena associated with the UHI such as nonequilibrium
return to nucleate boiling, upper head draining, and mixing in the upper
head during active injection. Westinghouse therefore undertook the task of
developing a UHI model from 1974 to 1978. Many heat transfer relationships
that led to additional cooling due to UHI were developed from proprietary
experiments such as the G1-448 Rod Blowdown Heat Transfer Tests, the G2-336
Rod Blowdown Heat Transfer Tests, UHI Flow Distribution Tests, and the
Upper Head Drain Tests (Kansai Electric Power Company). In addition,
advanced modeling such as drift flux model, aximuthal downcomer, and core
flow distribution was introduced into the computer code. These efforts
resulted in a code called SATAN-IV that is used by Westinghouse to analyze
the ECCS of a UHI plant. The code is an NRC-approved evaluation model, and
it satisfies the requirements in 50.46, "Acceptance Criteria for Emergency
Core Cooling System for Light Water-Cooled Nuclear Power Reactors," of
10 CFR Part 50.

The Semiscale program ran a series of experiments examining UHI
systems during SBLOCAs for a variety of break sizes. The ROSA-II program
In Japan also ran a series of experiments examining alternate ECCS and
UHI. In addition, the LOFT program performed a UHI injection experiment
simulating German reactors with hot leg injection.

6.7.4.1 Semiscale UT Experiments (Upper Head Injection Series). A
series of SBLOCA experiments was conducted in the'Semiscale Mod-2A facility
to investigate the influence of upperhead ECC injection on transient
response (6.7.15). Several commercial PWRs employ this ECC technique that
was primarily designed to offset large break transients; therefore, the
Semiscale experiments are designed to investigate the effectiveness of UHI
on core cooling. For a variety of break sizes (2.5, 5, and 10%) it was
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found that the effect of UHI injection on the transient signature response
was minimal. The extra coolant mass injected, during the UHI experiments
was almost exactly offset by an increased break discharge. Basically UHI
involves accumulator injection at 8.6 MPa (1247 psig) primary pressure with
a total volume of water injected approximately equal to the vessel
upperhead internal volume.

The overall depressurization signature was only slightly affected by
the presence of UHI as shown on Figure 6.7-22. This was because all of the
usual small break phenomena such as pump seal clearing and break uncovery
also occur for tests involving UHI. For all break sizes, there was a
slightly higher depressurization rate during the period of UHI injection.
This higher rate resulted from the condensation of vapor by the cold
accumulator water [injected at 8.6 MPa (1247 psig)]. The vessel upper head
remained at a higher collapsed liquid level during the period of UHI
injection as shown in Figure 6.7-23. The refilling of the upper head
starting at about 220 s for the 5% break case is associated with pump seal
clearing and the rapid decrease in primary pressure. This caused an
increase in the differential pressure between the upper head accumulator
tank and the vessel upper head, rapidly increasing the flow into the upper
head until accumulator depletion. Even though the upper head drain
characteristics were different for UHI and non-UHI experiments, the overall
system inventory was similar at any point in time. Break flow was
increased by an amount equal to the UHI Injected, resulting in similar mass
inventories for the two cases. Figure 6.7-24 compares the integrated break
mass flow showing an increased break flow for the UHI cases. Also shown in
Figure 6.7-24 is the total mass of UHI that about equals the differential
in integrated mass flow for UHI and non-UHI experiments. The reason for
the increased break flow was a longer time to break uncovery and increased
subcooling at the break. Figure 6.7-22 showed that break uncovery was
delayed for the UHI experiments (increased depressurization associated with
break uncovery). Figure 6.7-25 indicates that the vessel collapsed liquid
levels are about the same following vessel accumulator injection for all
break sizes. It is significant to point out that during the period of
minimum core level for the worst case break (5% case), UHI caused an
improved margin for core cooling, as shown in Figure 6.7-25, even though
the overall mass in the system was about the same.

For a variety of small break sizes (2.5, 5, and 10%), the effect of
UHI injection on the transient signature response was minimal. The extra
coolant mass injected into the upper head was offset by an increased break
discharge.

6.7.4.2 Rig of Safety Assessment (ROSA-II) Experiments. The JAERI
conducted alternative ECCS injection (including UHI) experiments in ROSA-II
in the mid 1970s. The ROSA-II test facility had a volume scaling factor of
about 1/400 with a core electrical heating power of 2.4 MW. Two important
factors were observed in the UHI tests (6.7.16). -In the upper head, fluid
mixing is not sufficient, as expected, and a thermal nonequilibrium state
exists. Injection of cold water into steam or two-phase mixture causes
strong condensation depressurization and influences the flow patterns in
the whole primary system.
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The above facts lead to the following phenomena relevant to core
cooling:

1. The emptying process begins immediately after UHI isolation.

2. At least at the core outlet, upward steam flow exists that in the
worst case, results in the stagnation of flow in the core and
earlier rod exposure.

3. Part of the water from the upper head flows down into the core,
contributing to core cooling. However, most of the water flows
out through the upper plenum to the hot leg of the broken loop.

4. When the UHI water temperature is high (1201C), the effect of
condensation-deressurization becomes weak, so that a significant
amount of UHI water flows down into the core and results in
effective core cooling.

Other experiments in the ROSA-II test facility and the post-analysis
study concerning alternative ECCS for a PWR revealed the following items in
the case of a cold leg break:

(1) The combined injection of hot water into the upper plenum and
cold water into the lower plenum was experimentally verified to
be quite effective for core cooling during blowdown. And the
subsequent LPCI injection into the hot legs contributed to a
continuous direct core cooling and rapid reflooding. The result
is expected to be valid for an actual PWR which has a larger area
of upper end holes of a fuel assembly than that of the ROSA-II,
especially if longer accumulator injection is attained.

(2) Although cold leg injection of accumulator water results in
by-pass flow and poor water accumulation in the vessel, it draws
core flow downward and absorbs heat in the downcomer wall,
especially when the injection rate is larger. Therefore, larger
flow from the accumulator into the cold leg can be effective If
it is combined with previous upper plenum injection of hot water,
as is shown even in the test facility with a relatively narrow
downcomer gap which would lead to low water penetration.

(3) Hot leg injection of accumulator water, if combined with lower
plenum injection of LPCI was also experimentally verified to be
highly effective.

(4) The by-pass flow in the upper downcomer accompanied by cold leg
injection was analytically expressed by separating the downcomer
In two regions. It was analytically shown that the total amount
of downward flow during the accumulator injection was small.

6.7.4.3 OECD LOFT Transient Simulation. The OECD LOFT Program
included a transient simulation wherein the ECCS was designed to be
representative of the German 1300 MWe KWU reference PWR. The KWU ECCS
employs ECC injection in all four hot legs as well as all four cold legs.
In the hot leg injection design, the ECC is directed to discharge into the
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upper plenum above the core. The LOFT representation of the four KWU hot
leg injection pipes was to place a UHI pipe directly above the core with a
flow manifold that directed ECC flow horizontally in four directions and
also downward. The transient conducted with this ECCS configuration was
designated LP-FP-1 (6.7.17) and was a large cold leg break transient
wherein the ECCS was intentionally delayed until fuel cladding damage had
occurred on a number of specified fuel rods. The transient simulation
produced a data set that can be used to evaluate UHI codes. The experiment
was conducted December 19, 1984, and the results will be restricted per
OECD requirements until December 1989 or when the OECD has completed
analysis of the transient and has judged the data to be ready for release.

6.7.4.4 COBRA/TRAC Analysis of Semiscale UHI Experiments. The
computer code COBRA/TRAC was used to simulate small-break LOCA tests
performed at the Semiscale MOD-2A test facility (UT series). The results
of the simulations were compared with the results of the actual tests. The
comparison showed that the COBRA/TRAC calculations gave a reasonable match
with the measured data and that the code has the capability to model
small-break accidents in an integrated coolant system of a PWR (6.7.18-19).

Among these calculations are the results for the following important
phenomena; the core and steam generator liquid levels, the upper head
liquid level, the downcomer liquid level equalization, the break mass flow
rate, the UHI flow rate, and the flow rates in the guide tube and bypass
lines.

6.7.4.5 Footnote to the UHI Issue. On February 21, 1985, Duke Power
Company and Westinghouse made similar presentations on removing the UHI to
the ACRS.Subcommittee on ECCS. In their assessment of the Duke proposal,
the NRR staff noted that, subject to results of subsequent analyses, they
have no objection to the Duke Power Company's proposed course of action.
If the other utility that has UHI plants, the Tennessee Valley Authority,
makes a similar request and if all UHI plants are converted to the
standardized RESAR-3 ECCS, the discussion on UHI ECCS is moot with respect
to current operating plants and plants under construction with the same
designs. However, UHI ECCS may be a viable component in a next generation
design. In addition, the German KWU ECCS may also be a viable option.
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6.8 Reactor Coolant Pump Effects

Licensing regulations have required using the "worst-case" assumption
in the rapid large-break LOCA response, i.e., pumps not operating.
Accordingly, the performance of the pumps in two-phase flow affects only
the initial portion of a large-break LOCA, when the pumps are coasting down
during the system blowdown. In the small-break LOCA case, events occur
more slowly and the plant controls or operator instructions can be designed
to obtain desired sequences.

During severe transients in a pressurized water reactor, such as a
small-break or large-break LOCA, the reactor coolant reaches saturation
conditions, and a two-phase mixture of steam and water circulates through
the coolant loops and through the pumps. The LOCA results in pump
operation far from rated conditions and can include reverse flow and
negative pressure differential. This section deals with two-phase effects
on pumps as well as the system affects associated with pump performance
during a LOCA, including the subject of pump overspeed accompanying a LOCA.

6.8.1 Phenomena

The reactor coolant pumps in a pressurized water reactor are
fixed-speed centrifugal pumps that normally circulate single-phase
subcooled water from the reactor core to the steam generator and back
again. A fixed-speed centrifugal pump can be characterized as a volumetric
flow device; that is, the pump generates a unique pressure head (m of

fluid) for a given volumetric flow (m 3/s). In single-phase flow, the
pump behavior is completely defined by the curves of head vs. flow and
shaft torque vs. flow for a fixed pump speed. Furthermore, for
single-phase flow, the characteristic head-flow curve is independent of
fluid density; for a given speed and volumetric flow, the pressure head
expressed in meters of the fluid being pumped is a fixed value. Similarly,
the nondimensional torque is independent of fluid density.

It has been found experimentally (6.8.1) that the characteristic
single-phase head-flow and torque-flow curves of each pump do not apply for
two-phase conditions. For example, the pressure head generated near rated
flow and speed at void fractions near 0.5 is typically less than half that
generated at void fractions of 0.0 and 1.0 (single-phase conditions), as
indicated in Figure 6.8-1.

These substantial deviations from the characteristic single-phase
curves are apparently related to the interaction of the liquid and vapor
streams. The detailed fluid dynamics associated with two-phase flow
through a centrifugal pump are not yet well understood. Nevertheless, it
is believed that the following phenomena dominate two-phase pump behavior:

a Different accelerations and velocities for the vapor and liquid
streams.
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o Highly separated, time variant, and nonstreamlined flow in the
pump impeller.

o Condensation and vaporization within the pump.

o Changes in flow regime within the pump and with changing fluid
conditions entering the pump.

Furthermore, it is likely that the relative importance of these
phenomena will vary depending on the pump type and fluid conditions. In
any case, the well-established single-phase fluid dynamic models
traditionally used to describe single-phase pump performance are not
adequate for two-phase flow.

During a LOCA, the flow of coolant through the reactor core is
influenced by the flow out the break, the flow produced by the reactor
coolant pumps, and the injected emergency coolant flow. Since the reactor
coolant can reach two-phase conditions during a LOCA, knowledge of pump
behavior in two-phase flow is required to accurately determine the
progression of the transient.

If the primary coolant pumps are not operating, the flow through the
core could be significantly reduced. For example, in a small-break LOCA,
the driving pressure head of the pumps would be replaced by the smaller
head resulting from the temperature difference between the hot and cold
side of the steam generator (natural circulation). In a large-break LOCA,
a stopped pump impeller creates a greater resistance for venting steam
through the coolant loops as the core is reflooded.

Immediately after the accident at Three Mile Island, the NRC issued
bulletins to operators of PWRs designed by all three PWR vendors
instructing them to keep the pumps running in the event of HPI activation.
Specifically, those operators were instructed to keep at least one loop
active in the event falling pressure causes HPI activation, indicating the
initiation of a LOCA. That Instruction was based on the observation that,
during the TMI-2 accident, natural circulation failed to initiate upon
cessation of forced convection, resulting in the heatup and destruction of
the core.

In response to those bulletins, most operating plants of B&W and CE
designs modified their procedures to bring them into accord with that
direction. However, Westinghouse did not agree with the bulletin and
recommended to their customers that they not revise their procedures.
Their objection was based on the argument that all transient and accident
analyses previously performed for safety analysis reports assumed that the
pumps were tripped at the time of LOCA initiation and that the analyses
showed acceptable core thermal response during all LOCAs analyzed. Thus
running the pumps during a LOCA represented an accident scenario not
previously analyzed. Existing small-break emergency procedures for
Westinghouse plants required pump trip at 1250 psig (B&W and CE had no
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recommendation as to pump operation during a LOCA). Partially as a result
of this objection, the NRC required licensees to perform additional
analyses on the effects of pump operation during a small-break LOCA.

On July 18, 1979, B&W presented to the NRC staff the preliminary
results of their analysis of the effects of pump operation during a
small-break LOCA. Their results showed that, if the pumps remained running
throughout the entire accident, the core remained acceptably cool, though
continued operation of the pumps could result in high void fractions before
depressurization caused operation of the high-capacity low-head LPI pump.
If, however, the RC pumps were turned off at some time after LOCA
initiation, there was a "window" of break sizes and pump trip times (after
LOCA initiation) in which fuel rod temperatures exceeded the Appendix K
limit of 22000F. Pump trip at LOCA initiation was acceptable (using this
temperature criterion) for all break sizes. Subsequently, analyses
performed for Westinghouse and CE PWRs indicated a similar "window" of
break sizes and pump trip times that would result in unacceptably high fuel
rod cladding temperatures when the RC pumps were turned off after LOCA
initiation. Details on the history of this issue along with the analyses
performed by the PWR vendors are available in Reference 6.8.2.

The issue of pump operation during small-break LOCAs revolves around
the fluid conditions at the break which affects system mass inventory,
system mass distribution and the core cooling effect provided by forced
circulation. While it is recognized that pump operation during recovery
from many off-nominal transients (including most LOCAs) is desirable, it
cannot be assumed that the pumps will continue to operate under highly
voided conditions. If they are tripped or fail at some time during the
transient inadequate core cooling may result. The technical basis for this
concern is illustrated in Figure 6.8-2, which is a representation of the
break. As soon as the break is uncovered, the break flow changes from a
relatively high-density two-phase fluid flow to a lower density steam
flow. Steam flow out the break results in a more rapid primary system
depressurization and a reduction in mass flow out the break, which results
in a higher primary system mass inventory. Pump operation causes
homogenization of the fluid near the break (especially if the break is in
or near the pump discharge pipe), which can delay this transition and
result in a longer period of high mass flow out the break. While the
"window" of break sizes and pump trip times is relatively small (that is,
most postulated small-break LOCAs would not result in inadequate core
cooling even if the pumps stopped at some time after LOCA initiation), the
analyses indicated that tripping the pumps at LOCA initiation would always
result in acceptable core temperatures.

Under the assumption of a tripped pump with its rotor locked, LOCA
transient calculations become simpler, and the required knowledge of pump
performance reduces to the knowledge of fixed hydraulic resistance under
two-phase flow conditions. However, although tripping the pumps on
initiation of safety injection has been shown to be safe by computer code
calculations, it is not necessarily the best strategy for all system
depressurizations.
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During a large-break LOCA the flow through the pump near the break is
controlled by the size of the break. If the pump motor remains powered,
the pump speed will remain near rated speed and no overspeed of the pump
flywheel will occur. If, on the other hand, the pump is allowed to
free-wheel, e.g., if it loses electrical power, the torque exerted by the
fluid rushing through the pump will determine the speed of the pump shaft
and its flywheel.

Since the flow through the pump in the broken loop during a LOCA is a
two-phase mixture of steam and water, knowledge of the behavior of pump
torque under two-phase flow conditions is required to predict the pump
response during a LOCA. The pump flywheel integrity could be challenged at
high speed, leading possibly to breakup and generation of missiles that
could further aggravate the LOCA.

6.8.2 Predictive Models

The problems associated with analytically predicting centrifugal pump
performance under two-phase flow conditions are significant. As a result,
best estimate codes depend on experimentally derived homologous head curves
and empirical head multipliers to predict pump head and torque under
two-phase flow conditions. For instance, the RELAP5/MOD2 computer code has
used Semiscale (6.8.3) data to develop its two-phase pump model. The pump
head is predicted by:

H = H10 - m (H1l - H20)

where

H = total pump head

Hid - pump head from the single-phase homologous curve

H20 ' pump head from two-phase homologous curves

m = a pump degradation multiplier which is dependent on vapor
void fraction (a )

g
The pump torque is treated similarly and is used to calulate the pump speed
after the pump is tripped.

Section 6.8.3 presents comparisons of the RELAP5 head correlation to
the B&W, Creare air-water and Creare stream-water head correlations.

With respect to integral system effects, the Organization for Economic
Development (OECD) Loss-of-Fluid-Test (LOFT) program will be performing
detailed comparisons of computer code calculations to LOFT tests LP-SB-1
and LP-SB-2. These tests were small hot leg breaks with primary coolant
pumps tripped early (LP-SB-1) and late (LP-SB-2).
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6.8.3 Separate Effects Experiments and Analyses

Experimental programs to determine the performance of centrifugal
pumps in two-phase flow (steam/water) and two-component flow (air/water)
have been conducted with a variety of pumps covering a wide range of
specific speeds and sizes. The most significant experimental programs for
two-phase pump behavior are identified in Table 6.8-1 together with
relevant tests and pump parameters. Detailed descriptions of each of these
programs are provided in References 6.8.3 through 7.

The most extensive test program was coordinated by EPRI. It includes
tests of a one-third-scale B&W pump, a one-fifth-scale CE pump, a
one-twentieth-scale CE pump, and a small-scale MIT pump that allowed visual
observations. Of the test programs conducted to date, the most complete
set of data has been published for the one-fifth-scale CE pump. Tests were
conducted with steam-water mixtures covering a wide range of void
fractions, flows, and speeds for both transient and steady-state conditions.

6.8.3.1 Pump Performance in Two-Phase Flow. The Semiscale
experiments were among the first to find that centrifugal pump performance
in two-phase flow differed substantially from the pump's characteristic
single-phase head-flow and torque-flow curves. As a result, empirical
curves of a two-phase head "multiplier" as a function of void fraction were
developed to match the test data. These curves were incorporated into the
LOCA calculations with system transient codes such as RELAP. This
empirical model has been included in subsequent LOCA analyses despite later
data that indicate the Semiscale pump is not typical of reactor coolant
pumps. The Semiscale results are summarized in Figure 6.8-3, which shows
an abrupt degradation of pump head as the void fraction reaches
approximately 0.2. The CE test program with a 1/5-scale model of its PWR
pump provided data with substantial differences from the Semiscale data.
The CE data showed that pump head degradation is dependent on other
parameters besides void fraction. The Semiscale pump has a radial flow
impeller while the CE pump has a mixed flow impeller with a much higher
specific speed (see Table 6.8-1). Near design values of flow and speed,
the degradation in pump head for the CE pump was not nearly as abrupt as
reported for the Semiscale pump. Furthermore, the degradation measured for
the CE pump varied with the flow through the pump, especially at fluid
conditions far from design values. Typical results near rated flow and
speed are plotted in Figure 6.8-4. In addition to showing a more gradual
degradation than was measured for the Semiscale pump, these results
indicate that head degradation is more severe at lower pressures. Finally,
because the CE experiment program included tests at a large variety of both
flows and speeds it successfully demonstrated that the standard
dimensionless parameter groups established for pump behavior in
single-phase flow were also useful for two-phase flow. Thus the homologous
ratios

h/a2 0/a2 ,and a/q
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where

h = ratio of measured head to rated head

a = ratio of measured speed to rated speed

q = ratio of measured volumetric flow to rated flow

= ratio of measured torque to rated torque.

were established as useful parameters to reduce data and compare
performance for different flow and speed conditions.

The CREARE experimental program tested a 1/4-scale model of the CE
1/5-scale pump and thus demonstrated the effect of scale on two phase pump
test data. The CREARE and CE pump test results were very similar under the
same fluid conditions, which indicated that scale model testing is a valid
approach for determining the performance of full-size reactor coolant pumps.

In addition, the CREARE program included tests with both air/water
mixtures at low pressure and steam/water mixtures at intermediate pressure
with the same pump. The head degradation for air/water mixtures near rated
conditions was quite similar to that measured by B&W in air/water mixtures
for their 1/3-scale pump. The specific speeds and the single-phase
performance curves for these two pumps are similar. The similarity of
their performance in air/water mixtures provides some indication that pumps
of different design may experience similar two-phase effects as long as
their specific speeds and single-phase characteristics are similar. By
contrast, the Semiscale pump has a much lower specific speed and
substantially different single-phase performance curves; its two-phase
degradation was different from that of either CE or B&W pumps. These
results are summarized in Figure 6.8-5. The CREARE tests with steam/water
mixtures at intermediate pressure showed head degradation not as severe as
with air/water mixtures at low pressure (with the same pump at the same
flow and speed). Also, the CE tests with steam/water mixtures at high
pressure showed head degradation that was not as severe as that for the low
pressure steam/water tests. As the pressure was decreased in the
steam/water tests, the degradation increased. A proposed explanation for
these effects is that the density ratio for the steam/water tests was less
than that for the low pressure air/water tests and consequently the
difference in acceleration between the steam and water phases was not as
great as that between the air and water. This explanation appears to be
consistent with tests performed with the EG&G Fast Loop pump, which were
conducted with nitrogen/water mixtures at high pressure. The density ratio
for the two phases at this high pressure was closer to 1.0, and the
degradation was less severe than that. for the CE/CREARE steam-water tests.
These results are summarized in Figure 6.8-6.

Finally, the KWU experiment program duplicated much of the CE test
program but with an axial flow impeller with a substantially higher
specific speed than the CE pump. The head degradation was similar in
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magnitude to that for the CE pump (Figure 6.8-7), although the shape of the
curve was somewhat different. Decreasing pressure led to increased
degradation, as for the CE pump.

In summary, the CE/EPRI steam water pump tests, together with the
experiment programs listed in Table 6.8-1, provide a large volume of
high-quality two-phase data that can be used to develop and qualify
realistic pump models for calculating both head and torque in two-phase
flow. There also exist proprietary data which can be used by industry to
develop specific models. These models can then be used in a systems
transient analysis code to obtain a realistic understanding of the effect
of reactor coolant pump performance during a LOCA.

6.8.3.2 Overspeed of Pump and Flywheel. Most of the experiment
programs involving pump overspeed included only steady-state tests. The CE
and KWU test programs included transient tests run specifically for the
purpose of addressing concerns with pump overspeed during a large-break
LOCA. This testing appears to confirm that the transient performance data
were consistent with the data gathered during the steady-state experiments
and that steady-state correlations can be used on an instantaneous basis to
predict transient pump behavior.

Unfortunately, the CE and KWU transient test data have large
uncertainties in the determination of volumetric flow and density because
of the highly transient and nonhomogeneous flow patterns both upstream and
downstream of the test pump during the simulated LOCAs. Consequently, the
transient test data do not allow direct, accurate qualification of pump
models.

On the other hand, the CE transient tests indicate that accurate
modeling of two-phase torque may not be required to obtain reasonably
accurate calculations of maximum pump speed during a worst-case LOCA.
Specifically, typical behavior of density, volumetric flow, and pump speed
during a large discharge-side break transient with a freewheeling rotor is
shown schematically in Figure 6.8-8. The region of greatest interest for
overspeed calculations is the period during which speed rises rapidly and
then reaches its peak value. During this period, density and volumetric
flow are also changing rapidly. Because pump speed models require accurate
knowledge of density and flow, the steep time gradients of these parameters
make speed prediction more difficult. It is also seen from Figure 6.8-8
that the region of interest occurs at low values of density and therefore
at void fractions near 1.0. An undegraded single-phase torque/speed
calculation model should therefore be a relative accurate and conservative
approximation during this period of peak speed.

In addition, at peak speed, the pump rotor speed is nearly in
equilibrium with the fluid velocity, and the net torque is near zero.
Consequently, volumetric flow is the dominant parameter for determining the
maximum pump speed.
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In summary, the steady-state torque tests provide adequate data for
developing and qualifying pump overspeed models. However, based on
available analyses, it appears that worst-case pump overspeed will not be
much less than that calculated with conservative single-phase pump models.

6.8.4 Integral Effects Experiment Results

One of the significant technical issues arising from analysis of the
Three Mile Island accident was the question of reactor coolant pump (RCP)
operation in PWRs during a small-break LOCA (6.8.2). Analyses submitted to
the NRC by the three PWR vendors generally concluded that continued RCP
operation would aggravate coolant loss. Realizing that there were
significant uncertainties associated with the vendor analyses, the NRC
initiated a program of experiments and analysis to investigate the effect
of pump operation during a small break.

The experimental part of this program involved small break simulations
in the Loss of Fluid Test (LOFT) and Semiscale facilities (6.8.8). Small
cold leg (pump discharge) break experiments were conducted in the LOFT and
Semiscale systems in 1980. These were followed by small hot leg break
experiments in LOFT sponsored by the OECD-LOFT consortium in 1983.

The LOFT (6.8.9) and Semiscale (6.8.10) systems are scaled
representations of a four-loop PWR and are operated at the Idaho National
Engineering Laboratory (INEL) for the USNRC and the Department of Energy by
EG&G Idaho, Inc. The LOFT system is a 50-MW(t) PWR and the Semiscale
system is a nonnuclear 2-MW(t) PWR simulator. Both systems are extensively
instrumented.

Three pairs of experiments were conducted in the two facilities as
shown in Table 6.8-2, two pairs in LOFT and one in Semiscale. Each pair of
experiments (e.g., L3-5/L3-6) was identical except for RCP operation: in
one, the pumps were tripped early; in the other, pump trip was delayed
until late into the transient. The LOFT tests examined cold and hot leg
breaks whereas the Semiscale tests were restricted to the cold leg break.

The principal objectives of the experiment were to:

1. Determine the effect of pump operation on primary coolant system
inventory and distribution.

2. Provide relevant experiment data for computer code assessment.

6.8.4.1 LOFT Experiments. Of the three pairs of experiments
performed, the LOFT cold leg break experiments, L3-5 and L3-6 (6.8.11-12),
showed the greatest difference in primary system response between the early
and late pump trip cases. Late trip of the primary coolant pumps in LOFT
L3-6 produced a significant difference in transient mass inventory relative
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TABLE 6.8-2. EXPERIMENTS TO EVALUATE RCP EFFECTS ON PWR SMALL-BREAK BEHAVIOR

Facility

LOFT

LOFT

OECO-LOFT

OECD-LOFT

Semiscale

Semiscale

Experiment

L3-5

L3-6

LP-SB-1

LP-SB-2

S-SB-P1

S-SB-P7

a
Break Size
(m, in.)

0.102, 4

0.102, 4

0.076, 3

0.076, 3

0.102, 4

0.102, 4

Break Location

Pump discharge

Pump discharge

Hot leg

Hot leg

Pump discharge

Pump discharge

Pump Trip

Time
(s)

0.8

2371

25

2853

25

1115

a. Equivalent diameter in a full-scale PWR.
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to the early trip case, L3-5. A comparison of the computed primary coolant
system inventory (Figure 6.8-9) shows that the minimum coolant inventory

reached in L3-5 was 1820 kg at 2100 s,a whereas the minimum in L3-6 was
679 kg at 2450 s. Thus, the minimum coolant mass was 33% of the initial
mass for early pump trip, as compared to 12% for delayed pump trip. This
difference in coolant depletion is directly attributable to the effect pump
operation had on the rate of discharge through the break.

The mass flow rate at the break was significantly higher for most of
the transient with the pumps operating than with them tripped because of
the delivery of higher density fluid to the break location
(Figure 6.8-10). With the pumps tripped in experiment L3-5, primary
coolant depletion was characterized by the liquid from the higher
elevations draining downward and eventual stratification of liquid and
vapor in the cold leg of the intact loop. When the water level in the cold
leg of the intact loop dropped to the elevation of the tee connection to
the break orifice, the density of fluid delivered to the break showed a
marked decrease, indicating the passage of a greater proportion of steam.

In experiment L3-6, the pumps continued to deliver a homogeneous
mixture of steam and liquid to the cold leg of the intact loop throughout
the period they were operated. Consequently, source fluid at the tee
connection was of higher density than was the case in experiment L3-5. For
the small cold leg break scenario investigated in LOFT, early pump trip
clearly prqduced a much less severe transient in terms of primary coolant
depletion and consequently core coolability. The test results therefore
tended to confirm the qualitative results of the analytical calculations
made by the NRC and PWR vendors.

The analogous hot leg break experiments conducted in LOFT, LP-SB-1 for
early pump trip and LP-SB-2 for late pump trip (6.8.13), produced the
opposite effect on coolant inventory to that for the cold leg break
experiments although the difference between the hot leg break cases was
much less pronounced. Figure 6.8-11 shows a comparison of the transient
coolant inventory for the two hot leg break experiments. The minimum
coolant inventories reached 27% and 33% respectively, for the early and
delayed pump trip cases. The major difference in coolant loss in the hot
leg break experiments occurred within the first 700 s of the experiments.
Continued pump operation led to the delivery of higher quality coolant to
the break early in the transient. In the early pump trip experiment,
gravity-dominated phase separation kept the break "covered" with liquid
during this early period. In contrast, continued pump operation began
delivering two-phase coolant to the break as soon as saturation conditions
were reached. At 700 s, the coolant loss rate in the early pump trip case
became lower than that in case of continued operation because, at this
time, the liquid level in the hot leg fell below the break location.
However, the subsequent difference in loss rates was insufficient to close

a. Total primary coolant system water inventory in LOFT at operating
conditions is 5500 kg.
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the gap in inventory difference that occurred early on. Neither hot leg
break experiment was as severe in terms of coolant loss as the cold leg
break experiment with delayed pump trip.

The foregoing discussion on the LOFT Pumps on/off experiments centers
on the mass depletion rate (mass inventory) as being the primary
consideration in the question of whether to turn the pumps off immediately
after transient initiation or have the pumps running for an indeterminate
length of time. Based on desirability of maintaining as much mass
inventory as possible during a transient, the experiment results indicate
that an early pump trip is preferable. However, early pump trip is not
preferable in the case where coolant is not being lost from the reactor
coolant system, as happened at Arkansas Nuclear One, Unit 2, or in the case
where HPI can make up the coolant being lost, as happened at Ginna.
Primary coolant pumps, when on, aid in maintaining pressure control
(pressurizer spray), cooling the core by forced flow convective heat
transfer, minimizing risk of pressurized thermal shock (mixing and pressure
control), and providing upper head cooling to minimizing the development of
a steam bubble in the upper head.

Additional phenomena were observed in the LOFT pumps on/off
experiments and in the intermediate break experiments which indicate that
factors in addition to the coolant mass depletion rate are relevant in
determining the time of pump trip. In the pumps on experiments the mass
depletion rate was larger; however, over the duration of the transient, the
thermal state of the core was no different from that over the same duration
of the pumps off experiments. The reason was that forced convective
cooling kept the fuel cladding at saturation temperature. This condition
was maintained up to void fractions in excess of 0.9. Calculations showed
that this condition would not have continued indefinitely and that the
cladding would have encountered CHF at a void fraction of
approximately 0.96. The conclusion here is that the pump operating
condition has no effect on the thermal state of the core because of the
additional cooling which offsets the larger mass depletion for the pumps on
case. One important observation that is believed to be crucial to this
conclusion is that the cladding never encountered CHF. The cladding
remained at saturation temperature and thus in direct contact with the
coolant.

LOFT experiments L5-1 and L8-2 were intermediate cold leg break
experiments that were identical except for a delayed ECCS in L8-2 in order
to allow pump restart effects to be measured after cladding CHF occurred
and a heatup transient was underway. The results showed that at high void
fractions, but well below 0.96, restarting the pumps had negligible cooling
effect on the cladding. Therefore, starting the pumps after CHF has
occurred potentially may have no effect in plant recovery operations.

The LOFT experiments represent a limited data base which shows
phenomena that may occur in commercial nuclear plants. However, the
question of pump trip time is not completely answered by this data base.
One additional finding from this data base and the non-LOCA LOFT transient
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data base that may help determine the pump trip time is the sensitivity of
the pump motor input electrical power (or current) to coolant density.
Pump input electrical power was observed to be a direct fraction of the
coolant density. If the pumps remain on during the initial stages of a
LOFT transient then, as shown in Figure 6.8-12, the pump input electrical
power (or current) can be used to indicate and/or confirm the type of
transient underway. Since the LOFT pump characteristics are similar to
commercial pump characteristics, the response mechanism might be the same.
As shown in Figure 6.8-12 tripping the pumps at a void fraction of 0.15 in
LOFT is sufficient for transient identification. Also, at the time the
void fraction is 0.15 in the pumps on state, the mass depletion for the
corresponding pumps off state is not significantly different. Therefore, a
pump trip criterion based on the relationship between input electrical
power and coolant density could provide a method to either trip the pumps
or leave them operating depending on the type of transient identified.
This decision can be made before any significant difference in mass
inventory occurs relative to an early pump trip, or before any damage
occurs to the pumps from operation at high void fractions. Also, up to the
time when a void fraction of 0.15 occurs in the primary coolant system
there is essentially no possibility of CHF occurring. Tripping the pumps
at a void fraction of 0.15 should result inma collapsed liquid level that
is above the top of the core.

The probability of having a break large enough to warrant RCP trip is
relatively low. In fact none of the initiating events that have occurred
in commercial reactors including TMI, have required RCP trip to slow down
coolant inventory loss. If HPI flow exceeds break flow sufficiently early
in the transient so that the core will remain covered with coolant, it is
not only unnecessary but undesirable to trip the RCPs. If it is necessary
to trip the RCFs, possible trip criteria using information discussed herein
would be the concurrence of (a) a reactor trip, HPI Initiation, and
decreasing pump motor power, and (b) a void fraction, a, of 0.15. Criteria
for throttling HPI as the system refills would be when (a) the pump motor
input power indicates a - 0, and (b) the pressurizer liquid level drops
below the zero-level indication and then returns, or decreases and then
starts to increase before reaching the zero-level indication.

6.8.4.2 Semiscale Experiments. The Semiscale small cold leg break
experiments (6.8.14) showed very little difference in coolant loss due to
pump operation. As shown in Figure 6.8-13, early pump trip resulted in
slightly greater mass depletion, although the difference in minimum coolant
inventory was less than 3% of initial inventory.

Two features of the Semiscale cold leg break experiments were
identified as causing a result different in Semiscale from that in LOFT.
First, and most important, the Semiscale primary coolant pumps degraded in
performance (output head) at a significantly lower inlet coolant void
fraction than did the LOFT pumps. This is illustrated in Figure 6.8-14,
which shows that the Semiscale pump rapidly degrades at void fractions near
0.2, whereas the LOFT pump maintains over 50% of its original head up to a
void friction of 0.4. Moreover, the minimum LOFT output head throughout
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the void fraction range is 40% of original head, compared to about 2% for
the Semiscale pump. The net effect of this difference in pump performance
is to render the Semiscale pump ineffective early in the transient. It
should also be noted that pump head degradation of this severity is
self-aggravating, in that failure to pump liquid over the tops of the steam
generator tubes led to faster depletion of liquid in the pump suctions. It
also led to enhanced accumulation of liquid in the vessel over the early
pump trip case.

The second feature in the Semiscale experiments contributing to
differences in outcome vis-a-vis the LOFT experiments was the spatial
relationship between the locations of the break and high-pressure injection
(HPI). In the LOFT experiments, HPI was delivered into the top of the
vessel downcomer, a considerable distance away from the break. In
contrast, the HPI location in Semiscale was in the cold leg close to the
break. The effect of this difference was to cause slightly greater coolant
loss in the Semiscale early pump trip case over that of the delayed trip
case because highly subcooled ECC tended to pool near the break (instead of
being pumped into the vessel) in the early pump trip case. Higher
subcooling leads to increased critical flow through the break.

In summary:

o Taken by themselves, the Semiscale and LOFT results should be
used with caution. Semiscale had correct ECC injection location
but incorrect pump head degradation and LOFT with a more correct
pump head degradation had an incorrect ECC injection location as
well as scaling distortions such as elevation scaling compromises
that could affect fluid mass distribution during the transient.

o The correct pump operation appears to be transient dependent and
also state of the system dependent. For instance, during the
TMI-2 accident, within a few hundred seconds of turning the pumps
off the core melted. In addition, once turned off the pumps can
provide no added cooling.

O Despite the scaling distortion of LOFT and Semiscale experiments
comparisons with RELAP calculations (6.8.15) demonstrated that
the codes could replicate gross experimental results.

6.8.5 Conclusions

The previous sections have indicated that best-estimate codes
generally require the use of experimentally derived homologous head curves
to predict pump performance under two-phase flow conditions. Section 6.8.3
has shown that a large quantity of separate effects data is available to
develop and qualify realistic two-phase flow pump models for use in
best-estimate systems analysis computer codes. Furthermore, Section 6.8.4
has shown that best-estimate codes can be used to predict the liquid
inventory of scaled reactor systems operating in two-phase flow situations
with pumps in an operational or tripped state.
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6.9 Small Break LOCA Core Heatup

The safety criteria prescribed in 10 CFR 50.46 are applicable to both
large and small break loss-of-coolant-accidents (LBLOCA and SBLOCA). That
is, the limits on peak cladding temperature, cladding oxidation and
hydrogen generation must not be exceeded in a design basis accident.
Calculations of ECCS performance using the conservative prescriptions of
Appendix K resulted in the LBLOCA generally being the most limiting
accident. The adoption of best-estimate calculational methods may result
in the SBLOCA or other scenarios becoming the most limiting accident.

Subsequent to the accident at the Three Mile Island nuclear station,
a great deal of SBLOCA research has been performed. In fact, much of the
research results presented in this compendium are applicable to both LBLOCA
and SBLOCA. However, there are important differences between ECCS
performance during a slowly evolving SBLOCA and the turbulent thermal
hydraulics encountered in a LBLOCA. During a PWR SBLOCA, there Is the
potential for three distinct core heatups. The first heatup is caused by
loop seal formation and the manometric core liquid level depression. This
heatup is mitigated by naturally occurring events including loop seal
clearing and break uncovery. The second heatup occurs following the core
quench caused by loop seal clearing and is caused by a simple core
boil-off. During this period the primary pressure is decreasing to the
accumulator set point and the steam produced by the core boil-off leaves
the system via the break. Any heatups that occur during this period are
mitigated by the reflood from the accumulator water. The third possible
heatup can occur following depletion of the accumulator tanks and before
LPIS injection begins. One drawback to the reflood process accompanying
the accumulator injection is a decrease in the ongoing depressurization
process such that another possible heatup occurs before the LPIS primary
pressure set points are reached and long-term cooling is provided.

Various factors affect the magnitudes of the three potential core
heatups. Some examples are break size, availability of HPIS and the degree
of upper head to downcomer bypass flow. Although the magnitudes of the
core heatups may vary, ECCS performance must be such that the criteria of
10 CFR 50.46 are not exceeded.

The following sections describe the phenomena encountered during each
of the three SBLOCA heatup phases, the predictive models that have been
used to analyze some of these phenomena, and the experiments performed to
investigate the phenomena.

6.9.1 Predictive Models

Chapter 4 presents a detailed discussion on the best-estimate modeling
requirements for SBLOCAs in LWRs. Unlike the LBLOCA, the sequence of
events following a small break in an LWR can evolve in a variety of ways.
Operator actions, reactor design, ECCS set points, break size and break
location will have a bearing on how the SBLOCA scenario unfolds. Therefore
in order to predict the integral system behavior during a SBLOCA, a
best-estimate code must have sufficient modeling capabilities to take these
factors into account.
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Many of the basic phenomena of importance to SBLOCA have already been
discussed in earlier sections. For example, critical flow (6.1), post-CHF
heat transfer (6.2) and flow blockage (6.6). Those sections also describe
models used to predict the phenomena. The following sections will describe
phenomena which are primarily due to system interactions and as such
require a systems code for modeling these phenomena.

6.9.2 Core Heatup Due to Liquid Level Depression

6.9.2.1 Phenomena. During some SBLOCAs in PWRs with inverted U-tube
steam generators, liquid pools can form in the system low points including
the pump suction U-bend and the lower vessel. These liquid pools (referred
to as seals) act as plugs to steam flow that is generated by core decay
heat. Since the system is open to the containment via the'break, this
steam pushes against the liquid interface in the vessel and the pump
suctions and keeps the break in the cold leg covered with liquid thus
maximizing break flow. As break flow persists, the steam space expands
which is accompanied by a decrease in the pump suction U-bend liquid pool
and the vessel liquid pool (core level depression). There is a
quasi-steady-state manometric balance of liquid heads throughout the loop
as the core liquid level is depressed and the pump suction level in the
downflow side of the pump suction decreases. Eventually, the steam space
expands to the point where the liquid level in the downflow side of the
pump suction reaches the bottom of the suction. It is at this point where
the core liquid level is depressed to the minimum value. It is during this
depression period that the fuel rods become uncovered and core heatup can
occur.

During this maximum core level depression it is possible to have a
core liquid level that is depressed below the level associated with the
bottom of the pump suctions due to the presence of hydraulic heads
throughout the loop. In a U-tube PWR there are several interdependent
hydraulic loops. One loop, the vessel loop, starts at the core and
includes the upper head through the bypass flow path (downcomer to upper
head flow leakage path found in a PWR) and then to the core via the
downcomer. The other loops start at the core and follow the normal flow
paths through the steam generators and pumps back to the core. During the
manometric balance period the heads in all these loops must balance.
Mechanisms exist in commercial nuclear power plants and test facilities

such that liquid holdupa may occur in the steam generator U-tubes, steam
generator plena, or hot leg risers. The core liquid level depression will
be worsened by the magnitude of the holdup. After maximum level depression
occurs, loop seal clearing follows.

a. One of the loop heads influencing core level depression that has
received much interest can occur in the steam generator and is referred to
as "liquid holdup." If the steam generator is a sink compared to the
primary, condensation can occur inside the primary tubes. This
condensation can either build up as a liquid plug or form an increasing
film that causes a frictional pressure drop increase. Other heads in the
loop include the upper head fluid head and a large frictional drop through
the upperhead to downcomer bypass flow path.
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Thus any liquid level depression in the core is short lived. The
steam space pushes fluid up the upflow side of the pump suction and the
break is eventually uncovered of liquid (with continued break flows the
supply of liquid covering the break was exhausted). At this point there is
a large unbalance of heads between the vessel downcomer which is full of
liquid and the core which has a depressed liquid level. The downcomer head
pushes fluid back into the core and rewets any rods which had experienced
heatup. A number of factors, including the size and location of the break
during small break LOCAs as well as the hydraulic resistance of the upper
head to downcomer bypass leakage flow path (discussed in Section 6.9.3),
influence the duration and magnitude of the core level depression.

6.9.2.2 Experiment Results. A 5% SBLOCA experiment exhibiting loop
seal formation, core level depression and liquid holdup was performed in
the Semiscale MOD-2C facility (6.9.1). Although a modified volume scaling
ratio of 1/1705 was employed, elevation scaling was 1:1 which is thought to
be a first order effect during SBLOCAs. The Semiscale MOD-2C facility was
extensively instrumented to measure the loop fluid mass distribution and
core thermal response during SBLOCA and therefore was especially useful for
examining loop seal formation, the core level depression and liquid holdup
phenomena. ROSA-IV experiments (6.9.2-3) were performed which duplicated
the Semiscale experiments but in a considerably larger scaled facility.
The core level depression was also observed and the mechanism was
investigated by also using a number of instruments.

Following draining of the steam generator U-tubes during the Semiscale
SBLOCA simulation, liquid seals were left in the pump suctions of both
loops and in the vessel downcomer and vessel. These liquid seals caused a
blockage of steam flow (steam created in the core region) around the loop
to the break. As a result, the vessel upper plenum and hot legs were
pressurized, causing manometric depressions in the liquid level in both the
downflow side of the pump suction and the vessel. Two factors greatly
affected the amount of core liquid level depression during these seal
formations: (a) the amount of bypass steam flow from the vessel upper head
to the downcomer (and then to the break) and (b) the net head of liquid in
the loops above the cold leg prior to the seal formation. In the Semiscale
simulation, the loop seal (in both the intact and broken loop) was
essentially cleared of liquid, allowing a steam relief path to the break
and a relaxation of the manometric balance of pressure heads throughout the
loop. The consequence and significance of this relaxation of heads is that

the vessel liquid level increased, thus mitigating a core heatup.a The
seal in the intact loop pump cleared first, followed by the seal in the
broken loop pump. Both of these events were accompanied by changes in
break flow characteristics and primary depressurization.

a. The highest temperature reached by any rod position during the
Semiscale 5% SBLOCA was 624 K (6631F).
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The clearing of the pump suction seals in both loops occurred in a
very steady manner. The downflow side emptied first, followed by a more
rapid draining of the upflow side fluid. The intact loop seal cleared at
about 180 s; and the broken loop seal cleared at about 280 s,
respectively. This flushing action can be envisioned as a vapor/liquid
interface simply moving down the downflow side, around the U-bend, and up
the upflow side. The major effect of this seal clearing on vessel liquid
level is shown in Figure 6.9-1. The vessel liquid level was depressed
below the level associated with the bottom of the suctions during the
manometric balance period prior to intact loop pump suction clearing. This
extension of the vessel liquid level below the level associated with the
suction can be understood by examining the overall head balance around the
loop. Figure 6.9-2 demonstrates the collapsed liquid level head balance
around the loop just prior to seal clearing (170 s), with arrows indicating
the tendency to either push vessel fluid up or down. The fluid heads shown
on Figure 6.9-2 represent a collapsed liquid level, although the head may
be a frictional pressure drop. Heads are used for demonstration purposes
only.

To estimate the cause of the vessel level depression below the level
associated with the suction, the heads in the various components of any one
of three parallel loops (intact, broken, or upper head bypass line) can be
examined. The loops are not independent of each other and are
interconnected through the upper plenum and downcomer inlet annulus.
However, any one loop can be'used to determine the overall head balance and
the effect of this head balance on core liquid level. The net head in the

steam generator primary tubes a is simply a natural part of the ongoing
reflux mode. Without the net head of fluid in the primary tubes, a core
level depression below the bottom of the suction would not be possible; the
downcomer head would simply partially reflood the core due to an imbalance
of heads.

On Figure 6.9-2 (at 170 s) the heads (either subtractive or additive)
in the system balanced exactly to cause a core level depression about
100 cm (39 in.) below the elevation corresponding to the bottom of the pump
suction. With the bottom of the suction the reference location, the net
heads can be added or subtracted as shown in Table 6.9-1. For each of the
loops listed in Table 6.9-1, the calculated net amount of core liquid level
depression below the level associated with the bottom of the pump suctions
agrees with the measured core liquid level (Figure 6.9-2) within the
uncertainties of the combined heads.

a. During previous 5% SBLOCA Experiment S-UT-8, it was thought that the
net head across only the intact loop generator U-tubes caused the vessel
level depression below the level of the suctions. This was incorrect; the
overall heads throughout the loop, including the broken loop-steam
generator primary tube heads (for which data from S-UT-8 were not
available), must be considered.
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TABLE 6.9-1. SYSTEM MANOMETRIC HEAD BALANCE AT 170 S

Effect on Core Level

Pushes Up Pushes Down

cm in. cm in.

Intact Loop

Hot leg -- -- 39 15
Steam generator upflow -- -- 110 44
Steam generator downflow 60 24 -- --
Pump suction downflow 0 0 -- --

Pump suction upflow -- -- 280 110
Downcomer 280 110 -- --

Total 340 134 429 169

Net amount below suction level (cm) = 429 - 340 = 89 ± 16
Net amount below suction level (in.) = 169 - 134 = 35 ± 6

Broken Loop

Hot leg -- -- 121 48
Steam generator upflow -- -- 240 94
Steam generator downflow 60 24 -- --
Pump suction downflow 220 86 -- --
Pump suction upflow -- -- 280 110
Downcomer 280 110 -- --

Total 560 220 641 252

Net amount below suction level (cm) = 641 - 560 = 81 ± 16
Net amount below suction level (in.) = 252 - 220 = 32 i 6

Upper Head Loop

Upper core support plate -- -- 60 23

Bypass linea -- -- 325 128
Downcomer 280 110 -- --

Total 280 110 385 151

Net amount below suction level (cm) = 385 - 280 = 105 ± 15
Net amount below suction level (in.) = 151 - 110 = 41 ± 6

a. There is a large frictional pressure drop in the bypass line that
overshadows the gravity head associated with fluid in the bypass line (steam
binding) which in effect causes the core level to be depressed 325 cm
(128 in.).

6.9-7



Following intact loop seal clearing at about 180 s, the core level
increased to near the level of the suctions. The intact loop seal clearing
was not able to cause the complete relaxation of the downcomer-to-core head
difference, as depicted on Figure 6.9-1, since core steam generation was
sufficient to maintain a depressed core level even with the intact loop
clear. Following clearing of the intact loop seal, continued steam
generation in the core, coupled with continued break flow, caused the
broken loop seal to clear in the same manner (first the downflow side, then
the upflow side). After the broken loop seal cleared, the liquid level in
the downcomer was still higher than in the core, as continued steam
generation in the core depressed the vessel liquid level.

The preferential clearing of the intact loop before the broken loop
for the experiment under discussion is due to the 9-to-1 hydraulic
resistance split between the broken and intact loops. With a 9-to-1
hydraulic resistance split, following pump coastdown, break flow will be
supplied from the less resistive intact loop suction rather than the more
resistive broken loop suction. It is not clear which loop would clear
first in a symmetrical four loop PWR; however, the proximity to the break
favors the broken loop. Also the break size could influence preferential
loop seal clearing.

6.9.2.3 Conclusions. In summary, several experiments have been
performed to examine loop seal formation, core level depression and liquid
holdup. These experiments have shown that liquid level depression in the
core is greatly reduced by steam flow bypass from the vessel upper head to
the downcomer. This phenomena is discussed in detail in the following
section.

6.9.3 Effect of Upper Head/Downcomer Bypass Flow on Core Heatup

6.9.3.1 Phenomena. In PWRs with U-tube steam generators there exists
a flow path between the top of the annular downcomer and the vessel upper
head with a flow between 0.5 and 4% of the total core flow. This bypass
flow path has the potential for relieving steam generated in the core
during various stages of a SBLOCA.

During a small break LOCA the system follows a mostly top down drain
with the pressurizer draining first followed by the steam generator primary
U-tubes and the vessel upper plenum. Even though the vessel upper head
fluid begins draining early during a SBLOCA, the draining of this fluid can
be retarded by steam upflow from the core and a very high hydraulic
resistance in the bypass flow path. Obviously, the lower the hydraulic
resistance, the faster the upper head drains of fluid which then allows a
free flow path for steam relief during certain stages of a SBLOCA. The
temperature of the fluid in the upper head also influences the behavior.

Section 6.9.2 described the manometric core liquid level depression
associated with loop seal formation. Bypass flow helps relieve the steam
pressurization effect and reduce the core level depression. In summary a
higher bypass flow has the tendency to first drain the upper head faster
then provide a higher relief path in steam flow.
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6.9.3.2 Experiment Results. Two identical 5% SBLOCA experiments were
performed in the Semiscale MOD-2C facility differing only in the allowed
upperhead to downcomer bypass flow path hydraulic resistance (6.9.1). One
experiment (S-LH-1) had a 0.9% bypass flow and the other experiment
(S-LH-2) had a 3.0% bypass flow. The Semiscale MOD-2C facility represents
the state-of-the-art in measurement capability (especially mass
distribution) for scaled PWR simulations and has excellent control over
boundary conditions.

The hydraulic resistance of the downcomer to upper head bypass leakage
flow path had a strong effect on 5% SBLOCA severity as measured by core
liquid level depressions during the manometric imbalance periods (see
Section 6.9.2). Semiscale experiments S-LH-1, with 0.9% of initial core
flow bypassed, and S-LH-2, with 3.0% of initial core flow bypassed,
approximately covered the range of bypass flow existing in commercial PWRs
(0.5% to 4%) and showed that the core liquid level depression during the
manometric depression period was greater for lower bypass flow (higher
bypass leakage path hydraulic resistance). This is also confirmed in the
ROSA-IV experiments (6.9.3).

Figure 6.9-3 compares the overall system fluid mass inventories for
the two cases and shows approximately 10% more mass retained for the higher
bypass flow (lower bypass leakage path hydraulic resistance). On an
overall basis, however, the same basic phenomena occurred regardless of
bypass flow. The primary system pressure response for the two transients
was essentially identical for the first 300 s. There was a slight
variation between S-LH-1 and S-LH-2 pressures starting at about 350 s,
which was due to a difference in broken loop pump suction seal clearing.
The broken loop pump suction seal cleared of fluid during S-LH-1 but not
during S-LH-2, thus causing a reduced depressurization rate for S-LH-2.
During S-LH-1, after the broken loop pump suction seal cleared at about
280 s, steam generated in the core had basically three paths for pressure
relief: (a) through the intact loop, (b) through the bypass line (bypass
leakage path), and (c) through the broken loop. However, in S-LH-2, only
two paths existed: (a) the intact loop and (b) the bypass line (bypass
leakage path), which combined to give a more resistant path for steam
relief; i.e., there was less ventilation potential for the core-generated
steam. As a result, the primary pressure was slightly higher for S-LH-2
after 350 s.

The drain of upper head liquid was considerably enhanced during
S-LH-2. Figure 6.9-4 compares upper head liquid level, showing that the
upper head drained to the top level of the bypass line about twice as fast
for the 3.0% bypass case as for the 0.9% bypass case. This is attributed
to the larger bypass line area (lower bypass leakage path resistance) for
the 3.0% case.

The drain of the upper head for S-LH-2, the 3.0% bypass flow case,
influenced the drain of the steam generator primary U-tubes. There was a
delayed drain of the primary tubes in the intact loop steam generator for
the 3.0% bypass case. This delay in draining of intact steam generator
primary tubes also delayed the intact loop pump seal clearing about 40 s.
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During S-LH-2, the draining of the intact loop primary tubes occurred at
about 110 s, which corresponded in time to the uncovery of the bypass line
in the upper head. Therefore, at 110 s during S-LH-2, the core bypass
leakage flow path was open for core steam relief, thus reducing the ongoing
flow in the hot leg because steam created in the core could now also travel
through the bypass leakage flow path. This reduction in hot leg flow
precipitated the drain of the primary tubes. As mentioned earlier, the
broken loop pump suction seal never did clear for the 3.0% bypass case.
The downflow side is partially cleared of fluid; however, the upflow side
remained nearly full. The increased bypass flow (reduced bypass leakage
path hydraulic resistance) allowed pressure relief in the vessel which
relieved the manometric balance throughout the loop.

In terms of severity, the 3.0% core bypass case resulted in a less
severe core liquid level depression than for the 0.9% core bypass (higher
hydraulic resistance) case. Figure 6.9-5 compares the vessel levels for
the 0.9% and 3.0% core bypass cases, showing the same basic level response
but with reduced core level depression during the manometric balance period
for the 3.0% case. With the increased bypass flow (reduced hydraulic
resistance) for the 3.0% case and the resulting earlier upper head drain of
liquid to the top level of the bypass line, more steam was relieved from
the core, causing a general relaxation of the core level depression.

Unlike the 0.9% core bypass case, no core rod heatups were observed
during the manometric core liquid depression for the 3.0% core bypass
case. Figure 6.9-6 compares cladding temperature responses for the 0.9%
and 3.0% case; there is no heatup during the first level depression and a
less extensive heatup during the core boil-off phase for the 3.0% case.

Accumulator flow was different for S-LH-1 and S-LH-2, causing a faster
filling of the vessel for S-LH-2 (see Figure 6.9-5). During S-LH-2, due to
operational differences, no accumulator flow entered the broken loop;
however, the intact loop accumulator flow was almost double the specified
amount, causing a much faster refill of vessel level for S-LH-2 than
S-LH-1. Due to the slightly different depressurization rate shown for
S-LH-2, the accumulator pressure set point was not reached until about
575 s (compared to 504 s for S-LH-1). This extra 71 s of core boil-off for
S-LH-2 resulted in the vessel liquid level being at about the same level as
S-LH-1 when the accumulator finally began to inject (see Figure 6.9-5).

Five 5% small-break loss-of-coolant accident (SBLOCA) experiments were
conducted at the ROSA-IV Large Scale Test Facility (LSTF). The liquid
holdup in the upflow side of steam generator U-tubes temporarily depressed
the core collapsed liquid level below the bottom of core during the loop
seal clearing in the cold-leg break SBLOCA tests. This phenomena was
affected by the core power and core bypass but was affected little by the
actuation of the high pressure injection system. Overall thermal-hydraulic
phenomena in a loop seal line break test was similar to that of cold-leg
break tests; however, the liquid holdup phenomena played a little role. In
a hot-leg break test a temporary but rapid depression of the core liquid
level was observed immediately after the initiation of accumulator
injection which caused condensation and depressurization in the cold leg.
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All the cold-leg break tests simulated a side break on the cold-leg
horizontal pipe in the loop without the pressurizer. In the reference
cold-leg break test (SB-CL-05), the primary system pressure remained higher
than the secondary system pressure until the loop seal cleared at about
140 s after break. The loop seal clearing caused the break flow to change
from low-quality two-phase flow to vapor, and this caused the primary
system to depressurize more rapidly (6.9.2).

Figure 6.9-7 compares core collapsed liquid levels and typical rod
temperature responses obtained in the cold-leg break tests. The response
of the core level during a LOCA is dependent on two factors: (i) the
vessel residual mass inventory and (ii) the differential pressure between
the upper plenum and the downcomer. For a cold leg break LOCA, the upper
plenum-to-downcomer differential pressure maximizes during the clearing of
the loop seal, when the loop seal differential pressure maximizes becoming
equal to the gravitational head of a liquid column filling the loop seal
upflow side. This maximum loop seal differential pressure can depress the
core collapsed level down to the loop seal bottom elevation; whereas, the
downcomer is full of liquid up to the cold legs.

SB-CL-05 had a core level depression reaching considerably below the
loop seal bottom elevation as shown in Figure 6.9-7a. This resulted from
the additional differential pressure due to a larger liquid holdup in the
steam generator U-tube upflow side than in the downflow side. After the
loop seal cleared, the differential pressure was relieved so that the core
level recovered quickly. The accumulator injection began at 417 s and
arrested the decrease of the primary system mass inventory.

SB-CL-06, a counterpart test for the Semiscale Test S-LH-1, was
conducted for a smaller transient core power than the reference test
SB-CL-05 and had two bypasses between the upper plenum and the downcomer:
one through the upper head spray nozzles providing a bypass flow of 0.9% of
the total core flow rate, and the other connecting directly the downcomer
and the hot leg providing a 0.6% bypass flow.

SB-CL-08 simulated the total failure of the high pressure charging and
injection pumps, as well as the failure of the auxiliary feedwater system,
with other test conditions almost the same as SB-CL-05. The failure of the
high-pressure ECCS had no significant influence until the loop seal
clearing as shown in Figure 6.9-7b, because the lack of ECC injection
resulted in higher fluid specific enthalpy in the cold leg and the break
flow became smaller than SB-CL-05 compensating for the lack of mass
inventory replenishment by ECCS in SB-CL-08. After the loop seal clearing,
the core level response in SB-CL-08 differed from that in SB-CL-05, since
the primary mass inventory continued to decrease. Thus, the top of the
core uncovered again until the accumulators came on.

Reference 6.9.4 describes the TRAC analyses of these LSTF tests.
TRAC-PF1/MOD I (Version 12.7) was used for the calculations. In general,
the calculated results of all the tests agreed reasonably with the
experimental data. All of the TRAC analyses show that the code can
properly predict the balance of liquid in the-vessel and the loops which
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leads to core liquid-level depression. The prediction of liquid holdup on
the upflow side of the hot leg and steam generator is also correct for
those tests where it occurred during the loop-seal-clearing period. The
break flow was underpredicted at all break sizes, which delayed the time of
loop-seal clearing and the core uncovery. The loop seal cleared in the
calculation at the same system inventory as in the experiment. As the
break size decreased, the lateness of the calculated loop-seal clearing
increased.

For test SB-CL-05, the calculated core uncovery is less severe than
that of the experiment and occurs 50 s later. The calculated temperature
response to the core uncovery is limited to the top of the rod and is shown
In Figure 6.9-8a. The magnitude of the heatup is limited by the power at
this location and by the reduced power that results from the time of core
uncovery being later in the core-power decay. Maximum core uncovery occurs
when there is significant differential pressure in the upflow side of the
hot leg and steam generator when the loop seal clears. The clearing of the
loop seal is shown in Figure 6.9-8b. The loop-seal differential pressure
was predicted with reasonable agreement considering the delay in clearing
caused by the underpredicted break flow.

A baseline reference PWR TRAC-PF1/MOD1 calculation has been completed
(6.9.5) to provide a basis of evaluation to analyze core liquid level
depression behavior in W-type plants. The reference PWR 5% SBLOCA
transient proceeded in a similar fashion to the experiment transients.

Extensive voiding had occurred by 50 s in the transient as the U-tube
upflow side differential pressures had decreased from nominally 190 kPa to
50 kPa. After 50 s, the U-tube's upflow sides drained at a relatively
constant rate until the loop seal upflow side began clearing at 130 to
135 s. As the final stages of loop seal clearing occurred, between 130 and
160 s, the core differential pressure (see Figure 6.9-9) indicated a
minimum liquid level in the core region. The maximum core liquid level
depression occurred at 150 s when the collapsed level became 1.3 m. At
maximum core liquid level depression 45% of the initial primary inventory
remained in the system and the normalized core power level was 3.4%. No
core heatup was calculated to occur--the fuel rods remained well-cooled
throughout the transient (see Figure 6.9-9).

6.9.3.3 Conclusions. Semiscale and LSTF experiments show a strong
effect on transient severity due to bypass leakage flow path hydraulic
resistance. The higher bypass flow (lower bypass flow path hydraulic
resistance) allows a faster upper head drain and a lower resistance steam
relief path which alleviates steam binding and the manometric core level
depression.

6.9.4 Core Heatup Due to Core Uncovery

During the time period between core uncovery and core reflood some of
the core may be cooled only by high-quality steam flow. Appendix K stated
that during the "post-CHF" period when film boiling exists, the
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Groeneveld (6.9.6) and Dougall-Rohsenow (6.9.7) correlations were
acceptable. The importance of this period of voided or partially voided
core depends on its duration.

6.9.4.1 Phenomena. Some reactor transients such as small breaks can
have an extended time period between core uncovery and reflood. Large
breaks are typified by turbulent conditions during blowdown and are
therefore more easily predicted correctly by the homogeneous computer-based
safety calculation method in use at the time Appendix K was written. A
small-break transient may have laminar or natural convection flow in the
core and a more distinct water level. As the water is boiled away, the
decay power heats the fuel in the steam region above the water level. If
this condition is not corrected by a sufficient supply of ECC water, the
core will overheat as it did in the TMI-2 accident.

The slow core uncovery phenomenon is particularly challenging for a
safety code to predict because complex steam-water interactions control the
mixture level. Decay power generates bubbles in the liquid region.
Buoyant forces make the bubbles rise. As they rise, they coalesce with
other bubbles, thus increasing their size and rise velocity. As they reach
the surface, they may pull some liquid with them into the steam region and
improve fuel cooling in that region. Bubble rise velocity controls the
length of the steam-water mixing region as well as fuel cooling in the
steam region. Rise velocity is a function of such factors as pressure,
core power, total water inventory, and water temperatures. As the time
since scram increases and decay power decreases, bubble generation can also
decrease. Fewer bubbles mean more space for liquid and a reduction in
mixture level. A lower mixture level results in a more extensive fuel
heatup region.

6.9.4.2 Predictive Models. Prior to the 1988 revision, Appendix K to
10 CFR Part 50 stated that:

. . . Correlations of heat transfer from the fuel cladding to
the surrounding fluid in the post-CHF regimes of transition and
film boiling shall be compared to applicable steady-state and
transient-state data using statistical correlation and
uncertainty analyses. Such.comparison shall demonstrate that
the correlations predict values of heat transfer coefficient
equal to or less than the mean value of the applicable
experimental heat transfer data . . . . The Groeneveld . . .
the Dougall-Rohsenow flow film boiling correlation . . . are
acceptable for use in the post-CHF boiling regimes . . . The
Groeneveld correlation shall not be used in the region near its
low-pressure singularity . . . ."

The statement that the two correlations (6.9.6-7) were acceptable was
based on tube data (6.9.8) and a small amount of rod bundle data (6.9.9).
Recently obtained high pressure heat transfer data (6.9.10) show that the
Dougall-Rohsenow correlation overpredicts heat transfer for certain ranges
of fluid conditions. This result, depicted in Figure 6.9-10, is based on
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multiplying the heat transfer coefficient by the difference of the cladding
surface temperature and the fluid saturation temperature (i.e.,
Tclad - Tsat) to obtain the fuel rod energy removed by convection.

Best-estimate computer codes are capable of calculating the actual vapor
temperature. Therefore, rod energy removed by convection can be calculated
using the smaller driving potential (Tclad - Tvapor). This extends the

range of usefulness of the Dougall-Rohsenow correlation. Both the
TRAC-PF1/MOD1 and TRAC-BF1 computer codes use the Dougall-Rohsenow
correlation evaluated with nonequilibrium vapor properties.

The revised Appendix K states that:

Evaluation models approved after October 17, 1988, which
make use of the Dougall-Rohsenow flow film boiling
correlation . . . may not use this correlation under conditions
where nonconservative predictions of heat transfer result.
Evaluation models that make use of the Dougall-Rohsenow
correlation and were approved prior to October 17, 1988,
continue to be acceptable until a change is made to, or an
error is corrected in, the evaluation model that results in a
significant reduction in the overall conservatism in the
evaluation model. At that time continued use of the
Dougall-Rohsenow correlation under conditions where
nonconservative predictions of heat transfer result will no
longer be acceptable."

In order to determine the mixture level in the vessel during a SBLOCA,
the void fraction in the core must be known. Several void fraction
correlations'are currently available in the literature. Reference 6.9.11
provides a useful assessment of these correlations.

The following section identifies the various core liquid boil-off and
level swell data that is available for model development and validation.
It also presents some comparisons of best estimate code predictions to
experimental data.

6.9.4.3 Experiment Results and Analysis. Core liquid boil-off
thermal-hydraulics have been investigated in both BWR and PWR facility
simulators including BWR-FLECHT, TLTA, FIST, ROSA-III, Semiscale, THTF,
LOFT, and NEPTUNE. NEPTUNE is a facility operated by Swiss Federal
Institute for Reactor Research.

The amount of water required at various power levels to prevent core
overheating at low pressure was quantified in the BWR-FLECHT program. The
rod bundle contained 49 rods with a cosine-shaped axial power profile.
Figure 6.9-11 shows that, as power decreased, the necessary water level
increased. This is because the steaming rate decreases as the power
decreases, and less steam lowers the two-phase (froth) level sufficiently
to allow heatup of the upper bundle region. These data illustrate the need
to increase the available water as the time after scram increases.
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Small-break LOCA tests have also been conducted in the Two-Loop Test
Apparatus (TLTA), the Full Integral Simulation Test (FIST), and the Rig of
Safety Assessment (ROSA). In TLTA (a scaled BWR facility), two
small-break tests were conducted (6.9.12). The recirculation-suction line

breaks were scaled to 0.05 ft2 (0.00465 mi2), which was predicted to
result in the highest peak cladding temperature when combined with failure
of the high-pressure core spray (HPCS). One test assumed that all
emergency core cooling systems were available, and the other assumed that
the HPCS was unavailable. Bundle uncovery and rod heatup were not observed
in either test.

FIST test T23C was an ATWS-like transient with a core uncovery. It
was initiated with the inadvertent closure of the main steam isolation
valve (MSIV). This was followed by assuming failure to scram,
and a high pressure core spray (HPCS) system failure (6.9.13). The system
pressure begins to drop when the automatic depressurization system (ADS) is
activated. RCIC is then assumed to fail. The programmed bundle power was
based on a BWR-6 plant calculation with a one-dimensional neutronics code.

Core power was tripped during the test when the core heater rod
temperature exceeded the maximum administrative temperature limit (895 K).
The same type of criteria was used during the calculation. A peak cladding
temperature (PCT) of 895 K was reported in the data at 357 s. In the
calculation, a PCT of 905 K was reached at 303 s. Figure 6.9-12 shows the
PCT calculated with TRAC-BF1 compared to the measured minimum and maximum
data.

Small-break tests in another BWR facility, ROSA-III, have been
performed. One set of test data that has been released is comparable to
FIST results. The test (6.9.14) was selected as an international standard
problem and simulated a 5% recirculation suction line break with HPCS
failure. The resulting peak cladding temperature was 10511F (839 K).
ROSA-III modeled four simulated fuel bundles, while FIST modeled one. The
effect of multibundle behavior is discussed in Reference 6.9.15.

High-pressure core uncovery data have been obtained from the Semiscale
facility for a 5% cold leg break (6.9.1). Figure 6.9-13 shows that, when
the collapsed water level reached a location about 315 cm below the cold
leg centerline at about 158 s, the rod temperatures Increased. The water
level increased when the steam pressure was able to clear the pump suction
water of the intact loop and again when the pump suction of the broken loop
cleared. When the pump suction of the intact loop cleared, rod temperature
dropped to about saturation temperature and remained at saturation until
continued boiling dropped the water level to below -325 cm, when (at 410 s)
temperatures again escalated. Accumulator water injected at 535 s led to a
water level rise, a turnaround in rod temperature at 730 K, and quenching
of the rod. Reference 6.9.16 contains a detailed description of these core
boil-off periods. The Semiscale data include void distribution information
as well as the thermal response shown on Figure 6.9-13. Figure 6.9-14
compares a RELAP5/MOD2 computer code prediction of core liquid level to
Semiscale data (6.9.17).
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Several small-break experiments in which the pressurizer
power-operated relief valve either was cycled to control primary system
pressure during a loss-of-heat-sink transient or was locked
open (6.9.18-29) were conducted in LOFT. No fuel rod temperature
excursions occurred. An opening in the steam dome of the pressurizer
resulted in an elevated pressurizer liquid level even in the presence of
voiding in the rest of the primary system, thus confirming the TMI-2
accident scenario.

Some THTF post-CHF rod bundle data (6.9.30) have been analyzed using
the TRAC-BF1 computer code. The code predicts the rod surface temperature
quite well. The TRAC-BF1 code has also been used to predict level swell
data from General Electric (6.9.31). Figure 6.9-15 shows that the code's
prediction of void fractions are in good agreement with the experimental
data.

6.9.4.4 Conclusions. Section 6.9.4 has presented a discussion of
various phenomena encountered when the core becomes uncovered during a
SBLOCA. This included a brief description of the models used to predict
some of these phenomena and comparisons to experimental data. The
following conclusions can be drawn from this section:

1. The Dougall-Rohsenow correlation was found to overpredict heat
transfer (i.e., nonconservative for ECCS licensing analysis) for
certain ranges of pressures and qualities when evaluated at
saturation temperature. Best-estimate codes have obtained better
agreement by using the Dougall-Rohsenow correlation evaluated at
actual vapor temperature.

2. Many separate effects tests have been performed to assess liquid
level boil-off and level swell in the core. Best-estimate code
predictions show good agreement with the data.

3. Many integral effects tests have been performed to examine the
effects of SBLOCA core uncovery. Best-estimate code predictions
show reasonable agreement with the experimental data.

6.9.5 Core Heatup Following Accumulator Inventory Depletion

6.9.5.1 Phenomena.\ During PWR small break LOCAs there is the
potential that a core heatup can occur following depletion of the
accumulator tanks and before LPIS injection begins. The safety issue and
transient severity during this core heatup following the emptying of the
.accumulators centers on the contest between system depressurization to the
LPIS set points and the rate of core boil-off due to continued decay heat.

During ultra small breaks (on the order of 0.5%) the HPIS is on the
order of the break flow for significant portions of the transient.
However, in the event of degraded HPIS these type breaks present a
particular challenge because the net core boil-off rate is maximized and
the depressurization rate is very low commensurate with the small break
size. The slower depressurization to LPIS set points following accumulator
emptying without HPIS to replenish the core leads to an extended core
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boil-off period and possibly exceeding 10 CFR 50.46 on core rod
temperature. The problem of extended core boil-off is not limited to only
the ultra small breaks with degraded HPIS but could be an issue for break
sizes more on the order of 2%. (A 200% break is twice the flow area of a
cold leg pipe.)

As another example, for break sizes on the order of 5% with HPIS, the
problem of extended core boil-off following accumulator emptying also could
result in core rod heatups. This is possible because accumulator injection
can also retard the primary depressurization rate by the increased steam
production associated with reflood. This delays LPIS actuation and
subsequently long-term cooling. HPIS flow is insignificant compared to
break flow for most of the transient and is not expected to affect the
overall depressurization rate or system mass inventory significantly.

6.9.5.2 Experimental Data Base. Relevant experimental data has been
obtained in the Semiscale facility (6.9.32). The Semiscale MOD-2C facility
is a 1:1 elevation scaled model representation of four-loop PWR plant based
on a core power ratio of 2/3411 MW. Component elevations, dynamic pressure
heads, and liquid distribution are maintained as similar as practical to
the reference PWR. The two loop test configuration consists of a vessel
with a 25 rod electrically heated core with external downcomer, tube and
shell steam generators and associated loop piping with circulation pumps.
The loop piping includes pump suctions which are 1:1 elevation scaled to
the reference PWR. Three loops of the four-loop PWR are simulated in one
of the two test loops called the "intact loop." The other test loop,
called the "broken loop," simulates one loop of the four-loop PWR and
contains piping to simulate various break sizes. Scaled safety injection
[emergency core cooling (ECC) can be provided to the loop cold legs in the
form of pump high pressure injection flow and nitrogen driven accumulator
flow.

The signature of a small break loss of coolant accident (LOCA) is
characterized by a relatively rapid depressurization of the primary coolant
system to a saturation condition in the hot legs as primary system fluid
exits through the break (Figure 6.9-16). The drop in primary system
pressure generates the reactor scram signal by a low pressurizer pressure
trip at 13.1 MPa (1887 psig), closing the turbine stop valves and
initiating core power decay. Shortly, thereafter, the Safety Injection
Signal (SIS) is generated by a low pressurizer pressure trip at 12.5 MPa
(1800 psig), closing the main steam isolation valves (MSIV), stopping main
feedwater flow, and initiating auxiliary feedwater flow. The operators
also begin pump coastdown near this time. Steam generator secondary
pressures remain constant until turbine stop valve closure. The secondary
pressures (Figure 6.9-17) then rise rapidly due to primary-to-secondary
heat transfer, until equilibrating with the primary system. The primary
and secondary pressures then remain very stable at a value well above the
accumulator set point pressure until recovery is initiated. The core decay
heat is removed by heat loss, energy loss through the break, and the
heating of the auxiliary feedwater.
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The recovery procedures as outlined in the emergency operating
procedure for the Zion plant (EOP-11) specifies that if auxiliary feedwater
is available, then a steam and feed operation of the steam generators is to
be started in an attempt to cool down and depressurize the primary system,
and reestablish natural circulation and core cooling. In the 0.5% break
experiments run in the Semiscale MOD-2C facility during the NH test series
(small break LOCA without HPI) both steam generator ADVs were latched open
and auxiliary feedwater was operated in an attempt to maintain secondary
level. The resulting drop in secondary temperature and pressure created a
heat sink for the primary system, increased primary-to-secondary heat
transfer, which caused steam to condense in the primary U-tubes and rapidly
dropped the primary pressure. This operation reduced the primary pressure
to the accumulator pressure set point and initiated accumulator flow which
reflooded the core (Figure 6.9-18) and mitigated a temperature excursion).
The accumulators, however, emptied before the low pressure injection system
(LPIS) pressure set point was reached resulting in another temperature
excursion. With no accumulator flow the core began to boil off as the
secondary steam and feed operation continued to reduce the primary
pressure. However, the effectiveness of the secondary steam and feed was
reduced as the primary and secondary pressures approached each other.
Meanwhile, the liquid level in the core continued to drop and the core rod
temperatures continued to rise. The experiment was terminated (by
terminating electrical power to the core) without reflood when the primary
pressure reached the LPIS set point. The maximum core rod temperature
during the excursion just prior to core power termination was 1046 K
(14230F).

Based on Semiscale results a core rod temperature excursion can occur
for some small breaks following accumulator injection and before LPIS
injection. The temperature excursion was below 10 CFR 50.46 limits up to
the point of LPIS initiation, however Semiscale is a reactor model and
computer codes are used to determine full scale plant behavior.

6.9.5.3 Conclusions. Experimental data indicates that there is a
possibility that a core heatup can occur subsequent to the emptying of the
accumulators and prior to LPIS actuation. Best-estimate code calculations
of ECCS performance must be capable of determining the magnitude of such a
core heatup.

6.9.6 Summary and Conclusions

Chapter 6.9 discussed the types of core heatups that can occur during
a SBLOCA. The chapter described separate effects and integral systems
effects experiments that have been performed to examine how the core can
uncover during a SBLOCA. This chapter also identified various models used
to predict SBLOCA phenomena and presented some comparisons to experimental
data. The following conclusions can be drawn from this chapter:
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1. Experiment data have shown that the depression of liquid level in
the core during a SBLOCA is greatly reduced by increased steam
flow bypass from the vessel upper head to the downcomer. Other
parameters (such as core decay power level, break size, and
vessel upper head geometry) are also important in determining the
level depression and potential core uncovery. In any case the
uncovery is of short duration.

2. Core heatup in a reference PWR during a 5% cold leg SBLOCA does
not pose a safety concern. Also, based on observed core heatup
data obtained in LSTF experiments conducted at representative or
nearly representative core power levels, little or no core heatup
is expected in a reference PWR during cold leg SBLOCAs ranging
from 2.5 to 10%.

3. The Dougall-Rohsenow correlation overpredicts fuel rod heat
transfer for certain ranges of pressure and quality.
Best-estimate codes have obtained better agreement by using the
Dougall-Rohsenow correlation evaluated at actual vapor temperature.

4. Best-estimate code predictions of level swell have shown good
agreement with experimental data.

5. Core heatup following accumulator emptying and prior to LPIS
actuation has been demonstrated experimentally. Best-estimate
codes used for ECCS evaluation must be capable of determining the
magnitude of such a core heatup in order to assure compliance
with 10 CFR 50.46.
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6.10 U-Tube Steam Generator Performance

Appendix K specifies that PWR steam generator secondary-to-primary
heat transfer be taken into account. This section discusses steam
generator response and its influence on overall primary system response
during various large- and small-break loss-of-coolant accidents and other
operational transients. Particular areas covered include the experimental
investigations of (a) the natural circulation response of the steam
generator and its influence on primary system response, (b) the influence
of steam generator tube ruptures, and (c) the effects of steam generator
tube ruptures on primary/secondary response.

6.10.1 Natural Circulation

The March 1979 accident at Three Mile Island Unit 2 brought into
question the capability of natural circulation cooling to remove core decay
heat, especially during accident situations. Because natural circulation
is expected to be an essential core heat rejection mechanism during certain
kinds of accidents or transients in a PWR (such as small break LOCAs or
operational transients involving loss of pumped circulation), a thorough
understanding of natural circulation processes and factors that influence
the natural circulation response of the reactor system is necessary.
Characterization of the natural circulation cooling processes requires
(a) identifying conditions under which natural circulation will occur,
(b) determining the effectiveness of natural circulation in removing core
decay heat and recovering the plant (i.e., what are natural circulation
cooling limitations), and (c) identifying how changing plant conditions
affect natural circulation cooling.

6.10.1.1 Phenomena. Natural circulation will occur ian a PWR primary
loop (in the absence of pumped flow) whenever buoyant forces caused by
differences in loop fluid densities are sufficient to overcome the flow
resistance of loop components (steam generators, primary coolant pumps,
etc.). The fluid density differences occur as a result of heating fluid in
the core region (causing the fluid to become less dense) and cooling fluid
in the steam generators (causing the fluid to become more dense).

The buoyant forces resulting from those density differences cause
fluid to circulate through the primary loops, providing a means of removing
the core decay heat. Depending on the primary loop fluid inventory,
natural circulation consists of three distinct modes of cooling (6.10.1):
single-phase, two-phase (liquid continuous) and reflux condensation.
Progression from the single-phase mode through the two-phase and reflux
condensation modes occurs as primary system liquid inventory decreases.

Since the study of natural circulation cooling in PWR systems became
of interest, work on the characterization of natural circulation processes
has been focused in several areas (6.10.2-5), including effects of both
primary and secondary liquid inventory and distribution on natural
circulation effectiveness, the stability of the various natural circulation
modes and transitions between modes as well as the possibilities of natural
circulation flow interruption due to instabilities, countercurrent-flow
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limiting in the hot leg and steam generator tubes, and the effects of
noncondensables on the natural circulation process. With respect to the
primary-side liquid inventory issue, natural circulation will provide decay
heat removal at significantly reduced primary-side inventory. The concern
here is identifying the minimum primary-side liquid inventory at which
natural circulation will continue to provide adequate cooling of the core.
Similarly, the steam generator secondary will continue to be a heat sink
for the primary at significantly reduced secondary liquid inventories.
Again, the concern is identifying the minimum secondary inventory that will
ensure continued natural circulation flow in the primary loop. An
additional concern with respect to the secondary inventory Is the
instabilities in primary-side natural circulation flow caused by severely
reduced secondary liquid levels. These secondary-induced flow
instabilities could reduce the effectiveness of natural circulation cooling.

Generally, the stability of the different modes of natural circulation
cooling (as well as the stability of transients between modes) is of
concern because natural circulation will be the primary mechanism for core
decay heat rejection for certain kinds of PWR accidents or transients, and
instabilities in the natural circulation process could lead to an
interruption of natural circulation flow with a corresponding reduction in
the removal of core decay heat. Thus an understanding of factors that
influence the onset of flow instabilities as well as the effects of the
instabilities on decay heat removal is necessary.

The presence of a noncondensable gas in the primary side of a steam
generator operating in the two-phase or reflux condensation mode of natural
circulation is of concern because the gas may have a large effect on the
condensation process occurring in the steam generator. The noncondensable
gas in the steam generator tubes can cause a redistribution of the
condensation locations as well as influence the amount of liquid being
carried to the downside of the U-tubes. Thus the potential exists for the
noncondensable gas to have a considerable influence on the natural
circulation process.

6.10.1.2 Experiment Results and Analysis. Numerous experiments have
been undertaken to investigate the characteristics of natural circulation
cooling. Reference 6.10.6 contains a partial bibliography of theoretical
and experimental investigations into single-phase natural circulation.
Experiments involving two-phase natural circulation were conducted in the
LOFT facility (6.10.7-16), in the Semiscale Mod-2A facility (6.10.17-22),
in the LSTF in Japan (6.10.23), and in the German PKL facility (6.10.24).
Specific topics investigated in the various two-phase experiments included
characterization of the various modes of natural circulation (single-phase,
two-phase, and reflux modes), examination of the transitions between the
various modes as a function of system mass inventory, the effect of steam
generator heat sink conditions on two-phase and reflux natural circulation,
the effect of noncondensable gas on two-phase and reflux natural
circulation, and examination of natural circulation transients during
small-break LOCA simulations.

A general characterization of natural circulation cooling in a PWR
system was obtained in the Semiscale Mod-2A system for a variety of
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conditions representative of those that may be expected during small-break
LOCA or loss of pumped flow transients. The Semiscale Mod-2A system (see
Appendix A) was a scaled representation of the primary system of a PWR
plant. The scaling philosophy followed in the design of the Mod-2A system
(modified volume scaling) preserved most of the first-order effects thought
to be important for small-break LOCA transients. Most notable, the
one-to-one elevation scaling of system components was an important
criterion for preserving the factors influencing natural circulation
behavior. The Semiscale natural circulation experiments were performed at
typical PWR system pressures and temperatures in a single-loop and two-loop
versions of the Mod-2A system. Both steady-state separate effect and
integral transient experiments were conducted.

The analysis of the Semiscale Mod-2A experiments (6.10.25-26) showed
natural circulation to be an effective mechanism for rejection of core
decay heat to the secondary over a primary coolant inventory range of 35 to
100% and a core decay power range of 1.5 to 5%. Three distinct modes of
natural circulation were identified: Single-phase, two-phase (liquid
continuous), and reflux condensation. During single-phase natural
circulation, heat is removed from the core by convection; during two-phase
natural circulation, heat is removed by convection in conjunction with the
generation of steam bubbles in the core and the condensation of the bubbles
in the steam generator; and in the reflux mode, steam created in the core
is condensed filmwise on the steam generator tubes and the falling water
film loses further energy to the secondary by convection. While, in a
strict sense, single-phase natural circulation occurs only at 100% system
mass inventory, a "single-phase approximation" region exists down to about
95% system mass inventory. Two-phase natural circulation includes a broad
band of system mass inventories (between about 95 and 70%) and loop flow
rates. Likewise, the reflux mode can occur over a wide range of system
mass inventories, although at lower system inventories than for two-phase
natural circulation.

Regardless of the natural circulation mode occurring in the. Mod-2A
system, the core heat was effectively removed in the steam generators, even
though the mechanism changed from mode to mode. Transition between modes
was predominately a function of primary coolant inventory and was found to
be smoothly continuous. With adequate steam generator secondary inventory,
the limiting parameter for core heat rejection was found to be the minimum
vessel coolant inventory necessary to keep the rods covered with a
two-phase mixture.

The large heat transfer capability of the steam generator resulted in
the ability to reject typical decay heat levels at very low secondary
coolant levels. Adequate system cooling was demonstrated at secondary
inventories as low as 15%. Flow instabilities were induced in the primary
at low secondary levels, but those instabilities had little net effect on
core coolability.

The effects of noncondensable gas on natural circulation processes
were also investigated in the Mod-2A experiments. Adequate steady-state
heat rejection to the secondary was demonstrated with plausible quantities
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of noncondensable gas in the primary coolant system during both the
two-phase and reflux modes. Two experiments performed in the Large Scale
Test Facility (LSTF) as part of the Japanese ROSA-IV program investigated
the natural circulation behavior of a PWR with inverted U-tube steam
generators. These experiments indicated significantly nonuniform mass flow
distribution among the U-tubes under both single-phase and two-phase
circulation conditions. The change of primary loop flow rate with the
decrease of mass inventory was qualitatively the same as in Semiscale,
LOBI, and PKL. Two phase natural circulation ceased when the primary
system mass inventory decreased below about 60 percent. The core continued
to be cooled by reflux condensation until the inventory decreased to about
30 percent.

Figures 6.10-1 and 6.10-2 show comparisons of TRAC-PF1/MOD1
predictions (6.10.25) of mass flow and fuel rod temperature to
experimentally measured values for Semiscale test S-NC-6. These tests
included injection of noncondensable gas (nitrogen). These figures show
that the code predicted the data reasonably well.

Natural circulation experiments comparable to those conducted in the
Semiscale Mod-2A system were performed in the German PKL facility. The PKL
facility was similar to the Mod-2A system, except that the scaling factor
was 1/134 compared with Semiscale's 1/1700. The natural circulation
experiments conducted at PKL were performed at lower pressures than were
the Semiscale tests (495 psia vs. 1000 psia), but the results of the
experiments were similar in that overall trends between the two groups of
experiments were comparable and the peak two-phase mass flow rates agreed
well quantitatively. The fluid flow rate in PKL increased from
single-phase values to two-phase values at higher system inventories than
in the Semiscale experiments. However, that difference in departure from
single-phase mass flow was consistent with the different percentages of
liquid above the hot leg for the two systems (1.9% for PKL vs. 3.7% for the
Mod-2A system). PKL also entered the reflux mode at a somewhat higher
system mass inventory (80% vs. 70% for Semiscale), but this slight
difference could be related to small configurational or operational
differences.

Natural circulation data have also been obtained from a variety of PWR
accident simulations in the 50 MW(t) LOFT PWR facility. Experiments in the
LOFT system that provided data for evaluating natural circulation behavior
include (a) a 4-in. break LOCA simulation, (b) a pumps-off LOCA simulation,
(c) a 1-in. break LOCA simulation, (d) a rapid cooldown simulation, and
(e) a loss-of-feedwater accident simulation. Table 6.10.1 summarizes those
experiments, including the natural circulation mode (single- or two-phase,
void fraction range, etc.) that occurred.
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TABLE 6.10-1 LOFT NATURAL CIRCULATION EXPERIMENT SUMMARY

Date/Test Experiment Description
a

Relevant Natural Circulation Results

11/20/79
L3-1

06/24/80
L3-7

09/29/80
L3-5/5A

4-in. noncommunicative
cold leg break LOCA
simulation

1-in. noncommunicative
cold leg break LOCA
simulation

4-in. communicative
cold leg break LOCA
simulation with pumps
off

LOFW and LOFW recovery
simulations

Natural circulation started at pump
trip and ceased when secondary
temperature exceeded primary
temperature at 350 s. The maximum
void fraction during natural
circulation was 0.55.

Natural circulation started at pump
trip and persisted throughout the
experiment. Single-to two-phase and
two- to single-phase transitions
were stable and reversible. The
maximum void fraction during natural
circulation was 0.46.

Natural circulation started at pump
trip and ceased when secondary
temperature exceeded primary
temperature at 750 s. Natural
circulation restarted when the break
was isolated and primary temperature
exceeded secondary temperature. The
maximum void fraction during natural
circulation was 0.60.

Natural circulation started at 1.5 h
after pump trip in the partially
voided primary system when the steam
generator heat sink was restored.
The maximum void fraction during
natural circulation was 0.23.

,

04/15/81
L9-1/L3-3

07/31/81 Excessive cooldown
L6-7, simulation
L9-2

a. Void fractions are for the total

Single-phase natural circulation was
able to rapidly cool down the primary
system. The only limitation was the
ability of the secondary system to
reject heat to the environment.

primary system.
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Data from the LOFT experiments show that natural circulation occurs
under a wide variety of PWR accident conditions whenever a viable heat sink
is available (6.10.27). Natural circulation initiated automatically and in
a stable manner upon cessation of pumped flow in all of the LOFT
experiments listed in Table 6.10-1 except the loss-of-feedwater simulation,
during which the steam generator heat sink was lost early in the
transient. (Natural circulation was initiated for the LOFT simulation once
the steam generator heat sink was restored.) In each case, natural
circulation continued as long as a heat sink was available; i.e., it
continued as long as the steam generator secondary temperature was less
than the primary system temperature. Both single- and two-phase natural
circulation modes occurred, and as indicated above, both the modes and
transitions between modes were stable. Natural circulation cooling was
demonstrated to be sufficient to recover the reactor plant during each of
the accident simulations. If sufficient primary liquid was available to
cover the core with a two-phase mixture, the only practical limitation to
core heat removal was the ability of the secondary system to reject heat to
the environment.

In summary, the results of natural circulation experiments conducted
in different test facilities of widely different scale have shown natural
circulation to be an effective mechanism for rejection of decay heat to the
secondary system during a wide range of possible accident or transient
conditions that may occur in a PWR system. Each of the three identified
modes of natural circulation (i.e., single-phase, two-phase, and reflux
condensation) is effective in removing core decay heat as long as an
adequate secondary heat sink is maintained and sufficient primary mass
inventory is available to ensure that the core remains covered with a
two-phase mixture. Countercurrent flow limiting in the hot leg and steam
generator tubes was not a problem. Presence of plausible quantities of
noncondensable gas in the primary system should not significantly affect
the capability of the steam generators to remove decay heat in either the
two-phase or reflux natural circulation modes.

6.10.2 Tube Rupture During a LOCA

6.10.2.1 Phenomena. The primary concern relating to steam generator
response expressed in the summer 1975 "Report to the American Physical
Society by the Study Group on Light-Water Reactor Safety" (6.10.28) was the
effect of the steam generator on "steam binding" during a large-break LOCA
in a PWR system. Steam binding is a reduction of the core reflood rate due
to reduced steam flow from the core through the relatively high resistance
of the steam generators (as well as the primary coolant pumps) during a
LOCA involving a cold leg break. The concern was that steam binding was a
potentially serious threat to maintaining an adequate core reflood rate.
In particular, the failure to consider the potential for LOCA-induced
rupture of steam generator tubes to exacerbate the steam binding problem
was considered a serious weakness in the overall conservatism of the
specification of energy sources in the ECCS Acceptance Criteria. As
expressed in the APS study: ". . . the very real potential for steam
binding in the conventional sense, exacerbated by steam generator tube
leaks in PWRs, may seriously compound the heat transfer problem during the

6.10-8



LOCA. It appears that the rupture of a few (on the order of one to ten)
tubes releasing secondary steam into the depressurized side of the reactor
could increase the steam binding pressure barrier against the injection of
emergency cooling water and could severely limit the rate at which
reflooding can occur in a PWR. It should be noted that if a substantial
number of steam generator tubes were to rupture, the large resulting flow
of steam from the secondary side of the reactor might actually aid
cooling. However, it appears more probable that, if there were any steam
generator tube failures at all, they would occur in relatively small
numbers. Consequently, with the present PWR designs, adequate cooling may
not be possible in the event of steam generator tube failure during a
severe LOCA."

6.10.2.2 Experiment Results. The potential effects of steam
generator tube ruptures during a large-break (cold leg) LOCA were
investigated in the Semiscale Mod-1 system (6.10.29) in a series of
experiments (6.10.30-37) simulating the secondary-to-primary flow that
would occur if various numbers of tubes to rupture as a result of the
LOCA. The primary system rapidly depressurizes to far below the
secondary-side pressure in a large-break LOCA. Thus, a steam generator
tube rupture (induced by primary system blowdown forces) would result in
secondary fluid flowing into the primary system. This secondary-to-primary
flow has the potential to retard reflooding of the core, which in turn
could lead to significantly higher peak fuel rod temperatures than would
otherwise be expected. The series of Semiscale Mod-1 tests simulated the
secondary-to-primary mass flows over the range of tube rupture flows
expected to provide the potential for high cladding temperatures. The
secondary-to-primary flow was simulated by injecting liquid into the hot
leg of the intact loop between the steam generator inlet plenum and the
pressurizer. The injection was accomplished using a constant-pressure
water source with the water at a temperature typical of a PWR steam
generator secondary fluid. Injection was initiated either at the start of
-vessel refill or at the start of core reflood.

A relatively narrow range of secondary-to-primary mass flow rates with
the potential for causing high cladding temperatures in the Mod-1 system
was identified (6.10.38). This narrow band of tube rupture flows simulated
the single-ended rupture of between 12 and 20 tubes (Figure 6.10-3). The
higher peak cladding temperatures observed within this band was due to
retardation of the bottom reflooding of the core by the tube rupture flow.
However, even though relatively high peak cladding temperatures were
observed within this band of tube rupture flows, the maximum peak cladding
temperatures observed experimentally (between about 1800 and 19501F) for
the 14 and 16 tube rupture cases were well below the 22001F clad
temperature limit specified in 10 CFR Part 50. In addition, the turnover
of the cladding temperature increases occurred during the period of tube
rupture injection, indicating that adequate cooling of the core would not
be prevented by the tube rupture flow.

The results obtained from the Seniscale steam generator tube rupture
tests cannot be directly related to a PWR system owing to the large
differences in physical size and to the scaling compromises present in the
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Mod-1 system. Thus the band of tube ruptures that may result in elevated
cladding temperatures in a full size PWR could be different than that in
the Semiscale system. In addition, atypicalities in downcomer response in
the Mod-1 system (in particular, delays in ECC penetration of the downcomer
due to hot wall effects) and greater susceptibility to countercurrent steam
flow (which limits ECC penetration of the downcomer (6.10.39) probably
resulted in higher peak cladding temperatures than would be observed in a
full size PWR system. Even with those limitations in mind; however, the
Mod-1 results have allowed identification of the phenomena that control or
strongly influence the core thermal behavior during the period of
secondary-to-primary mass flow in a LOCA with steam generator tube
ruptures. Thus the test results provide a basis for evaluating the
capabilities of computer codes to predict the thermal-hydrualic phenomena
that occur as a result of the steam generator tube ruptures.

6.10.3 Transients Initiated by Tube Rupture

6.10.3.1 Phenomena. The study of transients initiated by steam
generator tube rupture is considered important because the tube rupture
allows a primary-to-secondary flow path that can eventually result in a
secondary system release of radioactive fluid to the atmosphere. During a
tube rupture transient, slightly radioactive primary fluid enters the
secondary side of the faulted steam generator and mixes with the secondary
fluid. This mixture may find its way into the steam line and eventually to
the environment by way of release through condenser air ejectors, turbine
gland seal systems, atmospheric dump valve, or safety relief valves.

Transients initiated by a steam generator tube rupture are relatively
probable events during the normal life of a commercial PWR plant. In
actual PWR experience in the United States, several steam generator tube
rupture transients have occurred. Those include events at the Point Beach,
Surry, Prairie Island, St. Lucie, and Ginna plants (6.10.40). However,
only limited system response data are available for these transients. Tube
rupture transients studies using available codes have been
published (6.10.41-44), but calculation results generally have not been
compared to actual plant or experimental data.

6.10.3.2 Experiment Results. Experiments designed to investigate
steam generator tube rupture response and recovery techniques have been
conducted in the Westinghouse Model Boiler-2 (MB-2) facility and in the
Semiscale Mod-2B facility. The results from these experiments provide a
data base for use in the development and verification of codes to be used
in calculating system response to tube rupture transients.

The Westinghouse Model Boiler-2 facility (6.10.45) is an approximately
1% power-scaled model of the Model F steam generator. The model is
designed to be geometrically and thermal-hydraulically similar to Model F
in all important areas and is capable of generating 10 MW(t) of power. The
tube bundle is composed of 52 tubes (of comparable dimensions to those in
the Model F) and contains tube support plates and a flow distribution
baffle. The upper shell contains a modular primary separator (same as used
in Model F), as well as a secondary separator/dryer. Both feedwater and
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auxiliary feedwater injection is modeled. Secondary operating conditions
are typical of those for the Model F. Primary conditions are controlled as
boundary conditions and, again, are typical of those in a full-size plant.

A series of tube rupture tests was conducted in the MB-2 facility
(fall/winter 1984). Conclusions from those tests are not presented here.
However, the following types of information have been obtained: (a) local
tube bundle primary fluid, secondary fluid, and tube wall temperature
distribution, (b) local tube bundle heat flux, (c) fluid levels,
(d) distribution of primary fluid in secondary side as measured by
thermocouple response, and (e) total amount of liquid carried over during
the transient (6.10.46). In addition, plant recovery procedures were
investigated.

The series of experiments conducted in the Semiscale Mod-2B system was
designed to investigate both the primary and secondary system response to a
range of tube rupture breaks, as well as plant recovery techniques. The
tube rupture was simulated by a line and break assembly connecting the
primary and affected loop secondary systems in the vicinity of the tube
sheet. Three orifice sizes were used in the Semiscale experiments to
simulate double-ended offset shear breaks of one, five, or ten tubes near
the tube sheet. The entire break assembly was locatable on either the hot
or cold side of the steam generator to simulate either hot- or cold-side
breaks.

Results of the Semiscale tube rupture tests (6.10.47-48) provide a
unique data base that can be used for both analysis of system signature
response involving automatically occurring events and analysis of
operator-induced recovery procedures. The signature response was
characterized by a rapid primary depressurization to saturation conditions
followed by a gradual, slow, saturated depressurization as primary fluid
flowed through the tube rupture to the secondary side. In addition, the
steam generator secondaries showed a rapid increase in pressure when the
main steam isolation valves were closed at core scram. The pressure rose
in the secondaries to relief valve set points, opening the relief valves
(atmospheric dump valves). The signature response was found to be similar
for one, five, and ten tubes ruptured; however, the timing of automatically
occurring events such as core scram and safety injection initiation was
different. In addition, the relationship between safety injection and
break flow left the primary mass inventory lower for the larger number of
breaks. However, for the break spectrum studied in Semiscale, the vessel
liquid inventory remained high enough to preclude a core rod heatup.

Recovery scenarios studied in the Semiscale experiments included a
variety of simulated operator actions and compounding failures aimed at
first reducing the primary pressure below the set point of the atmospheric
dump valve in the affected loop, thus isolating the affected loop secondary
from atmospheric release, and then cooling the system fluid. A complete
listing of the recovery scenarios studied in the Semiscale experiments is
found in (6.10.47). Most of the operator recovery scenarios in Semiscale
started at 600 s and included test termination criteria dictated by test
length. Normal recovery combinations suggested by typical U.S. PWR
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emergency operation procedures (6.10.49) were followed; however, deviations
were made to allow meaningful code comparison and to complete the
experiments in a timely manner.

Two experiments simulating recovery procedures for a steam generator
tube rupture were conducted in August 1982 as part of the LOFT Experiment
Series L6-8 (6.10.50). The purpose of Experiments L6-8C-1, and L6-8C-2 was
to provide industry with some confidence in procedures that would mitigate
this event. Experiments L6-8C-1 and L6-8C-2 simulated the required
operator actions, following a steam generator tube rupture, to bring the
primary system pressure below that of the steam generator with the ruptured
tubes and thus mitigate the release of radioactivity to the environment.
Experiment L6-8C-1 involved lowering the primary system pressure to 6.8 MPa
while maintaining a 27.8 K subcooling margin during operation. Experiment
L6-8C-2 involved lowering the system pressure to 6.8 MPa without regard for
the subcooling requirement of L6-8C-1. L6-8C-1 and L6-8C-2 used steam
generator feed and bleed combined with pressurizer spray and PORV
activation to reduce primary system pressure. The primary coolant pumps
were left on throughout L6-8C-1 in order to monitor hot leg subcooling. A
combination of secondary side cooldown and pressurizer spray reduced the
PCS coolant temperature and pressure to the desired values without opening
the power-operated relief valve (PORV). The high-pressure injection system
(HPIS) was used to establish and maintain pressurizer liquid level.
L6-8C-2 was based on the steam generator tube rupture recovery procedure
similar to that which would be followed in a commercial PWR. When
pressurizer liquid level indication was lost, the pumps were turned off and
the PORV was opened to reduce pressure in combination with a secondary
system cooldown. As in L6-8C-1, HPIS injection was used to first
reestablish and then maintain pressurizer liquid level. Subsequent to
depressurization to the target pressure of 6.8 MPa (988 psia), the
pressurizer liquid level response indicated the presence of a steam bubble
outside the pressurizer. A comparison of the results of L6-8C-1 and
L6-8C-2 indicates that the pressurizer spray is as effective as the PORV
for depressurizing the primary system and can result in less mass loss from
the primary system. However, it is more sensitive to operator control
because of the difficulty in reducing system pressure while injecting
coolant through the HPIS. The comparison between calculated and measured
data for L6-8C-1 and L6-8C-2 demonstrated that RELAP5/MOD1 can accurately
model the major phenomena associated with a single steam generator tube
rupture transient.

In summary, results to date of the experimental studies of transients
initiated by steam generator tube ruptures have been used to establish the
signature response of the primary and secondary systems. Various recovery
procedures have been investigated, and the test data provide a basis for
establishing courses of action to be taken to recover the plant from a
transient initiated by a tube rupture. Available data also provide a basis
for evaluating the capability of codes to predict the thermal-hydraulic
behavior of the primary and secondary system, including the mixing behavior
of the primary fluid as it enters the secondary side.
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6.10.4 Conclusions

The following conclusions can be drawn from the previous sections:

1. Experiments have shown that each of the three modes of natural
circulation (i.e., single phase, two-phase, and reflux
condensation) is effective in removing core decay heat as long as
an adequate secondary heat sink is maintained and the core is
covered with a two-phase mixture.

2. The presence of noncondensable gas in the primary system should
not significantly affect the capability of the steam generators
to remove decay heat in either the two-phase or reflux
condensation natural circulation modes.

3. TRAC-PFI/MOD1 predictions of mass flow and rod temperatures for
Semiscale natural circulation test S-NC-6 showed reasonable
agreement with the data.
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6.11 Once-Through Steam Generator Performance

The B&W nuclear steam supply system (NSSS) differs from other
pressurized water reactors (PWRs) with regard to the design of the steam
generator and the design of the control system. The once-through steam
generator (OTSG) design is Intended to provide the capability for the NSSS
to respond acceptably to load changes when electrical grid conditions
change as well as during daily load-following cycles. Because of this
desired responsiveness, the B&W control system design includes feed-forward
features that result in immediate signals being provided to the reactor,
feedwater control systems, and the turbine control valves in response to a
change in the power demand signal.

The steam generator design employed by Babcock & Wilcox is called a
once-through design because the primary coolant rejects heat to the
secondary coolant during a single pass through the unit (see
Figure 6.11-1). In the OTSG, the tubes are only partially covered with
secondary coolant. In addition, the amount of secondary coolant in the
steam generator is considerably less than In an inverted U-tube steam
generator. Because the tubes are only partially covered with secondary
liquid, steam generated by the boiling of secondary liquid is superheated
as it contacts the tubes in the upper 10% of the steam generator since that
area of the tubes contains primary coolant closest to the core outlet
temperature. The majority of the core heat is used to raise the feedwater
to saturation temperature and to boil it to steam. Thus most of the core
heat Is removed in that region of the steam generator tubes covered with
liquid or a two-phase mixture, which is approximately 75% of the tube heat
transfer area. Because the heat removed is proportional to the heat
transfer area, the amount of heat removed by an OTSG is essentially
directly proportional to the height of liquid on the secondary side. Thus
any change in secondary coolant level directly affects the amount of heat
that can be removed. This, coupled with the relatively smaller
secondary-side liquid inventory, results In a fairly rapid primary system
response to secondary coolant system perturbations.

One of the most desirable features of an OTSG is the capability to
produce superheated steam, which results in lower moisture in the turbine
and longer turbine life. Moreover, this superheat produces a slight
increase in plant efficiency, also a desirable economic advantage.
Operational experience has also indicated that tube integrity In the OTSG
is better than that in the inverted U-tube design. This can, in part, be
attributed to the low secondary-side water inventory and associated lower
contaminant concentration. These benefits, however, are obtained at the
cost of a system highly responsive to secondary-side perturbations.

6.11.1 Phenomena

The phenomenon and issues associated with B&W OTSG are expected to be
different than PWRs with conventional inverted U-tube steam generators.

For SBLOCAs of less than 0.00186 m2 (0.02 ft2) the energy removal via
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the break will not be sufficient to remove all the energy added to the
primary system fluid by the core decay heat and natural circulation plays
an important role. Initially, the natural circulation is single phase but
will rapidly become two phase because of steam generated by decay heat.
The following discussion centers on phenomenon that may possibly occur
during a loss-of-coolant accident. A SBLOCA is assumed to be the
initiating event.

Pressurizer Draining

Following the initiation of the break the loss of primary system fluid
inventory is reflected in the depletion of pressurizer (Pr) inventory.
Shortly after the onset of the Pr outsurge, pressurizer fluid reaches the
surgeline - hot leg junction. This outsurge fluid is generally hotter than
the hot leg (HL) fluid. This enthalpy difference increases with time as
fluid from higher Pr elevations (closer to the liquid-vapor interface) is
drained. This trend, plus the gradual decrease of primary system pressure,
results in void formation in the lower HL toward the later stages of Pr
draining. The Pr heaters trip at the low level set point. The Pr finally
drains completely, and its capability to control the depressurization is
thus eliminated.

Primary Depressurization

Primary system depressurization upon initiation of the break follows
two distinct trends. While the Pr retains a liquid inventory, liquid
flashing in the Pr generates a steam volume that offsets the liquid volume
discharged in the break. After the Pr voids completely, primary pressure
drops more rapidly to the saturation pressure corresponding to the hottest
fluid in the primary system accompanied by additional flashing which causes
a slowing trend in depressurization. After these depressurization trends,
pressure responds to the occurrence and timing of subsequent events (such
as voiding in the upper elevation of the hot leg, voiding in the reactor
vessel, actuation of high-pressure injection, and operation of the reactor
coolant pump).

Power and Flow Transient: Reactor and Reactor Coolant Pump Trips and Feed
Transfer

The break flow, decreasing pressurizer level, and primary
depressurization will lead to reactor scram and subsequently to transfer of
steam generator feed control from main feedwater to auxiliary feedwater and
to operator trip of the reactor coolant pumps (RCP). These events occur
during only a few minutes of the post-SBLOCA sequence. However, they are
significant beyond their duration because they occur at times of relatively
high power and flow. They thus define the system's initial stored energy,
inventory, and pressure for the subsequent longer duration events. For
example, pump operation after reactor trip (with secondary heat transfer
available) will cool and thus depressurize the primary. A lower primary
pressure decreases break mass flow and increases high-pressure injection
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(HPI) flow. However, the benefits of RCP operation early in the transient
might be offset by an increased break mass flow rate due to a higher
density fluid being pumped to the break.

Single-Phase Natural Circulation

Single-phase natural circulation may occur at any time when the
primary loop is filled with liquid and the influence of the RCPs are
diminished. Single-phase natural circulation can provide an effective
means of primary heat removal. Circulation may occur just after draining
of the pressurizer and trip of the reactor coolant pumps with the upper
elevations of the hot leg voiding, particularly with phase separation and a
decreasing level downstream of the HLUB. Although two phases are involved,
this flow occurrence (sometimes termed "saturated spillover circulation")
is grouped with single-phase natural circulation based on the similarity of
its heat transport.

Hot Leg U-Bend Saturation and Voiding

HLUB saturation generally follows pressurizer draining and, depending
on the power and flow transient, may coincide with voiding of the reactor
vessel upper head.

For the smallest breaks, HLUB saturation may occur without flow
interruption (even-assuming the absence of forced flow); however, in most
events, HLUB fluid saturation is followed in rapid succession by the
aggregation of voids in the HLUB which leads to flow interruption. With
the higher rates of system inventory loss (liquid-region breaks on the

order of 30 cm2 or larger), the HLUB downstream level rapidly decreases
so that, within a few tens of seconds, the liquid-vapor interface drops
below the HLUB spillover elevation and flow is interrupted.

For intermediate rates of primary inventory decrease, the rate of HL
level decrease is slower, and flow interruption may be intermittent.
Intermittent circulation (more common with breaks occurring at lower system
elevation) can cause momentary decreases in HL level. Because void flow up
the hot leg may momentarily increase in this situation, HLUB spillover
circulation or two-phase circulation may be regained with the collapsed
liquid level in the HL substantially below the spillover elevation.- As
flow starts and stalls, the primary pressure decreases and increases.

Although intermittent (HLUB) circulation may persist for the smallest
breaks as already noted, it is commonly extinguished after a few minutes as
the HL fluid inventory continues to decrease.

Reactor Vessel Upper Head Voiding

The reactor vessel upper head (RVUH) fluid is out of the main flow
stream and thus is relatively slow to respond to changes in system fluid
temperature. RVUH voiding may precede HLUB voiding. This tendency is
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amplified by the stored energy of the relatively massive RVUH metal. For
these reasons, the RVUH region is prone to voiding early in the post-SBLOCA
transient; these voids are difficult to condense without some sort of RVUH
vent. Of course the RVUH logically collects core-generated steam later in
the transient as governed by phase separation in the core outlet region and
by the ability of these voids to migrate to the RVUH. It is thought that
this phase separation is rather complete and that the separated vapor will
collect in the RVUH.

RVUH voiding drives liquid up the hot leg as already mentioned.
System depressurization (caused by reinstatement of primary-to-secondary
heat transfer) will cause a corresponding expansion of the RVUH void
volume. The RVUH behaves as a pseudo-pressurizer with an outsurge. The
expanding steam bubble may extend the highly voided region down to the
elevation of the hot leg nozzle and thus increase hot leg vapor flow during
a SBLOCA which can affect the natural circulation flow.

Reactor Vessel Vent Valve Actuation

The reactor vessel vent valve (RVVV) permits flow from the reactor
vessel outlet region to the downcomer with a small positive pressure
difference in that direction (and shuts with a reverse pressure
difference). Thus the RVVV is shut in forced flow. With little or no loop
flow and especially with steam generation in the core, actuation of the
RVVV provides an important mode of core heat removal and relief of steam
binding. An inner flow loop is formed involving the downcomer (downflow)
and reactor vessel (upflow). Core-heated liquid or vapor leaves the RVVV,
combines with colder loop fluid or HPI fluid, and returns to the core
inlet. During reactor vessel level increases (impeding steam flow through
the hot leg) and primary repressurization, actuation of the RVVV provides a
steam discharge path (to the downcomer and cold leg discharge piping).

Decoupling of the Steam Generator; Steam Generator Depressurization

Hot leg U-bend voiding may interrupt loop flow as already discussed.
After flow interruption, heat removal by the steam generator (SG) secondary
readily cools the primary liquid that is adjacent to the secondary liquid
pool. With activation of (high-elevation) auxiliary feedwater (AFW), the
entire SG primary liquid inventory is cooled.

In general, B&W plants inject the AFW into the steam generators
through a feedwater ring at the top of the steam generators so that the
water sprays directly onto the steam generator tubes. The B&W feedwater
spray ring sprays AFW onto the steam generator tubes and significantly
increases the heat transfer rate in the steam generator. This increased
heat transfer rate enhances the ability of the auxiliary feedwater to
rapidly depressurize the primary system. Introducing auxiliary feedwater
through a spray sparger onto the tubes raises the thermal center in the
steam generator and thus promotes natural circulation in the primary loop.
If secondary steaming is maintained, secondary pressure will decrease
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rapidly if there is thermal equilibrium between primary and secondary or if
the primary is a heat sink relative to the secondary. If secondary
steaming is abated, secondary pressure will increase if there is a primary
heat source. Also, the secondary pressure will be maintained or decrease
only slowly by heat losses from the SG to the ambient (with thermal
equilibrium between primary and secondary).

SG depressurization and cooling, of course, help determine the
magnitude of primary system depressurization due to primary-to-secondary
heat transfer.

Effects of Noncondensable Gas

In the event of a small-break LOCA, noncondensable gases could be
introduced into the primary system from a number of sources. These
noncondensable gases can affect the system behavior in a number of ways:
condensation heat transfer in the steam generators can be degraded,
accumulation of noncondensable gas in high points of the system can degrade
or potentially stop natural circulation flow, and significant amounts of
noncondensable gas could introduce errors in analysis models based on
single fluid assumptions. If a noncondensable gas layer accumulates on the
condensing surface of the steam generator, the vapor must diffuse through
this layer in order to condense. The diffusion process represents a
reduction in the condensation heat transfer rate and could affect the
system thermal-hydraulic behavior.

Primary Repressurization

Primary repressurization can occur upon interruption of primary flow
and/or interruption of primary-to-secondary heat transfer. The magnitude
of the pressure increase depends on the imbalance between core power and
heat removal mechanisms (such as break flow-HPI cooling or natural
circulation flow), the amount of vapor volume available for compression,
and the degree of pressure suppression due to energy storage in metal.
Primary repressurization increases break flow and decreases high pressure
injection flow and thus increases the rate of primary inventory depletion.

Break-High-Pressure-Injection Cooling

Break flow-HPI cooling may be sufficient to more than offset core
decay power. With a liquid-region break, HPI fluid may heat toward
saturation by combining with RVVV effluent and then be discharged by the
break.

Feed and Bleed (Primary) Cooling

"Feed and bleed" refers to primary cooling with the pressure-operated
relief valve (PORV) and HPI. It is similar to break-HPI cooling. The PORV
may be self-actuated on overpressure or actuated by the operator for
pressure control with cooldown. The primary system would be expected to
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have a relatively high liquid inventory in this method of cooldown; the
liquid inventory fraction of the pressurizer probably greatly exceeds that
of the system.

Downcomer Voiding and Condensation

RVVV discharge of core-generated steam to the downcomer may lead to
voiding of the downcomer and cold leg discharge. This is offset by
condensation by high pressure injection or cold leg loop flow. As
described for RVVV actuation, this voiding/condensation procedure may
accommodate core decay heat when coupled with break discharge. The
downcomer two-phase process is responsive to changes in system conditions.
Changes of the fraction of HPI flow rate interacting with downcomer voids
and restart of loop flow may rapidly condense downcomer vapor. The latter
event precipitates a redistribution of system liquid toward the lower
elevations.

Asymmetric Conditions Among Cold Leqs

Cold leg (CL) fluid asymmetries are certain with a CL break. CL
asymmetries may arise because of differing steam generator conditions,
asymmetric introduction of HPI, downcomer events such as asymmetric RVVV
actuation, asymmetric reactor coolant pump operation or "bump" (momentary
restart), out-of-phase manometric variations among the CL. These CL
asymmetries may impede uniform cooldown and may complicate the
interpretation of system condition indications.

Condensation of Primary Steam in the Steam Generator

As mass is lost from the loop out the break, the primary steam in the
upper elevations of the loop eventually reaches the elevation of the SG
secondary. Primary-to-secondary heat transfer is then again possible
either through condensation carried by auxiliary feedwater introduction or
through primary steam condensation via the secondary liquid pool. Steam
condensation is vastly more efficient than liquid-to-liquid heat transfer
in the SG, thus primary-to-secondary heat transfer is rapid. The effect of
the condensation process on primary to secondary heat transfer corresponds
not only to the exposed condensing length but also to the
primary-to-secondary pressure and temperature difference preceding the event.

This method of primary system heat removal has been termed the
"boiler-condenser mode" (BCM) to differentiate it from the reflux mode in
U-tube steam generator plants. The BCM involves unidirectional (forward)
loop flow (in contrast to the hot leg countercurrent flow in the reflux
mode). The primary depressurization resulting from the BCM may also
trigger the condensation of lower elevation vapor and thus may be mildly
self-amplifying (the condensation of lower elevation voids transfer liquid
away from the SG primary exposing more condensing surface). The BCM may be
cyclic during a SBLOCA transient.
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Primary Depressurization to Core Flood Tank/Low Pressure Injection Pressures

Primary depressurization may occur in several ways. A larger break

(on the order of 40 cm2, 0.040 ft2) may discharge sufficient volume to
depressurize the primary directly to low pressure injection pressures. For
smaller breaks, sustained boiler-condenser mode operation will depressurize
the primary with the secondary heat sink. With primary flow,
depressurization can also be accomplished gradually with secondary heat
removal (feed and steam). In the case of break flow-HPI cooling,
depressurization occurs with the decay of core power and changes in HPI
flow rate. When feed and bleed cooling is used, PORV actuations and flow
control are used to manipulate the primary cooldown and depressurization.
Depressurization is ultimately required to obtain long-term cooling using
the decay heat removal system.

Steam Generator Repressurization

SG repressurization commonly occurs upon reestablishment of
primary-to-secondary heat transfer. The degree of repressurization is
governed by the mode and capacity of secondary steam pressure control. SG
pressurization will also occur with a SG tube rupture and with SG
isolation. SG repressurization suppresses feed through the feed system
head-flow characteristics. It also diminishes primary-to-secondary heat
transfer by decreasing the intersystem temperature difference.

Compression of Primary Steam

When the primary fluid repressurizes, primary steam is compressed.
The net pressure suppression by compression decreases as refill proceeds
(without considering steam venting) because the total volume of system
vapor decreases. Steam to metal heat transfer counteracts the pressure
increase by storing energy in amounts proportional to the corresponding
increase of saturation temperature.

Venting of Primary Fluid

Venting of primary fluid from hot leg and reactor vessel high points
counters primary repressurization and thus assists refill. Particularly
with reactor vessel venting, accumulated noncondensable gases would also be
removed from the system. (This beneficial effect has also been postulated
to occur with hot leg U-bend venting, but noncondensable gases may not
accumulate at this location.) Venting the reactor vessel should also
introduce cooler fluid into the otherwise relatively stagnant upper head
region and thus diminish the tendency of this region to void.

Primary fluid venting from the pressurizer involves actuation of the
PORV, which has a much larger venting flow rate than that of the high-point
vents. PORV venting not only suppresses primary repressurization but also
offsets core power. It does shift liquid inventory from the loop to the
pressurizer, however.
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Subcooling of Primary Components

Refill with relatively cold ECCS fluid subcools the primary
components, usually starting from the lowest elevations. As mentioned in
the discussion of SG depressurization, SG primary fluid (and perhaps cold
leg fluid) may be subcooled by prolonged contact with secondary fluid.
Primary subcooling is another step toward a stable post-SBLOCA system.

Spillover Circulation (Hot Leg U-Bend Refilled)

System refill may be uneventful, but refill to the HLUB spillover
elevation is generally quite pronounced. The excess fluid spills over the
HLUB to the HL downstream piping, and lower fluid immediately flows down
through the SG primary, SG primary-to-secondary heat transfer rapidly
causes secondary heatup or steaming and the movement of relatively cold SG
primary outlet fluid toward the downcomer causes cooling and contraction of
the lower elevation primary fluid. This contraction may decrease the HLUB
upstream fluid level sufficiently (depending on the prevailing refill rate)
to interrupt HLUB spillover. The spillover-interruption process may be
repeated.

"Pump Bump"

The operator may energize a reactor coolant pump momentarily in an
attempt to restart natural circulation. This brief pump actuation is
termed a "pump bump." It is recommended when the loop is full or nearly
full and circulation has not been restored (perhaps indicating a persistent
voided region at the hot leg U-bend). The pump bump in this circumstance
will move fluid around the loop and thus will effect the manometric
imbalance necessary to sustain natural circulation. Momentary SG heat
removal may cause primary depressurization and draw pressurizer fluid
inventory into the loop. Finally, introduction of fluid at the HLUB may
suppress its subsequent tendency to void.

Controlled Steam Generator Depressurization and Primary Cooldown

The obvious and most manageable method of primary cooldown control is
through controlled SG depressurization. This requires sustained primary
loop flow, however. Secondary depressurization/primary cooldown may be
complicated by a faulted or isolated SG. In the case of an OTSG tube
rupture, both the primary and secondary systems must be depressurized
rapidly to minimize discharges to the environment.

Reinitiation of Natural Circulation

Reinitiation of natural circulation in the loops guarantees cooldown
control using a steam generator. The prerequisites for reinitiation of
single-phase natural circulation are a loop full of liquid and a manometric
imbalance. The latter condition is customarily met by fluid heated by the
core in the hot legs and fluid cooled by the secondary system in the cold

6.11-9



legs. In addition, refill with ECCS fluid may introduce cold fluid into
the hot leg which may dissipate core decay heat via the reactor
vessel-RVVV-downcomer flow path.

Cooling of Idled Loop

Implicit in the preceding discussion of reinitiation of natural
circulation was symmetric loop behavior. Any asymmetry (such as a break in
a cold leg) will affect natural circulation behavior. Cooldown with one SG
isolated (an "idled loop") may introduce even more pronounced asymmetries.
The hot leg U-bend void may persist in the inactive loop. Because SG heat
removal is not available in this loop, natural circulation may be
concentrated in the active loop. The unresponsive fluid in the inactive
loop may periodically interact with and disrupt natural circulation of the
system.

6.11.2 Predictive Models

As part of the pressurized thermal shock-study, a detailed analysis of
the Oconee plant (B&W design) was performed using the RELAP5/M0D2 and
TRAC-PF1/MOD1 computer codes. The Oconee-3 turbine trip transient of
March 14, 1980 was used to test some of the modeling capabilities of the
codes. The comparisons between computed and measured data generally
indicated good agreement. The plant data measured during the transient are
proprietary to the Duke Power Corporation. Therefore the comparisons are
not presented in this report.

Best-estimate codes have also been used to analyze the accident at
Three Mile Island and transients at Rancho Seco and Davis Besse. The
quantity of reliable measured data available from plant transients is not
sufficient to perform detailed code comparisons.

6.11.3 Experiment Results

A scaled experimental facility, designated the Once-Through Integral
System (OTIS), was used to study small-break LOCAs in Babcock and Wilcox
(B&W) raised-loop plants (6.11.1). OTIS was a single-loop facility scaled
according to power-to-volume ratio with a facility-to-plant power scale of
1:1686. The facility maintained full elevations, approximately scaled
component volumes, and loop flow resistances comparable to those of B&W
raised-loop plant. The OTIS test results provided a challenging set of
data on small-break LOCAs for benchmarking system codes. The results also
confirmed the effectiveness of operator procedures for recovery following a
small-break LOCA.

The diameter of the hot leg was chosen primarily to obtain
plant-similar two-phase performance at the sacrifice of power-to-volume
scaling. The steam generator was a full-elevation, while the core was
half-length. OTIS included key plant systems such as high-pressure
injection (HPI), power-operated relief valve (PORV), high-point vents in
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the hot leg, and steam generator steam and fed controls. System heat
losses were given careful consideration: penetrations were minimized,

'y structural supports were insulated, and guard heaters were used in the hot
leg, pressurizer, surge line, and vessel upper plenum.

The OTIS test matrix consisted of 15 experiments: one benchmark test,
seven small-break LOCAs, one feed-and-bleed cooldown, two natural
circulation cooldowns, two operator procedure tests, and two tests to
investigate guard heater effects. The seven small-break LOCAs were
single-variable tests in which a reference test was compared to six other
tests, each with a single parameter varied from the reference test.
Table 6.11-1 summarizes these tests. The variables were break size,
capacity of the HPI, water level in the steam generator secondary side,
break location, HPI shutoff head, and break isolation (isolated or
unisolated). The reference case was a scaled 10-cm cold-leg break at the
reactor coolant pump suction with high-head full-capacity HPI and a steam
generator level of 11.6 meters (38 feet). The seven tests are referred to
as Tests 1 through 7 instead of 220100 etc. in the following discussion.

Results of the seven tests are shown in Figures 6.11-2 and 6.11-3,
which plot the ratio of event times for the single-variable tests to those
for the reference test as a function event times for the reference test.
For example, the pressurizer drained at 2.5 minutes after break opening in
the reference test, while it drained at 2.3 minutes in Test 3. The ratio
is thus 2.3/2.5 = 0.92. A ratio of 1.0 would indicate that the event time
was the same as in the reference test.

The sequence of events was the same for six of the seven tests and
included five phases: (1) primary system depressurization to saturation
conditions, (2) intermittent natural circulation with periods of
repressurization, (3) vapor condensation in the primary side of the steam
generator resulting in a boiler-condenser mode of circulation, (4) refill,
and (5) post-refill natural circulation and cooldown. In Test 7, the break
was isolated during Phase 2, which resulted in direct transition from
Phase 2 of Phase 4.

During the first phase, the primary system rapidly depressurized to
saturated conditions following initiation of the break. The pressurizer
drained during the depressurization phase. Natural circulation proceeded
until mass loss from the primary system resulted in voiding in the hot-leg
U-bend at the top of the steam generator (candy cane), the highest point of
the system. The interrupted circulation caused the primary system fluid
temperature to increase owing to the loss of heat sink, resulting in
repressurization. During this time, flow over the U-bend to the steam
generator occurred intermittently until it was completely interrupted
because of the continuing mass loss, which resulted in decoupling of the
primary systems. In the period between loss of natural circulation and the
onset of the boiler-condenser mode, the only means of removing decay heat
from the core was through heating of the primary fluid (repressurization)
and flow out the break.
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TABLE 6.11-1. SUMMARY OF OTIS SMALL-BREAK LOCA TESTS

Test
Number Test Description Setting Nominal

1.

2.
3.
4.
5.
6.
7.

220100 Nominal

220201
220304
220402
220503
220604
220756

Break size (scaled
HPI capacity, high
SG secondary level
Break location
HPI characteristic
Break isolation

cm2 )
head
(m)

(Nominal)

15
1/2
3.05
CLD
Low head
Isolated

10
Full
11.6
CLS
High head
Unisolated

HPI
SG
CLD
CLS

High-pressure injection
Steam generator
Cold-leg discharge
Cold-leg suction
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Figure 6.11-2. Results of OTIS small-break LOCA tests (earlier
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In addition to the normal flow path from the core through the hot leg
to the steam generator and returning to the core through the cold leg, a

<t second flow path was established as a result of HPI. The fluid exiting the
core was relatively hot and the fluid entering the downcomer from the cold
leg was relatively cold. The resulting density difference created a
pressure difference. The reactor vessel vent valves opened to allow flow
from the upper plenum of the vessel to the downcomer region, where the
water mixed with the cold HPI water and recirculated through the core.
During certain periods in some tests, the vent valves cycled open and
closed in response to increasing and decreasing pressure differences
resulting from the relative temperatures of the downcomer and core exit
fluids.

Continued loss of mass from the primary system occurred because the
high primary system pressure caused the break flow to exceed HPI flow. The
primary system level eventually dropped to the elevation of the hot leg
nozzle in the vessel at about 17 minutes after initiation of the break in
the reference test. This opened a vapor flow path to the steam generator
and initiated Phase 3, the boiler-condenser mode. The initiation of
auxiliary feedwater flow and the raising of the steam generator water level
provided a means of condensing the vapor in the primary system. The
condensed vapor then flowed back to the core through the cold leg. This
cooling of the primary system lowered the pressure and thus increased the
HPI flow rate and decreased the break flow rate. With injection exceeding
depletion, the primary system began to refill until its level exceeded the
secondary-side steam generator level and the elevation of the auxiliary
feedwater spray. This again resulted in the loss of the steam generator as
a heat sink and prolonged the refill period. Still, however, injection
exceeded break flow and the system continued to refill but at a slower
rate. The system was completely refilled by 435 minutes in the reference
test (Test 1) and cooldown commenced under natural circulation (Phase 5).
Test 2 progressed in a manner similar to Test 1 but with a more rapid
depressurization and mass loss due to the larger break size
(15 vs. 10 cm). There was one significant difference, however, between the
two tests. In Test 1, pressure increased between 15 and 18 minutes into
the transient because of an excess of heat generation over heat removal due
to the loss of the steam generator as a heat sink. By 18 minutes, the
primary system level dropped to the hot leg outlet in the vessel which
allowed vapor to flow to the steam generator. The resulting increase in
cooling reduced the pressure. This period of pressure increase followed by
pressure decrease was not present in Test 2 because the break area was
large enough to remove the decay heat.

Test 3 (1/2 HPI) followed the behavior of Test 1 closely for the first
4 minutes. The reduced HPI flow hastened the mass loss from the primary
system, and the boiler-condenser mode started at 17 minutes as opposed to
38 minutes in Test 1. The reduced HPI flow lead to voiding in the cold leg
due to greater mass loss in Test 3, which generally did not occur in
Test 1. The cold leg voiding caused sudden changes in the hot leg and
steam generator levels to occur as a result of complex thermal-hydraulic
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interactions brought about by cycling of the reactor vessel vent valve. A
second major difference was in the refill phase of the transient. Opening
the high level vent in the hot-leg U-bend augmented the refill process. In
Test 3, refill did not occur until core power was reduced and primary
system pressure decreased to allow low-pressure injection. Opening the
high-level vent in the hot leg or the power-operated relief valve in the
pressurizer did not affect the inability of HPI to refill the system.

Test 4 (3 meter steam generator level) highlighted the effect of
auxiliary feedwater spray as an effective alternative to pool boiling in
primary-to-secondary heat transfer. In this test, the steam generator
water level was controlled to approximately 3 meters. The test results
were affected by the operation of auxiliary feedwater flow control to
maintain the desired water level. Since heat removal was via auxiliary
feedwater spray, varying the feedwater affected the primary-to-secondary
heat transfer. As a result, the primary system lost mass more rapidly than
in the reference test, and transition to the boiler-condenser mode occurred
earlier. Auxiliary feedwater was stopped between 37 and 58 minutes into
the transient. This delayed the onset of the boiler-condenser mode because
of the lack of significant heat transfer surface. The refill phase was
also delayed compared to the reference test because pressure remained high
in the primary system. Upon reactuation of auxiliary feedwater, the
boiler-condenser mode of heat transfer rapidly cooled the primary system,
which increased the HPI flow rate, decreased the break flow rate, and
allowed refill to begin. The test showed steam generator heat transfer by
auxiliary feedwater spray to be at least as effective as pool boiling under
the boiler-condenser mode.

Test 5 (cold leg pump discharge break) behavior was very similar to
that of the reference test. The break was located just downstream of the
HPI injection location. This resulted in the mixing of the cold HPI fluid
and relatively hot fluid flowing toward the break. The mixing might have
been expected to lower the enthalpy flow rate in the break; however, the
long-term enthalpy flow rate was similar to that of the reference test.

Test 6 (low-head HPI) employed a HPI shutoff head of 1600 psi.
Pressure did not decrease below this point until about 13 minutes into the
transient. The rate of mass loss from the primary system was therefore the
most rapid in this test. The mass loss resulted in uncovery of the hot leg
and cold leg nozzles in the vessel, which caused voiding at the break
location. The mass loss also resulted in a more rapid transition to the
boiler-condenser mode due to uncovery of the hot leg nozzle. Since it
occurred relatively early, the boiler-condenser mode was less effective in
removing decay heat because the secondary side has insufficient time to
depressurize and cool down. This resulted in relatively slower reduction
in primary system pressure and transition to refill. The boiler-condenser
mode was influenced as well by the control of auxiliary feedwater to
maintain steam generator level. In the periods when auxiliary feedwater
was off, the effect of spray cooling was absent, and heat transfer was
limited to pool boiling. In contrast to the longer period in the
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boiler-condenser mode, refill occurred more rapidly than in the reference
test because the low-head HPI pump exhibited greater capacity than the
high-head HPI pump below 1325 psi.

Test 7 was conducted in a manner similar to Test 1 except that the
break was isolated 21 minutes after initiation, at approximately the time
flow was Interrupted to the steam generator because of voiding In the
U-bend. This was prior to initiation of the boiler-condenser mode.
Refilling began immediately. Natural circulation began to be reestablished
2 minutes after break isolation and was completely established after
13 minutes when the system was refilled.

Two tests were conducted to study cooldown under conditions of natural
circulation with no break present. A cooldown rate of 501F/hr was
established by controlling the steam generator secondary pressure. The two
tests remained in subcooled natural circulation throughout. In both tests,
the upper plenum region of the vessel voided because of the gradual
depressurization of the primary system and the insufficient flow through
this region under natural circulation cooldown conditions. Upper head
voiding did not lead to loop flow interruption or to saturation of the core
exit fluid. Opening the reactor vessel upper head vent was effective in
cooling and refilling the voided region.

Two tests were performed to confirm the appropriateness of operator
procedures for responding to small-break LOCAs. In both cases, the break
duration was 30 minutes. One test employed high-head HPI while the other
used low-head HPI. Auxiliary feedwater was unavailable for most of the
30-minute break period of both tests, and auxiliary feedwater
characteristics were varied. The two tests experienced the five phases
described previously under the discussion of the small-break LOCA tests.
The low-head HPI test resulted in greater mass loss than did the high-head
HPI case. While more inventory was lost, the larger primary condensing
surface within the steam generator led to more pronounced depressurization
on initiation of the boiler-condenser mode and a faster rate of refill.
The operator procedures were found to be an effective technique to diagnose
the transient and properly respond to It.

A feed-and-bleed experiment was performed to confirm the ability to
remove heat from the primary system in the long-term absence of both main
and auxiliary feedwater. In the test, the power-operated relief valve was
used to remove decay heat and the mass loss was made up by HPI. The
initial portion of the cooldown was characterized by steam venting out the
PORV. The energy removal was slightly less than core power but
nevertheless caused depressurization and voiding in the reactor vessel
upper head. The depressurization caused gradual filling of the pressurizer
with liquid so that, after 12 minutes, the PORV began to discharge liquid.
This increased the mass discharge rate, and the system depressurization
rate decreased. During this time, the HPI was gradually adding mass to the
system as cooldown and shrinkage occurred, while most of the injection was
making up the break flow. Brief periods of vapor discharge momentarily
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decreased the mass discharge rate. The reactor vessel vent valves
periodically opened and closed in response to temperature conditions in the
core exit and downcomer.

About 70 minutes into the transient, the hot-leg U-bend reached
saturated conditions because of essentially stagnant loop flow conditions.
The U-bend, acting as a pressurizer, limited the depressurization rate.
The core region continued to cool down as before, which resulted in a
divergence in loop fluid temperatures. This condition persisted through
the duration of the cooldown. The cooldown rate was unaffected by the
U-bend stagnation conditions and proceeded satisfactorily.

Facilities Simulating the Lowered-Loop B&W Plant

OTIS is a scaled facility to obtain experiment data for the
raised-loop B&W plant; other scaled facilities have been constructed to
conduct experiments for the lowered-loop B&W plant. The largest among the
facilities is the Multiloop Integral System Test (MIST) facility, which is
a jointly funded program supported by the NRC, B&W, the B&W Owners Group
and the Electric Power Research Institute (EPRI). In addition, NRC is
separately sponsoring at the University of Maryland (UM) a smaller scale
integral facility. Under the sole sponsorship of EPRI, the Stanford
Research Institute (SRI) has constructed another small-scale Integral test
facility. Descriptions of these facilities are provided in Appendix A.
The maximum operating pressure of the MIST facility is at prototypical
pressure, while the facilities at UM and SRI operate at 2.07 MPa (300 psia)
and 0.69 MPa (100 psia), respectively. The purpose of these facilities is
to provide integral system test data on specific issues or phenomena
relevant to small-break LOCA transients for a lowered-loop B&W plant. The
MIST program is the key component of this effort, and it has generated
high-quality experiment data to be used for assessing thermal-hydraulic
computer codes (reference 6.11.2). However, various scaling compromises
introduced by the MIST design may not allow complete evaluation of the
identified issues. The two small-scale integral facilities at UM and-SRI
will be able to complement the MIST test program and to address some of the
scaling compromises in MIST. Analytical calculations will be carried out
in parallel to the testing to facilitate the understanding of the test
results. A coordination program to integrate experiment findings and the
analytical program is already in place to further current understanding of
phenomena relevant to small-break LOCA transients for a lowered-loop B&W
plant (reference 6.11.3).

6.11.4 Conclusions

The OTSG design is intended to provide rapid response to changes in
load. As a result, the system is highly responsive to secondary-side
perturbations. The OTIS, MIST, UM and SRI experimental test facilities
have been built to study raised-loop and lowered-loop B&W steam generator
behavior. The data obtained from these facilities will provide insight
into the transient behavior of OTSGs. The data will also be used to assess
best-estimate computer codes.
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6.12 DECAY HEAT

6.12.1 Phenomena

The enriched U-235 fuel in LWRs undergoes an exothermic fission
process which creates new "daughter" fission products that are radioactive
and decay until reaching a stable nuclear configuration. The decay of the
daughter products is also exothermic. The modeling of these exothermic
decay processes has been divided into parts. The two most important parts
to large break LOCA analyses are "fission product" decay and "heavy
nuclides or actinides" decay. The fission product decay produces
significant heat source contributions early in the LOCA and the actinides
decay rises to a small contributor after several hundred seconds into the
LOCA.

6.12.2 Predictive Models

The current fission product decay heat standard required by Appendix K
is a simplified calculation, based primarily upon the assumption-that
fission products of all fissioned nuclides produce the same decay power as
those products of U-235 fissions. This standard (6.12.1), issued in 1973,
is a slightly modified version of the American Nuclear Society standard
published in 1971 (6.12.2). Application of the standard to Appendix K
requires the user to assume an infinite prior operating time and to apply a
1.2 multiplication factor to the calculated decay heat values to bound all
uncertainties.

A new Standard developed by the ANS and published in 1979 (6.12.3) is
under consideration for use in future large break LOCA analyses. The
effect of using the 1979 Standard instead of the 1973 Standard varies with
operating time and the actual nuclide content. Using typical BWR nuclide
contents, the 1979 Standard yields a decay heat production 5 to 10% lower
than the 1971 Standard, depending on the operating time and the time after
shutdown. When comparing the 1971 Standard using an infinite operating
time and the 1.2 multiplier to the two-standard-deviation upper bound of
the 1979 Standard and the actual operating time, the 1979-Standard yields
decay heat values 10 to 20% lower. Some results of best estimate
calculations of decay heat for the UK PWR have been published (6.12.4).

Since it is generally agreed that the 1971 Standard was conservative
when Appendix K was written, research was required to determine the
accuracy and reduce the uncertainty. This new data base and the
calculational method of the 1979 Standard has had extensive review by the
technical community through the American Nuclear Society and the American
National Standard Institute, by the NRC and NRC-sponsored research
programs, and by the Electric Power Research Institute. General consensus
is that the ANS 1979 Standard would be a reasonable alternative to the
current Appendix K. '

The other major heat source, decay of heavy nuclides (actinides),
is addressed in the 1971 Standard and in the 1979 Standard. In highly
enriched fuel the actinide heating contribution to the total decay heat is
insignificant because of the low U-238 fuel content. However, at low
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enrichments, 2-3% U-235, the U-238 content is high and the fission product
heating is substantially reduced relative to actinide heating. The
actinide decay chains have been added to the ENDF library in the new
version ENDF/B-V and preliminary decay heat calculations were made using
ENOF/B-V (6.12.5). The preliminary calculations indicate that actinide
heating can be a significant contribution to the total decay heat for

specific regions of time out to cooling times of 1 x 109 s. Thus, decay
heat calculations have included actinide heating for transient evaluation
and also for fuel behavior for long term cooling.

6.12.3 Experiment Results and Analysis

ANSI/ANS-5.1-1979 (6.12.3) was completed using an extensive data base
developed through research programs sponsored by the AEC, NRC, and Electric
Power Research Institute (6.12.6-9). The new data base includes the
results of five experimental studies on the short-term decay of U-235 with
reduced uncertainties, new data for Pu-239, new summation calculations for
U-235, U-238, and Pu-239 using an improved data -ase and uncertainty
evaluation, and summation calculations of neutron capture effects. The
resulting standard provides a more detailed and complete calculation that
eliminates the major simplifying assumptions in the 1971 standard by using
specific calculations for the contribution of the three primary fissionable
nuclides (U-235, U-238, Pu-239) based on actual fuel content. The
contribution of fission product neutron capture is also included in the
1979 Standard. Using the greatly enlarged data base, the uncertainty of
the 1979 Standard is significantly lower than that of the 1973 Standard.
Figure 6.12-1 compares the old and new standards. The new standard was
recently reaffirmed. Uncertainties have been recently reviewed (6.12.10).

Actinide heating contributions to decay heat were considered in the
1971 standard. An extensive actinide data file was incorporated in the
ENDF/B-V library which now has a large and well characterized data
base (6.12.11). Extensive calculations have been made for PWR and BWR
cores an example of which is that by England and Wilson for the TMI-2
core (6.12.12) using the EPRI-CELL (6.12.13) and EPRI-CINDER (6.12.14)
codes. Also, Oak Ridge has developed the ORIGEN2 code (6.12.15) which has
been used in the INEL LOFT facility nuclear experiments for planning and
transient prediction.

The results of the research on actinide heating has shown that for low
enrichment fuel, typically in the range 2.5-3.0% U-235 for PWR and BWR
cores, the actinide heating can be a significant contribution to the total
decay heat in the cooling time region out to approximately 10 days.
Typical actinide heating contributions are shown in Reference 6.12.12 and
Figure 6.12-2. The results of several such calculations indicate that the

magnitude of the actinide heating in the 1 x 105 s time frame can be as
high as approximately 30% of the fission product heating. The short lived
nuclides U-239, Np-239, Th-233, and Pa-233 are the primary contributors to
actinide heating out to a cooling time of 10 days.
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Figure 6.12-1. Comparison of 1973 and 1979 decay heat standards.
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6.12.4 Conclusions

The 1979 ANS standard represents an improvement over the 1971
Standard by including an improved data base which reduced uncertainty in
decay heat. Actinide decay chains have been incorporated in the ENDF/B-V
library which when used with isotope generation and depletion codes, such
as ORIGEN2, CINDER-2, or FISPIN, provide total decay heat from actinides
and fission products as a function of core neutronics, cross-sections,
power, and exposure times. Thus, total decay heat can be determined for
each reactor core design.
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6.13 Metal-Water Reaction

Nuclear power plant licensing criteria, established in 10 CFR 50.46,
require that the maximum oxidation of zircaloy cladding during a LOCA, and
the amount of hydrogen generated by that reaction be calculated. The first
calculation is to ensure that embrittlement criteria are not exceeded,
i.e., that no more than 17% of the starting cladding wall thickness be
oxidized at any one point. The latter is used for sizing the hydrogen
recombiners needed in the containment during or after a LOCA.

Appendix K to 10 CFR Part 50 requires that the Baker-Just rate
equation for zirconium in steam be used for all ECCS-LOCA calculations.
The adoption of the Baker-Just rate equation was based solely on
establishing a safe estimate until confidence in the data base was better
established. The AEC directed in December 1973 that a research program be
established to develop a more accurate and quantitative rate equation.

6.13.1 Phenomena

An exothermic chemical reaction occurs when zircaloy and water come
into contact; hydrogen is one of the major reaction products. This
chemical process occurs even at normal nuclear reactor operating
temperatures (-600 K), but is of little consequence because the reaction
rate is very low. The amount of heat and hydrogen produced by this
zircaloy metal-to-water reaction becomes increasingly significant as
temperatures exceed 1200 K. Above that temperature, the reaction rate
increases nearly exponentially to and beyond the current Appendix K
temperature limit of 1478 K (22000F).

The data available in 1973 in the literature on the oxidation of
zirconium in steam above 10001C was rather sparse. Lemmon (6.13.1) and
Bostrum (6.13.2) had published data on zircaloy at temperatures above about
8501C. Baker and Just (6.13.3) had used Lemmon's data at low temperatures
and combined it with a limited amount of data of their own generated at
nominally the melting point of zirconium (18501C) to "predict" an oxidation
rate curve from about 5000C to about 18500C. Hobson (6.13.4) had also
performed laboratory experiments on Zircaloy-2 in the temperature range
from about 10000 to about 14000C, but did not analyze the data in the form
of an Arrhenius rate equation. The Baker-Just equation resulted in the
most conservative calculation yielding the maximum amount of oxidation in a
given accident sequence. A review of all the available data in
1977 (6.13.5) showed the Baker-Just equation to overpredict the reaction
rate in the temperature range of interest in LWR conservative accident
analyses.

The important consequences of oxidation are changes in the mechanical
properties of cladding caused by the appearance of oxide and oxygen
stabilized alpha phases, the formation and release of gaseous hydrogen, and
the generation of additional exothermic heat. The first two phenomena have
a strong effect on the consequences of a design basis accident.
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The oxidation of zircaloy tends to embrittle the cladding; if the
embrittled cladding then fragments, the local coolability of the core may
be impaired. Additionally, the hydrogen formed eventually vents into the
containment building and, depending on the circumstances of mixing, may
form mixtures of hydrogen/air/steam of sufficient hydrogen concentration
that deflagration or detonation may occur, both of which pose a threat to
the integrity of safety equipment within the containment and to the
containment itself. Oxidation of zircaloy cladding is a major source of
hydrogen in a LOCA; hence it is important to be able to predict not only
the degree to which the cladding is embrittled, but also the amount and
timing of the hydrogen generated in the transient oxidation.

6.13.2 Predictive Models

The products of the zircaloy-steam reaction can be represented in a
simple form by an elementary molecular equation:

Zr + 2H20 - ZrO2 + 2H2  . (6.13.1)

The rate of reaction is dependent on temperature. At temperatures
above approximately 9501C in conditions where the availability of steam is
unlimited and the integrity of the oxide film is maintained, the rate of
reaction is generally believed to be controlled by the rate of diffusion of
oxygen anions in the anion-deficient zirconia (oxide) film (6.13.6).

The products of the reaction are also dependent on temperature. At
temperatures below the alpha/beta transition, approximately 8720C, the
oxidation of zircaloy results in the formation of a zirconia film and the
diffusion of some oxygen into the underlying alpha zircaloy metal.

At higher temperatures, hexagonal close-packed alpha zircaloy is
unstable and transforms to body-centered cubic beta zircaloy. Hence,
zircaloy oxidized at temperatures above the transformation temperature
consists of an outer layer of zirconia, a layer of high-oxygen zircaloy
metal that is stabilized in the alpha zircaloy form by the high oxygen
content and, beneath this layer, oxygen diffuses into underlying beta
zircaloy metal. The resulting structure is illustrated in Figure 6.13-1,
which shows a section of Zircaloy-2 cladding oxidized isothermally in steam
at 14000C for 200 s.

Diffusion-controlled solid-state processes are characterized by a
parabolic rate law for a semi-infinite geometry and constant oxygen
diffusivity. If w represents the amount of reactant used or product
formed, then

dw/dt = /2w . (6.13.2)

The constant of proportionality is the parabolic rate constant and is
given the nomenclature K so that, on integration, Equation 2 becomes
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Figure 6.13-1. Cross section of Zircaloy-4 cladding oxidized at
12000C.
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w2 =Kt + W 2  (6.13.3)

where t is the time of oxidation and WO is the initial value of w at time

zero and is normally assumed to be zero.

The parabolic rate of reaction constant, Kp, is dependent on

temperature according to an Arrhenius expression.

Kp A exp (-Q/RT) (6.13.4)

A = preexponential factor Q = activation energy J mol 1

T = temperature K R = gas constant 8.314 J mol 1 K 1

Typical units for the parabolic rate constant are g202 cm 4s 1

if the reaction is monitored by total oxygen uptake, i.e., weight gain, or

g2H2 cm 4s 1 if hydrogen production is monitored. Isothermal

parabolic rate constants have been determined experimentally for the growth
of the oxide and stabilized alpha zircaloy.

The data are best considered in terms of three temperature
ranges: i.e., the lower temperatures 970-1270 K, high
temperatures 1270-1773 K and very high temperatures. These three ranges
broadly correspond to the temperature ranges over which the three
crystallographic polymorphs of zirconia are stable; i.e., monoclinic up to
-1273 K, tetragonal up to 1850 K and cubic up to the melting point.

In the lower temperature region 700-10001C, several laboratories
report a deviation from parabolic to cubic kinetics for the growth of the
oxide phase. However, the rate of oxidation in this temperature range is
low and the deviation from parabolic rates is not significant.
Measurements have been made by Biederman (6.13.7) at temperatures below the
a/D transus, i.e. - 8711C and also in the a + f range i.e. -871-9800C.
Below the B transus the oxidation, although remaining parabolic, deviated
from extrapolation of data obtained at higher temperatures. The
temperature dependence did not conform to an Arrhenius relationship over
the range 871-9800C i.e. the a + O region. At temperatures above and below
the a + 0 range of coexistence in equilibrium, the parabolic rate constants
obeyed an Arrhenius relationship, the activation energy being much lower in
the lower temperature range 650-8200C. The measured rate constants are
shown as a function of reciprocal temperature in Figure 6.13-2 and the
Arrhenius temperature dependence of the parabolic rate constant for the
lower temperature range is

K = 5.73 x 10,4 exp(- 114445/RT) . (6.13.5)
p

At higher temperatures, 1000-13000C, the data obtained by Cathcart
(6.13.8) are of high quality. The rate constant is

Kp = 0.1811 exp(- 167200/RT) . (6.13.6)
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Ocken (6.13.9) has suggested that external and internal heating of
specimens results in parabolic rate constants with different preexponential
factors and activation energies because of the different temperature
gradients across the cladding wall. The correlation for internally heated
specimens:

Kp = 0.02055 * exp (-140600/RT) (6.13.7)

most closely represents the in-reactor cladding temperature gradients and
provides a conservative representation of the oxidation data in the
temperature range 8700C to 12000C.

The calculational techniques generally used to predict the
distribution of oxygen in unstressed, isothermally or transiently oxidized
cladding can be generalized into two types of computer codes differing in
the method of calculating the oxygen distribution in the oxide and alpha
phases. In the first, simpler instance the position of the oxide/a and C/o
boundaries are estimated by application of the experimentally determined
parabolic growth rate constants for the oxide and alpha phases and hence
only apply if semi-infinite parabolic oxidation is maintained. The oxygen
concentration profile in the B-phase is calculated by considering the
diffusion of oxygen through the A-phase using a finite difference
technique. For calculation of the critical 6-thickness to survive thermal
shock it is necessary to use methods in which the effects of saturation of
the a or B phases and deviation from parabolic behavior, are accounted
for. In the second instance, the calculations are based on finite
difference solutions to the fundamental oxygen transport process, i.e.
diffusion. Such codes also account in principle, for changes in the
parabolic rates due to the approach to saturation. Examples of these codes
include SIMTRAN (6.13.10) and PRECIP II (6.13.11). Further discussion of
these and other codes is included in Section 6.14.2.4.

6.13.3 Experiment Results

The AEC and later the NRC supported a research study at ORNL to
determine accurately the rate of oxidation of zircaloy fuel element
cladding in steam at temperatures from 1000 to 15001C (6.13.8). The
program was completed in 1977 (6.13.12). The study included such variables
as gas impurities (air, nitrogen, hydrogen), pressure, and temperature
cycles. Similar studies were begun in Japan (6.13.13-14), West
Germany (6.13.15-16), and in private industry in the U.S. (6.13.17-18).
All of these studies have now been completed and have been reported in the
open literature.

When the experiment data are analyzed by one common method, the
agreement in the final results is remarkably good for temperatures between
1100 and 14001C (6.13.19). The studies by Leistikow (Germany) (6.13.15),
Kawasaki (Japan) (6.13.13), Ikeda (Japan) (6.13.14), and Urbanic-Heidrick
(Canada) (6.13.20) all give oxidation values that are significantly less
than those calculated from the Baker-Just equation for temperatures above
1000'C.
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When all of the differences in experimental methods and analyses are
considered together, it is concluded that the study conducted by Cathcart
and Pawel provides the best characterized and most accurate rate data on
the oxidation of zircaloy by steam between 10001C and 15001C. Their rate
equations include estimates on the total oxygen consumption and growth
rates of the oxide layer, oxygen-stabilized alpha layer, and the Xi layer
(combined alpha-Zr and ZrO2 layer thickness). At 22001F (12001C), the

Cathcart-Pawel oxidation rate is 58% of that of the Baker-Just equation and
produces 76% of the oxidation, heat, and hydrogen as shown in Figure 6.13-2.

Other rates of reaction have also been observed in zircaloy-steam
reactions. Below approximately 9500C, the formation of zirconia is
observed to conform to a cubic rate law whereas stabilized alpha-ZrOx
continues to grow according to a parabolic rate law (Reference 6.13.21).
Additionally, at 10501C and times longer than 10 minutes, the
zircaloy-steam oxidation reaction transforms to a linear rate, i.e.,
breakaway oxidation is observed (6.13.22-23).

All of the oxidation kinetics were reported for pure steam under
saturated conditions at 1 atmosphere. Kinetics at pressures up to
100 atmospheres (10.3 MPa) were reported by Pawel-Cathcart (6.13.24), and
at pressures of 1 and 5 atmospheres by Prater-Courtright (6.13.25). At
11001C and 16001C no dependence of kinetics on pressure was observed. At
9000C, Pawel-Cathcart did report that increasing steam pressure tended to
increase the thickness of the oxide phase. This may have been a result of
the formation of fine cracks in the outer layer at high pressure, as
postulated by the authors, or it may possibly be related to lowering of the
monoclinic-to-tetragonal oxide transition temperature with pressure.
Oxygen transport is greater in the tetragonal (high temperature) phase.

During a LOCA, steam can become diluted by the hydrogen evolved during
the oxidation process. These may be locations where there is insufficient
steam to support full oxidation kinetics especially near the top of the
reactor core. This condition is referred to as "steam starvation." Recent
studies in steam-hydrogen atmospheres by Prater-Courtright (6.13.25) at
15650C and 18000C and Uetsuka (6.13.26) at 13000C have demonstrated that
hydrogen dilution of steam up to 90% hydrogen does not alter the oxidation
kinetics if steam starvation does not occur. These results differ from
earlier reports by Chung-Thomas (6.13.27), that suggested significant
changes occurred in the oxidation behavior in steam-hydrogen mixtures when
the hydrogen content was greater than 50%. This cutoff was later revised
upward to 70% (6.13.28). The Chung-Thomas results now appear to have been
a result of experimentally induced steam starvation rather than an effect
of the hydrogen.

There is, however, one notable exception in which hydrogen does affect
the kinetics. In the temperature range of 950 to 11000C,
Homma-Furuta-Kawasaki (6.13.29) observed changes in the oxidation rate when
hydrogen concentrations approached approximately 30%. These were
accompanied by a change in the oxide microstructure from a dense monoclinic
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ZrO2 to a porous mixed monoclinic and tetragonal oxide. This effect

appears to be limited to the fairly narrow temperature range near the
monoclinic-tetragonal transformation temperature (6.13.26).

At present, there are few data to suggest what guideline could be
adopted to identify when steam-starved conditions exist, especially under
reactor conditions. Uetsuka (6.13.26) has made some tests at 1000 and
13000C at 1 atmosphere. They indicated a fairly high efficiency in
conversion of steam to oxide. Approximately 85% of the available steam was
consumed by the zircaloy cladding at 13000C. Apparently, when steam was
present, it was consumed. Therefore, a conservative but not unrealistic
guideline would be to assume that full oxidation kinetics proceed until all
the steam has been consumed.

The NRC licensing regulations require that oxidation on the ID of the
rupture zone be taken into account. Westerman and Hesson (6.13.18)
measured the ratio of total oxygen uptake on the ID and OD of ruptured
cladding at distances up to 4 in. from the rupture. Zircaloy-4 tubes
filled with U02 pellets and filled with inert gas were heated and

ruptured in steam at temperatures from 1255-1533 K. The general conclusion
from the Westerman and Hesson data is that the ID/OD oxygen ratio decreased
with time and with distance. The correlation with time reflects the
parabolic nature-of the oxidation and the initial blanketing by inert gas.

Inside oxidation comes about because the cladding may breach in the
form of a long slit instead of a local hole. The calculation of core
cooling performance should take these experimental results into account and
should examine the type of ballooning that may occur. If ballooning and
rupture take place under the condition of slow heatup (1-2 K/s), then
inside oxidation should be assumed to take place over the entire balloon
region (hoop strain greater than 20%).

Other variables having a possible influence on the zircaloy oxidation
rate, e.g., preoxidation of cladding, deformation during oxidation,
ionizing radiation, and nonisothermal exposure transients, are not well
characterized.

6.13.4 Conclusions

*Zircaloy oxidation, and the consequent generation of hydrogen and
exothermic heat can be adequately calculated for transients typical of
hypothetical design basis transients using the available kinetic data on
the isothermal oxidation of zircaloy in unlimited steam. Such data are
available over a wide range, from low temperatures (approximately 7001C)
where oxidation rates are low, up to the melting point of zircaloy.

It is recommended that the Cathcart-Pawel rate constants for the
oxidation of zircaloy by steam be used for all oxidation calculations
between the temperatures of 1000 and 13000C. This correlation is
recognized throughout the nuclear industry as a reasonable alternative to
the Baker-Just correlation for licensing analyses and is being used in the
NRC's state-of-the-art codes FRAP-T6 (6.13.30) and TRAC (6.13.31).
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The uncertainty in the rate constants for the temperature
range 850-10501C is much higher than the uncertainty in the constants for
higher (1050-13000C) and lower (700-8500C) temperature ranges.
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6.14 Fuel Rod Performance

The knowledge of fuel rod performance was limited when the ECCS rule
was first established in 1972. The available knowledge was mostly of a
qualitative rather than a quantitative nature. It was known that stored
energy and ballooning of the cladding had Influences on how the ECCS
performed. It was also known that oxidation of the cladding could rapidly
increase after the cladding temperature exceeded 1300 K. But a complete
and quantitative understanding of fuel rod performance did not exist. This
lack of a complete understanding made it necessary to incorporate large
margins of safety into the ECCS rule.

A peak cladding temperature limit of 1478 K (22001F) was chosen. The
maximum oxidation of the cladding was set at 17% of its thickness.
Hydrogen generation was limited to a maximum of 1% of the hydrogen that
would be produced if all the metal were to oxidize. Geometry changes must
be such that the core remain coolable. And, after ECCS activation, core
temperatures must be at acceptably low values. These limits were
approximate and reflected the large amount of uncertainty in the knowledge
of fuel rod performance.

Fuel rod performance during a LOCA may be considered in the following
stages (the notations in parentheses refer to the items in Table XXXII of
the 1975 APS report on Light Water Reactor Safety (6.14.1), which was an
evaluation of the standards and data bases available at that time,
including assessment of conservatisms in the safety limits):

1. During the blowdown period, fuel and cladding temperatures are in
part determined by the initial stored thermal energy in the fuel
rods (IAI).

2. As cladding temperatures rise during blowdown and again during
refill and reflood, metal-water reactions may occur between the
zircaloy cladding and coolant (IB3) providing an additional heat
source and releasing hydrogen to the coolant. (This stage is
covered in a previous section of Chapter 6).

3. If the coolant undergoes depressurization along with these
temperature rises (as in a PWR cold leg LBLOCA), the cladding
will swell (balloon) and rupture, leading to flow blockage (ID7,
IE3, IE4) and the postulated reduction in core coolability (IIIC6).

4. If the cladding has reached sufficiently high temperatures,
oxidation embrittlement may occur, and the cladding might fail by
thermal shock caused by quenching during reflood (IIIB1, IIIB2).
This in turn may or may not lead to the loss of coolable geometry
(IIIKD3) via core relocation as fuel and cladding fragments fall
to the bottom of the core.

Fuel rod performance can be divided into four major areas (1) stored
energy and internal heat transfer, (2) fission product. release, (3) rod
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swelling, ballooning and rupture, and (4) oxidation-induced embrittlement.
The following sections describe the phenomena involved in each of these
areas.

6.14.1 Phenomena

6.14.1.1 Stored Energy and Internal Heat Transfer in Fuel Rods. The
amount of stored energy in the fuel at the start of a reactor transient
plays an important role in the response of the fuel rod during the
transient.a A portion of the stored energy (typically more than 50%) is
removed during the blowdown period of LOCA. The residual thermal energy is
in the fuel rod at the beginning of the adiabatic heatup phase of the
LOCA. The amount of residual thermal energy influences the time required
to quench the reactor core with emergency cooling water. A term in the
FLECHT reflood heat transfer correlation (6.14.2) is directly related to
this amount of residual thermal energy.

The amount of stored energy is directly related to the temperature of
the fuel center and the temperature gradient from the fuel center to the
fuel surface. The temperature of the fuel center and the temperature
gradient are a function of thermal conduction within the pellet, fuel
pellet cracking, heat transfer through the fuel cladding gap, and
conduction through the cladding.

Appendix K identifies the requirement to evaluate the thermal
'conductivity of U02 as a function of burnup and temperature, taking into

consideration the effects of initial fuel density. Appendix K also
requires that the thermal conductance of the gap between the fuel and
cladding be evaluated as a function of burnup, taking into consideration
fuel densification and thermal expansion, the composition and pressure of
the gases within the fuel rod, the initial cold gap dimensions, and
cladding creep. The phenomena involved in internal heat transfer are
described in the following sections.

Thermal Conduction Within the Pellet

There are three mechanisms (6.14.3) for thermal conduction within a
fuel pellet: lattice vibration (phonon), electron-hole pairs, and
radiation. Lattice vibration is the most important mechanism for
temperatures below 1500 K. These three mechanisms are influenced by the
fuel temperature, porosity, and stoichiometry and are accurately modeled by
empirical correlations for fuel thermal conductivity such as that in
MATPRO (6.14.3).

Fuel Pellet Cracking

Fuel pellets crack because of the thermal stress caused by the hot
inner portion of the pellet expanding against the cool outer
portion (6.14.4). The cracks may be in either the radial or the
circumferential direction. The cracks reduce the width of the
fuel-cladding gap. If the fuel temperature is greater than the fuel
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sintering temperature, the cracks heal. The cracks may close when
mechanical interaction between the pellet and the cladding occurs. Power
cycling increases the extent of pellet cracking.

Circumferential cracks within a fuel pellet reduce the internal heat
transfer. An empirical correlation is available to calculate the extent of
this reduction of heat transfer (6.14.5). This correlation was developed
from fuel centerline and off-center thermocouple data taken as part of the
Gap Conductance Test Series (6.14.6) performed in the Power Burst Facility
at the Idaho National Engineering Laboratory. The correlation takes into
account the width of the cracks and the thermal conductivity of the gas
mixture within the cracks.

The temperatures measured in the Gap Conductance Test Series are also
well predicted using an offset gap conductance model instead of the
circumferentially uniform fuel relocation model combined with the cracked
fuel thermal conductivity model (6.14.5). This offset gap conductance
model correctly predicts the significant circumferential variation in fuel
temperature that was measured during this PBF test series. The model is
consistent with test results that indicate fuel pellets are offset from the
cladding centerline instead of centrally located within the cladding. This
model has been incorporated into state-of-the-art calculation methods for
fuel rod thermal response (6.14.7).

Heat Transfer Through the Fuel Cladding Gap

The fuel-cladding gap is a major resistance to the transfer of heat
from the fuel pellets to the coolant. The principles that govern heat
transfer across the fuel-cladding gap are now considered to be well
understood (6.14.8). The primary heat transfer mechanisms are conduction
through the fill gas, radiation, convection, and solid-solid contact
conduction. The gap size is determined by pellet cracking (as discussed
above) and by pellet thermal expansion and densification. When the
fuel-cladding gap becomes very narrow, the heat transfer becomes quite
sensitive to the exchange of energy between the gas molecule and the
surface. Under that condition, a reduction in the number of molecular
encounters within the fill gas occurs when the mean free path of the gas
molecules is greater than one percent of the gap width (i.e., Knudsen
regime).

The total heat transfer through the fuel cladding gap can be
considered to consist primarily of contributions arising from contact
conductance (fuel cladding in contact) and gap conductance (fuel cladding
separated). When the fuel and clad are in contact, heat is transferred
through solid-solid contacts and the gas phase that occupies the voids
between contact spots. The actual area of contact is, in turn, dependent
on the surface morphology characteristics, the applied load, and the
mechanical properties of the mating materials. If the fuel and cladding
are not in contact, heat transfer can occur only through the gas phase. In
a fuel rod, these types of interfaces may occur separately or
simultaneously (e.g., if an eccentric fuel pellet is in partial contact
with the surrounding cladding).
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In summary, the heat transfer is dependent on the gap size,
eccentricity, gas composition in the gap, temperature in the gap and on its
boundaries, the extent and pressure of fuel-cladding interaction, and the
morphology of fuel and cladding surface.

Conduction Through the Cladding

The corrosion or oxidation of the cladding leads to the formation of a
layer of material that impedes the conduction of heat through the
cladding. This layer of crud or oxide has a thermal conductivity about a
factor of ten less than that of metallic zircaloy. The values of the
thermal conductivities for ZrO2 and metallic zircaloy are given as

functions of temperature in MATPRO (6.14.3). The thermal conductivity for
a layer of crud is stated to be 0.865 (W/mK) in the FRAPCON-2
report (6.14.5). An equation that calculates the rate of formation of an
oxide layer on either the inside or outside cladding surface for
temperatures greater than 1273 K is presented in MATPRO. Equations for
calculating the rate of formation of a crud layer are given in the
FRAPCON-2 report.

6.14.1.2 Fission Product Release. The gaseous fission products
released from the fuel to the fuel-cladding gap are important in the safety
analysis of fuel rods. The fission gases degrade the conductance of the
helium fill gas and increase the rod internal pressure. Radioactive
gaseous fission products released from the fuel are available for release
to the coolant should the cladding fail; thus, they define the initial
source of fission products for safety analyses. Gaseous fission product
release is explained in terms of phenomena happening within fuel grains and
phenomena happening at the grain faces and grain edges (6.14.9-10).

Fission-gas atoms are generated inside fuel grains. Gases such as the
noble gases, that are insoluble in the fuel matrix, nucleate into bubbles
in the lattice. At any instant, therefore, reactor fuel will contain
fission gas in bubbles as well as in the atomic form. Redispersal of
bubble atoms due to energetic fission fragments as well as fission-induced
generation will ensure that there is gas present in the atomic form. Any
realistic fission-gas model must thus consider the transport of both these
species. It also needs models for bubble nucleation due to collisions of
gas atoms and for bubble solutions. It should model the random
(concentration-gradient driven) and biased (temperature-gradient driven)
migration of gas atoms and bubbles from the lattice to the grain faces.

Fission gases move from grain faces to grain edges and then move
through tunnels and cracks to the fuel-cladding gap. This movement of
fission gases from the grain faces to the fuel-cladding gap can occur
rapidly during transient heating. If the transient heating causes a
significant pressurization of fission gas bubbles residing on grain
boundaries, then grain boundary separation occurs and the release of
fission gases is accelerated.

Another effect of fission products on fuel rod performance is fuel
swelling.
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In summary, fission product release has a strong influence on the
thermal conductivity of the gases in the fuel-cladding gap and, as a
result, strongly influences the thermal response of a fuel rod during a
LOCA. Fuel swelling influences the geometry and therefore the conductance
of the fuel-cladding gap and thus influences thermal response of a fuel rod.

6.14.1.3 Rod Swelling, Ballooning, and Rupture. Swelling or
ballooning (6.14.11) occurs when the zircaloy cladding is heated to
temperatures above about 960K with an internal pressure that exceeds the
external coolant pressure. The ballooning may be axially localized or of
sufficiently small circumference to affect only a small fraction of the
coolant channels and thus represent little potential for blocking the
coolant flow. For some cladding temperature histories and distribution,
however, the ballooning may extend axially and be large enough in
circumference to impede coolant flow over a significant cross-sectional area.

The ballooning of cladding is affected by the mechanical coupling
between neighboring regions of the cladding. Changes in local curvature
affect local stresses, which in turn affect subsequent deformation in
neighboring regions. Local balloons will tend to propagate axially by
reducing the stress where deformation is greatest and increasing it in
neighboring regions where the axial radius of curvature is negative. The
axial propagation is stopped by lower temperatures and thus higher cladding
strength coefficients in regions adjoining a ballooning region.

The deformation also affects the cladding temperature, coolant flow,
rod internal pressure, cladding surface area, and local cladding gap
width. Thus, cladding temperature is affected after deformation has
occurred. Because of these thermal couplings, the ballooning of rods in a
cool environment may slow and stop without rupture because internal
pressure is reduced by volume increases or because the ballooning region
becomes more closely coupled to a heat sink. On the other hand, anisotropy
effects may cause the ballooning section to bend into the heat source and
become hotter. Couplings that reduce temperature during deformation tend
to cause large ballooned regions because the failure stress can be
increased dramatically when temperature is lowered. Couplings that cause
increased temperatures during deformation tend to cause small ballooned
regions because the deforming region fails rapidly and thus loses its
driving pressure differential before adjacent regions can contribute to
large circumferential elongations at failure.

Ballooning and rupture are relevant to nuclear reactor safety issues.
Ballooning affects coolant behavior and thus the subsequent thermal
behavior of reactor cores. Ballooning may also affect the flow and
behavior of molten zircaloy, if the! melting temperature of the zircaloy
should be exceeded. Rupture stops the ballooning by removing the driving
pressure differential. Rupture is also an important phenomenon because it
creates a pathway for flow of fission gases from the fuel-cladding gap to
the coolant.
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Fuel rod rupture (6.14.12-13) occurs when the local stress on the
cladding exceeds the failure stress at any point on the rod and causes a
breach in the cladding. There is no heating rate effect or prior
deformation effect on the local failure stress. Only changes in cladding
composition such as oxygen content, cold work, fission products on inside
surface, or irradiation damage affect the failure stress.

6.14.1.4 Oxidation-Induced Rod Embrittlement. Embrittled cladding
can fragment upon introduction of the emergency cooling water in a severe
accident. During a high-temperature transient accident, the cladding
becomes embrittled by steam oxidation of the zircaloy cladding and the
formation of thick reaction layers of brittle oxide and oxygen-stabilized
alpha zircaloy. The extent of cladding oxidation, and hence embrittlement,
is a function of temperature, time, and the supply of steam and zircaloy.
Embrittlement of the cladding may lead to loss of coolable geometry and is
thus relevant to the safety analysis of fuel rods.

An evaluation of oxygen embrittlement of zircaloy cladding and the
applicability of various criteria for the embrittlement of the cladding at
room temperature are discussed in References 6.14.14-15. The embrittlement
criteria discussed in Reference 6.14.14 are based on the fraction of the
remaining beta phase, the extent of oxidation, and the oxygen concentration
in the beta phase.

Oxidation of zircaloy above the alpha/beta transformation temperature
results in the formation of inherently brittle phases [zirconia and
oxygen-stabilized alpha Zr(O)] as well as the diffusion of oxygen into the
underlying beta zircaloy phase. The fracture toughness of the beta phase
is reduced by the presence of oxygen, and the cladding is embrittled to an
extent that depends on the degree of oxidation.

When sufficiently embrittled, fuel cladding may fracture on rewetting
due to large thermal forces and break up into pieces, eventually to the
point of reducing local coolability. The action of rewetting takes place
at more or less constant temperature (the Leidenfrost point); for zircaloy
rewetted by water, Chung and Kassner (6.14.14) report that rewetting occurs
in the range 475-6000C.

The extent of oxidation necessary to embrittle fuel cladding so that
it fragments during rewetting has been determined experimentally by a
number of workers for a range of cladding dimensions. Early work resulted
in the formulation of criteria defining the onset of embrittlement in terms
of total extent of oxidation and maximum temperature of oxidation.
Subsequent work has indicated that the embrittlement of zircaloy cladding
after transient oxidation in LOCA conditions may be more accurately
described in terms of the distribution of oxygen in the oxidized cladding.

6.14.2 Predictive Models

6.14.2.1 Stored Energy and Internal Heat Transfer in Fuel Rods. One
significant trend in steady-state thermal calculations in the past ten
years has been the steady reduction in calculated values for fuel
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temperatures and stored energy. This reduction is exemplified in
Figures 6.14-1 and 6.14-2, which show typical results from the NRC codes
GAPCON-THERMAL-1 (1973) (6.14.16) and FRAPCON-2 (1980) (6.14.5). In
Figure 6.14.1, beginning-of-life temperature profiles for a pressurized PWR
are shown; fuel design input was identical for both cases. The FRAPCON-2
temperatures are about 100 K lower throughout most of the fuel volume,
which results in a 15% reduction in the stored energy. In Figure 6.14-2,
end-of-life FRAPCON-2 predicted temperatures for a fission-gas-saturated
BWR (7 x 7) rod are contrasted with a matching GAPCON-THERMAL-1 (GT1) run.
In the GT1 run, both the gas composition and the unrelocated cold gap size
were matched to the FRAPCON-2 predictions. Notice that the FRAPCON-2
temperatures are 400 to 500 K lower, along with a 50% decrease in stored
energy. In both cases, it is the inclusion of fuel relocation in FRAPCON-2
that lowers the temperatures relative to those in GT1.

6.14.2.2 Fission Product Release. A large number of computer codes
are available to describe the steady-state and transient release of fission
product gases in LWR fuel rods (6.14.17). About 30 atoms of gas are
produced from each 100 fissions. Under steady-state conditions, most of
this gas is not released into the gap and plenum. The calculated gas
pressure in the rod is a function of initial fuel pellet grain size,
diffusion coefficients, gas atom resolution, fuel open porosity, fuel stack
elongation, plenum temperature, and fuel temperature history. In general,
simpler models can now predict gas release under normal operating
conditions about as well as more complex models.

As reviewed in Section 6.14.3.2, a substantial body of gas release and
gas pressure data is available. The measured steady-state gas release in
both commercially and experimentally irradiated rods falls in two
categories, low (less than two percent) and high (greater than five
percent). Most of the release is low, and could be over or underpredicted
by a factor of 10 without severely compromising related thermal and
mechanical effects (6.14.18). Many codes are unable to consistently
calculate the gas release in both categories of rods.

6.14.2.3 Swelling, Ballooning, and Rupture. A number of codes treat
in detail the ballooning and rupture of the fuel rod cladding during a
LOCA. One such code (BALO-2A) has been used to predict two international
standard problems (ISP) sponsored by the OECD (6.14.19). The ISP-14 was
based on a bundle experiment performed by KfK in the Federal Republic of
Germany. The ISP-19 was based on an in-pile bundle experiment performed by
CEA at the PHEBUS reactor in France. The various participants were unable
to calculate ISP-14 with satisfying accuracy. For ISP-19, the comparison
of BALO-2A with experiment measurements on rod No. 3 indicated good
agreement, although the unsymmetrical behavior of the cladding could not be
modeled.

Simpler models that use cladding temperature and delta pressure as
parameters (6.14.11) are easier to use in system codes and have been
determined to be acceptable, but require rather large uncertainty bounds. i
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6.14.2.4 Oxidation-Induced Rod Embrittlement. The calculation of
oxidation or hydrogen generated using total oxidation parabolic rate
constants has been assembled into computer codes, examples of which are
BILD5 (6.14.20), COBILD (6.14.15), and TRANS (6.14.21) and PECLOX (6.14.22).

The calculational techniques generally used to predict the
distribution of oxygen in unstressed cladding subjected to isothermal or
transient oxidation can be generalized into two types of computer codes
differing in the method of calculating the oxygen distribution in the oxide
and alpha phases. In the first (simpler) instance, the position of the
oxide/alpha and alpha/beta boundaries are estimated by application of the
experimentally determined parabolic growth rate constants for the oxide and
alpha phases and hence apply only if semiinfinite parabolic oxidation is
maintained. The oxygen concentration profile in the beta phase is
calculated by considering the diffusion of oxygen through the beta phase
using a finite difference technique. Examples of such codes are BILD5 and
COBILD. The latter code is a development of BILD5 and also includes the
calculation of oxidation on the inner surface by contact with U02. For

calculation of the critical beta thickness to survive thermal shock it is
necessary to use methods in which the effects of saturation of the alpha or
beta phases and deviation from parabolic behavior are accounted for.

More complex codes that are based on finite difference solutions to
the fundamental oxygen transport process, i.e., diffusion, are also
available. Such codes also account, in principle, for changes in the
parabolic rates due to the approach to saturation. Examples of these codes
Include SIMTRAN/MULTRAN (6.14.23-24), ZORO (6.14.25), and
PRECIP II (6.14.26).

Calculations based on ideal models of diffusion assume that the
diffusion coefficient is constant in material with an oxygen concentration
gradient and that the concentration of oxygen at the phase boundaries is
that of equilibrium conditions even in transient temperature-time
oxidation. These assumptions are not strictly valid, and their use gives
rise to erroneous predictions. Attempts have been made to replace, in the
oxidation model, equilibrium oxygen concentrations at phase boundaries by
empirically determined oxygen concentrations.

For a limited range of transients, the codes predict oxygen
concentration distribution with reasonable accuracy, but for less simple
transients, certain aspects of the oxidation process are not accounted for
by either a parabolic rate constant or an ideal diffusion model. Examples
of departure from the ideal model are the formation of alpha incursions
ahead of the alpha boundary (6.14.27) and anomalous two-peak oxidation in
certain transients with two temperature maxima (6.14.21, 6.14.28). In such
transients the oxide is observed to be thinner on zircaloy initially taken
to a higher temperature. Pawel (6.14.29) postulated that the effect was
due to the hysteresis in the monoclinic/tetragonal phase transformation
over the temperature range 900-12001C and concluded that insufficient data
were available to permit modeling of the phenomenon although the conditions
under which anomalous oxidation occurs are well defined.
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The SIMTRAN code developed by ORNL and KfK (6.14.23) solves
simultaneously the diffusion 'and heat conduction equations in order to
determine the oxygen and temperature profiles in the cladding wall. The
most recent version of SIMTRAN contains material properties extending to
1800 K (6.14.24). It models the nonequilibrium concentration at the
interfaces during transients and calculates the fuel temperature. The code
has a particular application in accidents beyond the design basis, severe
accidents in which the influence of oxidation exothermic heat induces large
temperature gradients in the cladding and the influence on fuel behavior is
significant. In most design basis LOCAs, the temperature gradients across
the cladding are smaller, and average temperatures are used for oxidation
calculations. The MULTRAN (6.14.24) code was derived from SIMTRAN for
design basis oxidation calculations by removing the heat transfer
calculations. For further simplicity, cylindrical geometry is replaced by
slab geometry. Malang and Neitzel (6.14.24) also suggest that the oxygen
profile in the beta phase after cooldown is best approximated by the
profile existing just before fast cooldown.

A limited amount of code validation has been published. Cathcart
et al. (6.14.20) concluded that both the early version of SIMTRAN and the
BILD5 codes adequately predict the thickness of oxide to within 10% except
for the anomalous oxidation observed in certain two-peak LOCAs. However,
if equilibrium oxygen solubilities are maintained, the alpha-phase
thickness is over predicted during rapid cooling. Malang and
Schanz (6.14.30) reported good agreement between oxide and alpha
thicknesses calculated by a later version of SIMTRAN in predicting oxygen
distribution in electrically heated fuel rod simulators heated in
simulations of severe accidents to approximately 20000C.

Suzuki and Kawasaki (6.14.26) have used the SIMTRAN code as a basis
for improving and extending the prediction of oxidation parameters in LOCA
conditions. The code PRECIP-II has been developed by improving the
treatment of the boundary conditions during the cooling phase. In the
code, as the temperature falls, the diffusivity of oxygen in the beta phase
is reduced by a factor that is a function of the local supersaturation.
Additionally, to obtain good correlation with measured oxidation parameters
on samples exposed in transients, the temperature dependence of the oxygen
solubility in the alpha phase at the oxide-alpha boundary is modified. The
diffusivity in the oxide and the beta phases are also modified slightly
with respect to values previously used in the SIMTRAN code. Under these
conditions, the measured and calculated data for weight gain, oxide, and
alpha phases are within 10% for zircaloy exposed to transients similar to
those postulated in a LOCA.

Biederman et al. (6.14.21) made comparisons for the TRANS and ZORO
codes and found reasonable agreement except for the anomalous two-peak
LOCAs. Transient oxidation of virgin and preoxidized zircaloy has been
studied by Leistikow et al (6.14.31). Variables such as blowdown peak
temperature and heating and cooling rates were considered. The authors
reported that there is a very variable oxidation response from preoxidized
zircaloy subsequently oxidized in transients. It is postulated that the
detailed reactor operating history determines localized oxidation phenomena
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and that subsequent high-temperature oxidation must necessarily reflect the
varied starting conditions of low temperature precorroded oxide. At
transient temperatures less than 12000C, preoxidation was generally
protective, but above 12001C, the subsequent oxidation was greater than
that measured on initially unoxidized metal. The authors concluded that,
although high-temperature transient oxidation on virgin metal is amenable
to calculation, it is difficult to define parameters that would enable
acceptable calculations to be made for initially oxidized cladding in a
wide range of transients.

A moving boundary model of oxidation as been developed (6.14.32) at
Chalk River, and comparisons with experimental data are reported as
satisfactory for both isothermal and transient heating.

At KfK, the modeling of Zry-U02 interactions during high-pressure

transients has been performed. The model PECLOX (6.14.22) predicts the
combined external and internal oxidation of the cladding due to the
reaction with steam on the outside and with the U02 fuel on the inside

surfaces. It describes the formation, growth, and disappearance of the
various interaction layers and the corresponding oxygen profiles as
functions of temperature and time.

6.14.3 Experiment Results

6.14.3.1 Stored Energy and Internal Heat Transfer in Fuel Rods. The
quantity, quality, and comprehensiveness of fuel temperature data have
increased dramatically in the last decade. This has lowered the
uncertainty bounds on measured temperatures to the point where the
conservatism of the calculated values could be recognized. Also, the
partition of total thermal resistance between fuel and gap has been
reassessed. The result is that even more gap size reduction is now assumed
than is necessary to achieve a match to center line temperature data. This
overestimation is compensated by degrading the fuel conductivity to again
achieve agreement to fuel centerline temperature data.

The measurement of the local power at the position fuel temperatures
measurement has also become steadily more precise in the last ten years.
Whereas previous estimates of local linear heat rating had an uncertainty
of 10% or greater, more precise calibration of assembly power through the
addition of more neutron detectors per test assembly has lowered that
figure to 6% in certain cases (6.14.33). In addition, fuel peak
temperatures used to be derived from microstructural changes and carried an
uncertainty of 200 K (6.14.34). Now, however, the use of high-temperature
thermocouples to measure fuel temperatures has yielded temperature
histories with 20 K precision and 50 to 100 K uncertainty.

The comprehensiveness of the fuel temperature data has improved also.
In the early 1970s, the most reliable temperature data were available only
for helium-filled rods at low burnup (5000 MWd/MTM or less). Measurements
have now been extended throughout the ranges listed in Table 6.14-1. Most
operating conditions for LWR fuel are now represented in the data set, or
spanned by it.
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TABLE 6.14-1. PARAMETER RANGES FOR CENTERLINE TEMPERATURE MEASUREMENTS

Parameter

Pellet size

Gap size

Fill gas type

Burnup

Power

Temperature

Range

9 to 12 mm diameter

50 to 400 micron diameter

He to Xe; pressures to 7 MPa

Up to 30,000 MWd/MTM

Up to 50 kW/m

Up to 2400 K
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Furthermore, specific fuel designs, enrichments, etc., have been
replicated in several instrumented tests at different reactors and produced
very similar results. This adds greatly to confidence in the accuracy of
the measurements (6.14.35).

Most fuel modeling computer codes of a decade ago envisioned the fuel
pellet as a solid cylinder located concentrically within the cladding.
Comparison of the early codes to the steadily more precise fuel temperature
data revealed the following general trends:

1. Fuel temperatures were overpredicted unless some adjustment was
made. Since the gap size was felt to be one of the most unknown
parameters in the models, a reduction in gap size was made. This
additional gap closure is considered a consequence of fuel
cracking and outward movement and is called "fuel relocation."

2. More fractional relocation was needed with large-gap versus
small-gap rods to achieve a match to centerline temperature data.

The choice of gap size as the parameter to be adjusted was arbitrary.
Other adjustments have been tried, including accounting for possible pellet
eccentricity and contact with the cladding. This placed suspicion on the
adequacy of the basic model for the gap temperature drop. Inadequacy in
the basic model, particularly relating to the temperature jump (at the
fuel/cladding surfaces) and the contact conductance, was proposed to
explain the failure of earlier codes to match data.

Measurements of U02-zircaloy conductance at PNL yielded the

conclusion that the previous understanding of gap heat transfer mechanisms
had been incomplete (6.14.8, 6.14.36). Nevertheless, the predictions of
the current gap conductance models is in agreement with the measurements to
such an extent that the temperature discrepancies are small. With typical

pellet surface heat fluxes for LWR rods lying in the range of 5 x 105 to

10 x 105 W/m2, the measured/predicted differences in conductance, even
when large, generally amount to only 10 to 50 K in gap temperature drop and
are random.

Enhanced early gap closure with, perhaps, enhanced contact area and
contact conductance definitely seems indicated by in-reactor fuel
temperature data. Simultaneous measurements of fuel temperature and rod
elongation at both PBF and Halden (6.14.37-39) in 1977-1980 indicated that
fuel/cladding contact occurs at powers much lower than that predicted even
with sufficient fuel relocation to match the centerline temperature data.

The observed behavior of fuel temperature in the Halden program
IFA-431/432 test rods containing densifying fuel raised questions about the
applicability of a concentric solid cylinder model for the thermal
expansion of fuel. IFA-431 Rod 6 contained fuel that was prone to
densification, and it was confirmed by postirradiation examination to have
densified from the as-built density of 92% TD to a final density of about
96% TO (6.14.40) during its irradiation of 4300 MWd/MTM. The temperature
behavior of this rod throughout its life is contrasted with Rod 1 (same
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as-fabricated, 230-um initial diametral gap, stable fuel) and Rod 2 (stable
fuel, 380-vm initial gap) in Figure 6.14-3. According to the concentric
solid-cylinder model, the Rod 6 temperatures should have risen to those of
Rod 2, which was deliberately sized to simulate 4% instantaneous
densification. In fact, this never happened, indicating that the
densification did not alter gap size.

IFA-432 Rod 6 (230-pom gap) presumably densified as rapidly as IFA-431
Rod 6 because it contained identical fuel. Operating at 50% higher power,
it also attained a higher burnup (30,000 MWd/MTM). Its temperature
behavior is contrasted to IFA-432 Rod 1 (230-pm gap, stable fuel) in the
Figure 6.14-4. The results show that both rods attained saturation of the
fill gas with fission gas after approximately 12,000 MWd/MTM. This was
confirmed by pressure transducer readings from these rods throughout their
life. According to the concentric solid-cylinder model, the difference
between the Rod 1 and Rod 6 temperatures should be in the range of 300 to
400 K. But, in fact, they generally differ by less than 100 K after
becoming saturated with fission gas. Again, the indications from this 1979
analysis were that the pellet fuel did not shrink so as to widen the gap.
The implications for gap size as a function of power are obvious; if a
cracked pellet does not shrink away from the gap because of densification,
it probably does not shrink during cooling either.

Modeling improvements in response to these experimental results have
reduced calculated fuel temperatures and stored energy in agreement with
experimental data. Such a reduction almost automatically leads to a
reduction in peak cladding temperatures in a large-break LOCA, at least
through the end of blowdown. Whether this difference would, in fact,
continue throughout the heatup and reflood stage depends on when and how
ballooning and rupture occur. In the absence of a geometric distortion of
the rod, previously presented LOCA simulations with the small code MWRAM
indicate that this trend would persist (6.14.41).

A series of three tests to evaluate gap conductance in LWR design fuel
rods (6.14.6) was performed in the Power Burst Facility (PBF) at the Idaho
National Engineering Laboratory (INEL). Studies were also performed in the
Halden boiling water reactor (HBWR) at Halden, Norway.

Specific objectives of each PBF test were to (a) provide data for
evaluating gap conductance by the steady-state kdT experimental method and
the power oscillation method, (b) provide information from which effective
fuel thermal conductivities can be determined, and (c) provide data for
evaluating the effects of variations in the three design parameters
(initial pellet-cladding gap width, fill gas composition, and fuel density)
on the gap conductance values and the effective fuel thermal conductivity.
The data obtained from the PBF tests have been analyzed, and correlations
have been developed from which gap conductance values and effective fuel
thermal conductivities can be estimated for any LWR design fuel
rod (6.14.6). The three tests were performed with basic BWR test rods with
variations in the initial diametral gap widths of 0.94%, 2.2%, or 3.4% of
the pellet diameter; fill gas compositions of pure helium, xenon, or argon;
and fuel densities of 92%, 95%, or 97% theoretical density (TD).
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versus burnup from IFA-431 Rods 1, 2, and 6.
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The observed thermal response of the test fuel rods was as expected.
Generally, higher fuel temperatures are associated with wide-gap rods than
with narrow-gap rods, and pellet cracking and pellet fragment relocation
degrade the nominal fuel thermal conductivity and increase the gap
conductance. Significantly higher fuel temperatures were observed in the
xenon- and argon-filled test rods than in the helium filled rods as would
be expected because of the larger thermal conductivity of helium.

Postirradiation examination (see photomicrographs in Figures 6.14-5,
6.14-6 and 6.14-7) showed significantly different fuel cracking patterns in
the narrow-gap rods as compared with the medium- and wide-gap rods
(relatively few small cracks in the narrow-gap rods and numerous cracks in
the medium- and wide-gap rods).

The generally higher temperatures in the wide-gap rods and the high
temperatures in the xenon- and argon-filled rods can, in part, be explained
in terms of a decrease in the effective thermal conductivity of the fuel
due to redistribution of the initial gap inward toward the center of the
pellets when the pellets crack and fragments relocate.

Data taken at two power levels showed that thermal conductivities of
cracked pellets are a strong function of rod power because of the effect of
the temperature gradient on the microcracks. Based on analysis of the PBF
experiments, an empirical correlation for an effective UO2 thermal

conductivity was developed that takes into consideration the effects of
variations in temperature, initial density, and pellet cracking and
fragment relocation as influenced by the initial cold radial
pellet-to-cladding gap in response to the Appendix K requirements. This
correlation has been incorporated into state-of-the-art calculational
methods for fuel rod thermal response (6.14.5).

The temperatures measured in the PBF Gap Conductance Test
Series (6.18.21) are also well predicted using an offset gap conductance
model instead of the circumferentially uniform fuel relocation model
combined with the cracked fuel thermal conductivity model (6.14.5). This
offset gap conductance model correctly predicts the significant
circumferential variation in fuel temperature that was measured during this
PBF test series. The model is consistent with test results that indicate
fuel pellets are offset from the cladding centerline instead of centrally
located within the cladding. This model has been incorporated into
state-of-the-art calculational methods for fuel rod thermal
response (6.14.7).

The IFA-430 (6.14.42) series of tests to examine the effect of gap gas
pressure and xenon concentration on fuel rod thermal behavior was performed
in the HBWR at Halden. Two irradiated fuel rods (2500 MWd/t UO2) were

designed so that the gap gas concentrations could be changed during
operation to examine the effects of gas composition and pressure on
centerline temperature and thus stored energy. The gas mixtures used were
from pure helium to 10% xenon in helium, the pressures were from 0.1 to
5.1 MPa, and initial gaps were 230 pm and 100 Um. The effects were as
expected but do not affect stored energy significantly. The addition of
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Figure 6.14-5. Fuel cracks at the 212.0-mm elevation of rod GC 522-3
(He, 95% TD, 0.10-mm gap) PBF Test GC 2-2.

Figure 6.14-6. Fuel cracks at the 209.3-mm elevation of rod GC 522-1
(Xe, 92% TD, 0.23-mm gap) PBF Test GC 2-2.
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Figure 6.14-7. Fuel cracks at the 211.9-mm elevation of rod GC 522-4
(He, 95% TD, 0.35-mm gap) PBF Test GC 2-2.
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xenon to the fill gas caused higher fuel temperatures with the larger
effect being in the wide-gap rods. The effect of increased pressure was to
reduce fuel centerline temperature slightly. The effects, however,
contribute only a 5% change or less in fuel centerline temperature at
normal operating power levels.

Another series of tests, the IFA-513 series (6.14.43) demonstrated
that gap closure improved the gap conductance and improved the fuel thermal
conductivity because of crack closure, which limited the fuel temperatures
and therefore the fuel stored energy for a given fuel design and power level.

The axial distribution of stored energy and decay heat is shifted when
fuel rods balloon to a hoop strain in excess of 17% and then
rupture (6.14.44). The fuel pellet stack collapses and crumbles in the
region of cladding ballooning. As a result, the upper part of the balloon
region is devoid of fuel and has no heat generation from decay heat. The
lower part has an increase in the amount of fuel and thus an increase in
the amount of stored energy and an increase in the rate of heat generation
due to decay heat. This shift in the axial distribution of stored energy
and heat generation should be taken into account for a complete calculation
of the thermal response of fuel rods.

6.14.3.2 Fission Product Release. The open literature contains
reports of a number of in-reactor and out-of-reactor experiments designed
to study fission gas release phenomena. The utility of such experiments is
sometimes difficult to evaluate because of the large variations in the
accuracy with which the gas-release, temperature, and pressure data are
measured, as well as in the faithfulness with which conditions expected in
power reactors are duplicated. As a general rule, the experiments
performed in test reactors give better simulations of power-reactor
conditions such as neutron flux and radial temperature profile, while the
out-of-reactor experiments permit the gas-release fraction and thermal
history to be determined with greater absolute accuracy. All simulation
experiments depart to some extent from power-reactor conditions.

Some out-of-reactor experiments at Argonne National Laboratory, using
a direct-electrical-heating (DEH) technique, have been compared (6.14.45)
with in-reactor experiments performed in the PBF. The results indicated
that the gas release fractions and mechanisms were closely comparable for
the transient heating conditions used in the PBF and DEH tests.

The release of isotopes of xenon, krypton, and iodine from uranium
dioxide pellet fuel operated at typical LWR conditions has been measured
with an in-reactor instrumented test assembly (6.14.46). The steady-state
equilibrium release rates and release fractions were measured at burnups to
6,000 MWd/MTM at rod average linear heat rates of 22 kW/m. The results
were compared with the Booth diffusion based model developed by the ANS 5.4
Working Group (6.14.47) and a diffusion model (using surface to volume
ratio) based on results of experiments performed in the United Kingdom.
The ANS model predicted the release fractions of longer-lived xenon and
iodine within a factor of two, but underpredicted the krypton and
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short-lived xenon by a factor of four. The U. K. diffusion model predicted
the quantitative release within 40% and the relative half-life dependence
of the release-to-birth ratio.

The available fission gas release data cover a wide range of rod
fabrication variables and irradiation conditions: nondensifying and
densifying fuel, pressurized and unpressurized rods, and cycle average rod
powers ranging from 10 to 40 kW/m. Rod average burnups to 50,000 MWd/MTM
have been obtained for rods operating at low to moderate power levels
typical of those in normal reactor operation. The primary factor dictating
gas release is the thermal history of the rods which is a function of the
linear heat generation rate (LHGR). Thus, a local rise in the LHGR at some
point in the fuel lifetime may be expected to provide the driving force for
gas release. Another factor, burnup enhancement of gas release, is now
generally accepted. Measurements of current design PWR fuels have shown
that the gas release in pressurized rods is low, generally below two
percent (6.14.48). This low release arises from low fuel temperatures
which are a result of the lower LHGR (in smaller diameter rods) and the
higher gap conductance (in pressurized rods).

6.14.3.3 Rod Swelling, Ballooning and Rupture. A large number of
out-of-pile tests with electrically heated fuel rod simulators have been
performed to determine the magnitude and axial extent of the cladding
ballooning (6.14.49-54) during a LOCA. The single-rod out-of-pile tests
with unheated shrouds have indicated two temperature maximums in the
failure strain, approximately 28% total circumferential elongation (TCE)
in the alpha phase, and about 75% TCE in the beta phase, with a minimum
strain of about 17% TCE in the alpha plus beta phase transition
region (6.14.52-53). Those results indicate that coplanar blockage and
loss of coolability geometry is unlikely during a LOCA. An average TCE
of 72% is required to cause coplanar blockage.

As a part of the licensing process for an LWR, a licensee must include
an estimate of the fuel rod cladding ballooning and the possible rupture
that could occur during a postulated large-break LOCA. The key safety
issue involved is the postaccident coolability of the core; that is, can
ballooning and rupture lead to coplanar blockage and subsequent loss of
coolable geometry? Most of the cladding strain-to-failure correlations
used to date in the required analyses have been based on the results of the
single-rod out-of-pile tests. However, experiments were conducted in the
PBF, FR-2 (West Germany) and NRU'(Canada) to benchmark the out-of-pile data.

The PBF tests were conducted with both fresh and previously irradiated
fuel rods. The tests with fresh fuel rods produced results that are
similar to the out-of-pile results. However, the cladding strain of the
previously irradiated test rods was more uniformly distributed around the
cladding circumference and larger than for similar unirradiated
rods (6.14.51). Also, the deformation of the'irradiated rods extended over
a longer axial length. The increased circumferential strain in the
cladding of the previously irradiated fuel rods over extended axial lengths
was probably caused by three factors, each of which contributes'to a more
circumferentially uniform cladding temperature. These three factors are:
(1) moving of fuel pellets into concentricity by repeated pellet-cladding
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mechanical interaction caused by repeated power cycles (6.14.55-56),
(2) cladding collapse and (3) fuel fragmentation and relocation. Uniform
temperature distributions have been shown to permit increased cladding
strain (6.14.56).

The out-of-pile zircaloy ballooning and burst tests have also shown
that rod-to-rod thermal interactions within large bundles of fuels rods
reduce the local temperature differences on individual rods so that the rod
average TCE within a bundle may be quite large (6.14.49-50, 6.14.57-60).
In addition, grid spacers within a bundle will tend to concentrate the
ballooning in a plane just upstream of the grid, which increases the
probability of coplanar blockages in coolant subchannels.

The results from the PBF-LOCA tests suggest that the primary effect of
irradiation is to create a more uniform circumferential fuel-cladding gap
conductance, which leads to more ballooning. The burnup dependence of LOCA
ballooning has been investigated by the Federal Republic of Germany. No
influence of the degree of burnup on the deformation behavior was
detected. Fuel temperatures and fuel-to-cladding thermal gap conductances
have been determined to modest burnups during normal steady-state
operations. These measurements (and the models based on these
measurements) (6.14.61) indicate little change in fuel temperatures and
stored energy after the first few months (cycles) of irradiation until the
rods reach a point of significant fission product release. Since the
average stored energy does not change with burnup after some initial
burnup, it is unlikely that the circumferential variation in
pellet-to-cladding gap conductance changes either.

Although (a) the data on a PBF unirradiated single rod with an
unheated shroud are in good agreement with the out-of-pile data for single
rods tested in unheated shrouds, (b) the burst strains from the out-of-pile
bundle tests are considerably greater than the burst strains from single
rods tested in unheated shrouds, and (c) the burst strains of the
previously irradiated PBF rods were greater (at alpha phase temperatures)
than the burst strains of the fresh rods, it cannot be concluded that the
individual rod strains will be sufficient to block a significant number of
coolant subchannels during a large-break LOCA. The cooling effect of the
two-phase flow which is intensified during flooding increases the
temperature differences on the cladding circumference and limits in this
way the mean burst strains. Moreover, the thermal-hydraulic experiments
that have been performed with simulated blockages indicate that a loss of
significant coolability will not occur unless a very large number of flow
channels are completely blocked (6.14.62-63). The out-of-pile bundle tests
performed to date indicate that complete blockage is unlikely because ideal
shapes and perfect packing does not occur even when the TCE of the
individual rods is very large.

6.14.3.4 Oxidation-Induced Rod Embrittl'ement. The experimental' work'
on which the current cladding embrittlement criteria are based has been
reviewed and extended by Chung and Kassner (6.14.14) and
Parsons (6.14.64). Typical experiments were to heat zircaloy tubes in
steam either isothermally or through a predefined transient and at the

6.14-23



appropriate time to quench
either by spraying or by bottom flooding with cold water. The extent of
oxidation was expressed as the fractional wall thickness of zircaloy that
would be converted to stoichiometric zirconia if all the oxygen taken up
were combined with zircaloy to form ZrO2, i.e., a measure of the total Zr

reacted or total oxygen uptake without regard to the detailed reactions and
oxygen distribution in the cladding wall. The equivalent metal reacted for
the limited number of tests performed was found to correlate well with
survival or failure of the cladding in the thermal shock of rewetting. The
correlation is shown in Figure 6.14-8, which contains both the original U.S.
data and data derived at Springfields Nuclear Laboratories on SGHW sized
cladding. The U.S. data shows a clear division between fractured and intact
cladding above and below 17% equivalent metal reacted (EQMR) and hence 17%
EQMR was adopted as the embrittlement criterion. An additional criterion
imposed was that the maximum temperature should not exceed 2200'F. The
condition arose from the work of Hobson and Rittenhouse on the oxidation and
embrittlement of zircaloy cladding. Hobson and Rittenhouse (6.14.65) showed
that the growth of oxide plus alpha-Zr(0) phases, Xi, (brittle phases)
accelerated above 2200IF (12001). Hobson (6.14.66) also investigated the
effect of the extent of oxidation expressed as Fw, the fractional

thickness of the transformed beta phase, with the deformation response of
rings cut from oxidized tubes and tested (flattened) in compression at high
(0.25 in./min) and low (0.1 in./min) strain rates. For a given Fw, the

specimens exhibited less ductility as the temperature of the deformation
test decreased. The temperature at which the specimens broke in brittle
fashion (i.e., zero ductility), the temperature of the ductile-to-brittle
transition, was defined as the zero ductility temperature (ZOT). The
zircaloy tubes were oxidized on both sides for various times in the range
1700-25000F (927-13711C) and, for the specimens tested at the higher strain
rate, there was a good correlation between FW and ZDT. For specimens

tested at the slower strain rate, there was a correlation for specimens
previously oxidized up to 2200IF (12040C), but specimens oxidized at 2400'F
(13161C) were brittle at all values of Fw. Hobson concluded that the

embrittlement of zircaloy cladding is determined by the concentration and
distribution of oxygen in the beta phase, which is influenced to some extent
by the degree of formation of alpha incursions.

Further evidence (6.14.64) that the fracture toughness of zircaloy is
not uniquely dependent on total oxidation was obtained with SGHW cladding
with preformed nodular oxidation that survived quenching even though the
equivalent metal reacted was more than 20%. The oxide and alpha-Zr(0)
phases are extremely brittle; therefore the ability of cladding to resist
the shock forces depends on the ability of the beta phase to remain intact,
which in turn depends on the profile of diffused oxygen in the beta phase.

The particular character of transient, i.e., the parameters of time at
temperature during a LOCA, determine the eventual location of the oxide and
alpha-Zr(0) phase boundaries and also the amount and distribution of oxygen
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in the beta phase. Hence, the resultant mechanical properties of the
cladding depend on the details of the transient, i.e, the rates of heating
and cooling as well as the time at maximum temperature, and since the total
extent of reaction is a measure of oxidation that does not necessarily
reflect the above consideration, it is necessary to determine fracture
behavior in terms of the oxygen distribution.

The above discussion refers to the response of cladding to fracture
from the thermal shock forces in rewetting at the temperature of the
Leidenfrost point. The ability of cladding to remain intact when subjected
to the forces of seismic, hydraulic, and handling loads at ambient
temperature after a LOCA are a separate but related issue.

Embrittlement and Distribution of Oxygen in the Cladding Wall

Pawel (6.14.67) used ideal models of diffusion to calculate the oxygen
concentration profiles, the fractional saturation, and the mean oxygen
content in the beta phase of the oxidized specimens used by Hobson (6.14.66).

The observed embrittlement was correlated with the calculated oxygen
in beta-phase parameters, and it was suggested that the critical criteria
for the onset of room temperature brittleness was 0.7 wt% average oxygen or
95% saturation in the beta phase.

Sawatzky (6.14.68) measured the temperature dependence of the tensile
properties of oxidized Zircaloy-4 as a function of oxygen concentration,
cooling rate, maximum test temperature and oxygen distribution. It was
found that, at temperatures up to 8000C, the tensile properties were
essentially independent of maximum cladding temperature and cooling rate
but were dependent on oxygen distribution through the cladding wall. On
the basis of the results obtained, an interim oxygen embrittlement
criterion that the oxygen content should not exceed 0.7 wt% over at least
half the cladding thickness was proposed. This criterion is consistent
with the previously mentioned suggested criteria and applies to all
cladding thicknesses.

The relationship between various parameters that can be considered to
express the extent of oxidation of zircaloy and the fracture behavior of
zircaloy has been comprehensively studied by Chung and Kassner (6.14.14).
Lengths of zircaloy cladding (200 mm) containing alumina pellets and
pressurized with helium were heated isothermally in a flow of steam. The
cladding was cooled to below the alpha/beta transformation at a controlled
cooling rate and then quenched by bottom flooding with water. The widths
of the oxide and alpha/Zr(O) phases were measured and were used along with
a model of oxidation as data for a computer code calculation of oxygen
profile across the wall of the cladding. Several parameters describing
oxidation were computed, e.g., equivalent cladding reacted (ECR),
fractional saturation of the beta phase (FB), fractional thickness of the
beta phase (Fw), and thickness of the beta phase containing less than a

specified amount of oxygen. The mechanical response of the quenched tubes
was correlated with the above parameters and presented as a series of
failure maps that are reproduced as Figures 6.14-8 through 6.14-12.
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The cladding was cooled through the alpha/beta transformation
temperature either slowly (5 K/s) or quickly (approximately 100 K/s) by
direct quenching from the isothermal oxidation temperature. The cooling
rate modified the metallurgical structure of the cladding, which produced
slightly different mechanical behavior.

The correlation of fracture behavior and equivalent metal reacted
(EQMR) shown in Figure 6.14-9 shows that fast-cooled cladding is more
brittle than slow-cooled cladding and that, at lower maximum temperatures
of oxidation, the 17% EQMR criterion is very conservative. A single-valued
criterion is not apparent from the correlation of the fractional thickness
of beta phase (Fw) or from the fractional saturation of the beta phase

(FB) as shown in Figures 6.14-10 and 6.14-11. Chung and Kassner

concluded that a better correlation was in terms of a residual width of
beta phase containing less than a specified calculated concentration of
oxygen as shown in Figure 6.14-12. Cladding with less than a calculated
0.1 mm of beta phase with an oxygen concentration less the 0.9 wt% (fast
cooled) or 1.0 wt% oxygen (slow cooled) failed on rewetting. This
criterion was obeyed irrespective of the wall thickness, overall oxidation,
or maximum temperature of the oxidation exposure. The authors also report
that the location of fracture with respect to the perforation of the fuel
tube was temperature dependent. For tubes oxidized above approximately
13301C, the fracture occurred in the ballooned region whereas, at lower
temperature, a fin-cooling effect reduced the effective oxidation of this
area and fracture occurred away from the perforation.

Kassner and Chung (6.14.14) assessed the margin of performance of
ECCSs in LWRs against embrittlement criteria based on total oxidation and
on oxygen distributions. The ballooning and rupture of the cladding that
can occur during blowdown results in thinning of the cladding wall. The
resultant oxidation of the cladding will be a function of not only the time
at temperature in steam but also the nature of the wall thinning. Hence
the embrittlement of the cladding will be influenced by wall thinning.
Kassner and Chung calculated the wall thinning for the peak temperature
nodes and rupture nodes from double-ended guillotine breaks in two PWRs
from data on circumferential straining of cladding in single-pin and
multirod burst tests. The influence of wall thickness ratio on the
embrittlement criteria, equivalent cladding reacted (EQMR), thickness of
transformed beta phase with less than 0.9 wt% oxygen was calculated for the
peak temperature and rupture nodes and the two types of transient
considered during single- and double-sided oxidation. The results,
summarized in Table 6.14-2, show the conservatism in the criterion based on
total oxidation in transients not exceeding approximately 12001C in that,
for an average circumferential strain of approximately 38% and two-sided
oxidation of the cladding at the peak temperature node, the EQMR parameter
is 26% and 22.5%, i.e., failure, and the thickness of the transformed beta
phase with less than 0.9 wt% oxygen is 0.25 mm and 0.28 mm, i.e., no
failure in either of the transients. For one-sided oxidation, neither
criterion indicates failure.

6.14-27



Cladding maximum temperature (OC)
1400 1600 18001000 1200 2000 2200

100
I l l l l l

90 _ Failure
boundary
for slow-
cooled cladding

Fast-cooled
Intact Failed

0 0Be80

! 70

cE 60
CD

0'O50
z

~40
0
> 30
0~cr

us 20~

This study
Hesson et al
Scatena_-

0
a

4
a

1-

_ So0
0

_-

_-

0 -o-.2 5O.% I
-0o. - - _5

J i 0' Uae

- _*&_ 0- __

170/ limit

_ _. _l- _

10 i 00
00 oo

a

I I I l0 o-c.. P----1 _

1200 1400 1600 1800 2000 2200 2400 2600
Cladding maximum temperature (K)

6 9494

Figure 6.14-9. Thermal-shock failure map for zircaloy-cladding
bottom flooded with water at the oxidation
temperature relative to the equivalent-cladding-
reacted parameter and maximum oxidation temperature
after rupture in steam. The best-estimate failure
boundary for cladding that was slow cooled through
the At transformation before flooding with
water and the data of Hesson et al. and Scatena are
shown for comparison.
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TABLE 6.14-2. SUMMARY OF CLADDING OXIDATION PARAMETERS AND PERFORMANCE LIMITS FOR THE ECCS IN TWO PWRs FOR A
DOUBLE-ENDED GUILLOTINE BREAK IN THE PUMP DISCHARGE LEG

Clad Oxidation Parametersa

Design
Reactor Basis
Plant Accident

Two-Side Oxidation

OS 0.8 DEGPLD

17%
ECR

Node (s)

tf

IsL

500

475
100

ECR L(0.7)
(X) (MM)

0.25

0.28
0.30

Total
Oxidati

17%

0.6!

0.7C
4.2(

Performance Limitsb

0.3 Joule I
I Impact,
ion, L(O.7)

0.3 _

.a PCT 275

CF 1.0 DECLG PCT 325
RUP --

26.0

22.5
4.0

0.25

0.28
0.30

5
i

0.83

0.93
1.00

Thermal
Shock
L(0.9)

0.1

2.5

2.8
3.0

One-Side Oxidation

OS 0.8 DEGPLD

CF 1.0 DECLG

PCT

PCT

__ 500 13.5

-- 475 11.5

0.34

0.35

0.34

0.35

1.26

1.48

1.10

1.17

3.4

3.5

a. Values computed from the oxidation model reported in ANL-79-48, NUREG/CR-1344.

b. Value of >1 indicates performance limit is met.
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Embrittlement Below Thermal Shock Temperatures

In thermal shock, the maximum loading occurs in the range
475-6000C (6.14-14). At these temperatures and the cooling rates
associated with quenching, hydrogen is in solution and has little effect on
the fracture resistance of oxidized zircaloy.

Hydraulic, seismic, and handling forces, essentially impact forces,
may be imposed at lower temperatures, e.g., 100-2001C where dissolved
hydrogen or precipitated ZrH2 may influence the fracture characteristics

of oxidized cladding. The volume fraction of hydride precipitated is
strongly influenced by the cooling rate. In consideration of possible
fragmentation from such forces, Chung and Kassner (6.14.14) measured the
impact, diametral tube compression, and tensile properties at ambient
temperature of undeformed and deformed and ruptured oxidized cladding that
had survived thermal shock. The combined effects of wall thinning,
oxidation, and hydrogen uptake are represented in these mechanical property
measurements. Within the beta phase as the Zircaloy cools through the
beta-to-alpha and beta-to-alpha + ZrH2 transformation, oxygen tends to

concentrate in the alpha-Zr(O) phase and hydrogen precipitates or diffuses -
to the oxygen-depleted regions of the beta phase. It was found that oxygen
distribution of the beta phase and hydrogen content of the cladding were
the greatest influences on the impact failure properties. The resistance
to fracture is determined by the amount of low-oxygen beta phase and its
ductility, which in turn is influenced by the hydrogen content. Data on
the combined effect of oxygen and hydrogen on the impact properties of
zircaloy are not available; thus Chung and Kassner (6.14.14) correlated the
failure in impact with the beta phase thickness, the hydrogen content, and
the calculated centerline oxygen content of the beta phase. The capability
of oxidized cladding to withstand an impact energy of 0.3 J at ambient
temperature was found to be best correlated in terms of the beta-phase
thickness containing less than 0.7 wt% oxygen as shown in Figure 6.14-13.
The hydrogen concentration in the specimens used for this correlation did
not contain ±2200 ppm hydrogen. However the influence of oxygen and
hydrogen on the Charpy impact properties of homogeneous zircaloy containing
a range of oxygen and hydrogen contents was measured and these and other
data were used to conclude that hydrogen concentration as large as 2000 ppm
along with oxygen would not cause a significant change in ambient impact
failure characteristics.

Although the magnitudes of hydraulic, seismic, and fuel handling loads
have not been accurately estimated, Chung and Kassner consider the
magnitude of the 0.3 J impact loading is a reasonable approximation to such
post-LOCA low-temperature cladding loadings.

Until a quantitative assessment of impact loadings at lower
temperatures is available and since the impact failure data and measured
and calculated properties from the diametral compression tests are
essentially an indication of material toughness for a given known load, the
low-temperature impact criterion is cited as an interim criterion.
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In conclusion Chung and Kassner recommend two embrittlement criteria:

1. For cladding to have the capability to withstand thermal shock
during reflood, the calculated thickness of the cladding with
less than 0.9 wt% oxygen based on the average wall thickness at
any axial location shall be greater than 0.1 mm

2. For cladding to have the capability to withstand fuel handling
transport and storage, the calculated thickness of the cladding
with less than 0.7 wt% oxygen based on an average wall thickness
of any axial location shall be greater than 0.3 mm.

The above criteria are applicable irrespective of the oxidation
temperature, the initial cladding wall thickness, and the wall thickness
that results from ballooning and deformation.

It should be emphasized that the criteria as suggested are based on
oxygen profiles calculated for the isothermal oxidation of the experimental
cladding using an equilibrium ideal diffusion model of oxidation rather
than on experimental measurements of oxygen profiles in the residual
transformed beta phase of oxidized cladding.

Kawasaki, Furuta, and Uetsuka (6.14.69-72) have investigated the
fracture of cladding oxidized and ruptured in flowing steam in which
hydrogen uptake accompanied oxidation. At 1000C, the ductility of the
cladding was significantly degraded by the hydrogen. Figure 6.14-14 shows
the relationship between the time-temperature parameters of the oxidation
and the associated integrated energies obtained from the load/deflection
curves to the point of maximum load (related to initial cracking) above and
below 0.3 J. These were obtained from diametral tube tests at ambient
temperature by Chung and Kassner and from ring specimens compressed at
1001C by Kawasaki et al. The 1001C ring specimens show a lower failure
boundary in terms of time at temperature to achieve failure than that of
Chung and Kassner. However, Chung and Kassner point out that the different
experimental techniques of heating, direct resistance (Chung and Kassner)
and furnace (Kawasaki et al.) result in large temperature differences in
the ruptured region by fin-cooling of resistance-heated tubes, and such
regions have lower oxygen and hydrogen uptake. If the failure
characteristics are evaluated in terms of the material parameters, i.e.,
the oxygen distribution and hydrogen uptake instead of time at an apparent
temperature, the failure boundaries are similar.

Williford (6.14.73) has reviewed embrittlement criteria and defined
some statistically based conservatisms (margins) in those criteria.

Comparison of In-Reactor and Out-of-Reactor Embrittlement

The embrittlement of in-reactor oxidized and quenched cladding has
been studied in the Irradiated Experiments (IE series) and the Power
Cooling Mismatch (PCM series) fuel behavior tests in the PBF reactor at
INEL (6.14.15). The fuel rods were subject to cycles of film boiling
operation at full coolant pressure. Subsequent quenching produced cooling
rates of approximately 100 K/s. Some failures were observed after
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quenching; other failures occurred on handling. The cladding was oxidized
on the outer surface by steam and on the inner surface by UO2.

The nature and kinetics of oxidation of zircaloy by UO2 has been

characterized by Hofmann et al. (6.14.74) and Parsons et al. (6.14.75);
oxygen embrittlement of the inner surface is considered approximately
equivalent to that occurring from steam oxidation on the outer surface.
In-reactor equivalent isothermal film boiling temperatures were calculated
using observed posttest phase thicknesses and an ideal diffusion oxidation
code COBILD. The various oxidation reacted embrittlement criteria
previously considered were determined, and Haggag (6.14.15) compared the
data obtained with the out-of-reactor embrittldment data obtained by Chung
and Kassner (6.14.14) for cladding quenched at a similar cooling rate,
i.e., approximately 100 K/s.

Haggag concluded that the FW < 0.5 and the EQMR = 17% criteria

poorly predict thermal shock failure and do not predict handling failure at
all. The in-reactor thermal shock failure was predicted by the Chung and
Kassner criterion of 0.1 mm of beta phase with 0.9 wt% oxygen. The
handling failures resulting from in-reactor tests were confined to two rods
in which the cladding experienced film boiling in the breached condition
and the handling failure of these rods was not predicted by any criterion.
These rods were considered to be embrittled to a greater extent than intact
rods oxidized for similar time/temperature parameters. Hydride platelets
were observed in the microstructure of these rods, and it is
suggested (6.14.76) that hydrogen influenced the fracture resistance.
Chung (6.14.77), however, points out that the calculation of the beta-phase
oxygen concentration gradient cannot be carried out very accurately for
zircaloy experiencing cycles of nonisothermal film boiling transients and
thus comparisons are difficult. It was also noted that Pawel's criteria of
95% saturation and 0.7 wt% oxygen in beta phase accounted for all failures
except the PBF handling failure and one ANL handling failure but did not
distinguish between the two phenomena. Haggag finally recommended that the
Chung and Kassner criteria be used for predicting failure either by thermal
shock or handling for severe fuel damage experiments, i.e., beyond design
basis LOCAs; a comparison of the in-reactor and out-of-reactor data for the
two embrittlement criteria are shown in Figures 6.14-15 and 6.14-16.

Calculation of Transient Oxidation Embrittlement

The equivalent metal reacted may be calculated in a manner similar to
the hydrogen generation in order to assess the embrittlement of the
cladding with respect to the 17% EQMR criterion. However, for the
calculation of the detailed distribution of the oxygen in the beta phase
for the assessment of embrittlement in terms of the Chung and Kassner
criteria it is necessary to use more sophisticated techniques and more
fundamental oxygen transport data. Transient oxidation may be computed
using isothermal oxidation data be approximating the transient to a series
of small isothermal steps, the sum of the isothermal oxidations
representing the total oxidation of the transient.
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For the prediction of intact survival and fragmentation of fuel
cladding in thermal shock due to rewetting, the embrittlement criterion
based on the total oxidation (equivalent cladding reacted) has been shown
to be conservative, particularly at low maximum oxidation temperatures and
also if significant wall thinning occurs. Embrittlement as defined by the
total oxidation criterion can be calculated for design basis
loss-of-coolant accidents by application of the available parabolic rate
constants for the zircaloy-steam reaction.

An embrittlement criterion based on the distribution of oxygen through
the cladding wall that adequately defines out-of-reactor and in-reactor
embrittlement in thermal shock has been established. A similar criterion
also adequately defines resistance to ambient impact of 0.3 J, thought to
be a reasonable approximation to post-LOCA quench ambient impact loads.
The criteria based on oxygen distribution are dependent of the maximum
oxidation temperature, the initial cladding thickness, and the wall
thinning resulting from ballooning deformation. Better definition of
post-LOCA quench impact forces likely to arise from reflood, handling,
storage, transport, and seismic events would improve confidence in the
above criterion. Difficulties in the application of the suggested
embrittlement criteria based on oxygen distribution arise from the present
shortage of well-validated calculational techniques for predicting oxygen
distribution in cladding after transient oxidation.

Computer codes have been developed, e.g., MULTRAN/SIMTRAN, using
models of transient oxidation to calculate the distribution of oxygen and
the distribution of temperature in the cladding wall. Further work is
needed to improve the calculation of oxygen profiles in the beta phase
after rapid heating and cooling.

Analyses of the in-pile and out-of-pile results lead to the following
observations:

1. Chung and Kassner's (6.14.14) embrittlement criterion for thermal
shock (thickness of the cladding with <0.9 wt% oxygen should be
greater than 0.1 mm) fits the in-pile data.

2. Three PBF handling failures were not predictable by Chung and
Kassner's criterion for handling failure (thickness of the
cladding with <0.7 wt% oxygen should be greater than 0.3 mm).
These failures were from two rods operated during film boiling
testing with breached cladding that exhibited a modified prior
beta microstructure and enhanced hydrogen absorption
(300 ppm H2) due to stagnant steam within the test rods.

3. Pawel's (6.14.78) criteria of 95% oxygen saturation of beta
zircaloy and 0.7 wt% oxygen in the beta zircaloy accounted for
all the thermal shock and most of the handling fractures in both
the in-pile and out-of-pile experiments. The three PBF handling
failures not predicted by Pawel's embrittlement criteria are from
the two test rods that operated with breached cladding during
film boiling testing; they are the same three failures not
predicted by Chung and Kassner's criterion for handling failure.
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4. PBF rods that operated with breached cladding during film boiling
testing were embrittled to a greater extent than intact rods
oxidized under similar conditions. The handling fractures of
those rods were not predicted by any of the embrittlement criteria.

5. The failure boundary (based on time at oxidation temperature for
thermal shock) for out-of-pile data is more conservative than
that drawn for the limited number of in-pile quenching failures.

6.14.4 Conclusions

After Appendix K was established, experimental and analytical programs
have been completed that provide an increased understanding of fuel rod
performance during both the heatup and reflood periods of a LOCA. The
results of these programs have provided a significant amount of information
in the following areas: (a) heat transfer across the fuel-cladding gap,
(b) rod ballooning and rupture, and (c) oxidation induced rod embrittlement.

Experimental results show that fuel pellets crack, relocate, and are
eccentrically positioned within the cladding. As a result, the heat
transfer across the fuel-cladding gap is significantly greater than what is
calculated when the fuel pellets are modeled as solid concentric cylinders.

Experimental results show that the extent of cladding ballooning is
increased as the circumferential temperature variation of the cladding is
decreased. Factors that influence the circumferential temperature
variation are: (a) circumferential variation in the size of the
fuel-cladding gap, (b) rate of heatup, (c) distance from cold walls, and
(d) grid spacers.

Experimental results show that cladding embrittlement'is a function of
the oxygen content in the unoxidized portion of the cladding. The
embrittlement criterion for thermal shock (thickness of the cladding with
<0.9 wt% oxygen should be greater than 0.1 mm) fits the in-pile data.
For cladding to have the capability to withstand fuel handling transport
and storage, the calculated thickness of the cladding with less than
0.7 wt% oxygen should be greater than 0.3 mm. In addition to oxidation,
embrittlement may be caused by hydrogen absorption due to stagnant steam
within the rods. This source for embrittlement was observed in fuel rods
with breached cladding operated at high power with film boiling.

Based on the experimental results, Chung and Kassner embrittlement
criterion is recommended for predicting fuel rod cladding failure due to
thermal shock or handling of embrittled cladding. The fraction of the
0.6-mm-thick cladding that has oxidized and the oxygen content of the
oxidized cladding can be calculated based on time at temperature.
Operation with breached cladding is so infrequent that it is unimportant.
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6.15 Control Rod Performance

Knowledge about control rod behavior during a large break LOCA was
limited when the ECCS rule was developed in 1972. Appendix K specifies
that fuel rod geometry changes must be taken into account. One influence
on the fuel rods can be the control rods. Control rods are made of
silver-indium-cadmium (Ag-In-Cd). Information from experiments conducted
at high temperatures indicates that Ag-In-Cd control rods may be damaged
during a LOCA and might affect core coolability upon reflood.

6.15.1 Phenomena

Many existing PWRS operate with Ag-In-Cd control rods. Pellets of the
alloy are stacked and clad in a stainless steel tube. This stainless steel
rod is then inserted into a core guide tube which is made of stainless
steel or zircaloy depending on the particular design.

Control rod failure has been observed to be a function of the control
rod design (6.15.1). In a large break LOCA, stainless steel clad Ag-In-Cd
control rods in zircaloy guide tubes fail around 21381F (1443 K) as a
result of thermal expansion, contact and chemical interaction between the
zircaloy and the stainless steel. In a large break LOCA, stainless steel
clad control rods in stainless steel guide tubes would fail at about 25521F
(1673 K) slightly below the melting point of stainless steel [2636OF
(1720 K)] because of both internal pressurization of the rod by the helium
backfill gas and cadmium vaporization and a yielding of the soft stainless
steel (6.15.2-3). In a small break LOCA, the high system pressure reduces
the pressure differential across the control rod and hence delays failure
until stainless steel melting is reached independent of the guide tube
design.

Based on these results, in a large break LOCA only control rod designs
that use zircaloy guide tubes have the potential to threaten core
coolability. However, several factors can mitigate the degree to which
control rod degradation would occur in a design basis accident. In most
DBA analyses, usually only the hot assembly approaches the 22001F
temperature limit. The other assemblies in the core remain a few hundred
degrees cooler. As a result, the potential for control rod degradation
would be limited to the hot fuel assembly. If the one hot assembly is
calculated to approach 22000F, it is not clear that control rods, if
present in that hot assembly, would reach the same temperature.

6.15.2 Predictive Models

A model is presented in Reference 6.15.1 to describe the behavior of
Ag-In-Cd control rods in reactor accidents. This model (VAPOR code) uses
four components to calculate (1) the rate at which molten alloy leaves the
control rod, (2) the velocity and film thickness of the alloy as it flows
down the control rod guide tube, (3) the vaporization rate into the
counter-current gas flow, and (4) chemical interactions between the
zircaloy, silver, and indium. The code showed that control rod failure is
a function of system pressure.
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6.15.3 Experiment Results

Recent information from experiments in the NIELS facility at
Kernforschungszentrum Karlsruhe (KfK) in Germany (6.15.4), using zircaloy
guide tubes and stainless steel control rods show that, at low pressure,
failure can occur around 21381F (1443 K). This failure is probably due to a
eutectic reaction between stainless steel and zircaloy. The iron-zircaloy
and nickel-zircaloy phase diagrams predict that a eutectic reaction can
happen around 17360F (1220 K). Although the observed zircaloy guide tube
failures are less violent than those that would occur in a stainless steel
guide tube, they may, in the long run, cause more damage to the rest of the
core because the failure has been observed to be a small hole in the zircaloy
and stainless steel that allows the Ag-In-Cd alloy to spray out onto the hot
fuel rods. This alloy is liquid at about 14301F to 15200F (1050 to 1100 K).
All the liquid above the hole was expelled during the experiment and then was
observed to flow to the bottom of the rod bundle and block the inlet. Ag
also has a eutectic reaction with zircaloy and has been observed to erode or
melt the zircaloy cladding.

6.15.4 Conclusions

The potential for control rod degradation in a LBLOCA is low.
Nevertheless, detailed thermal-hydraulic analysis should be conducted to
determine control rod temperatures expected during a LBLOCA and thus verify
that these mitigating circumstances do occur.. In the event that the failure
temperature of 21380F (1443 K) is exceeded then the potential flow blockage
resulting from control rod failure needs to be included in the modeling of
reflood heat transfer to assess core coolability.
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7. PROBABILISTIC RISK ASSESSMENT RESULTS AND PERSPECTIVES

The first major application of probability and risk assessment
techniques to a nuclear power plant, the Reactor Safety Study (WASH-1400)
(Reference 7-1), was completed in 1975 shortly after the 10 CFR 50.46 and
Appendix K requirements were published. Since then, probabilistic risk
assessment (PRA) programs by the NRC and the nuclear industry have improved
the methodology and created an extensive PRA information base. Based on
these PRA programs and results, this chapter provides a PRA perspective on
LOCAs, on ECCS, and on potential plant changes that may result with the
revision of the ECCS rule. First, however, some background is provided on
PRA and the special insights that the PRA perspective can provide.

7.1 Introduction/Background on PRA

NUREG-1050, Probabilistic Risk Assessment (PRA) (Reference 7-2),
defines PRA as follows:

"PRA is an analysis that: (1) identifies and delineates the
combinations of events that, if they occur, will lead to a severe
accident (i.e., severe core damage or core melt) or any other
undesired event; (2) estimates the frequency of occurrence for each
combination; and (3) estimates the consequences. As practiced in the
field of nuclear power, PRAs focus on core-melt accidents, since they
pose the greatest potential risk to the public. The PRA integrates
into a uniform methodology the relevant information about plant
design, operating practices, operating history, component reliability,
human actions, the physical progression of core-melt accidents, and
potential environmental and health effects, usually in as realistic a
manner as possible."

The information produced by a PRA supports quantitative manipulation
of the various factors included in the assessment. This allows the
development of various measures of importance for these factors which
provide insight as to which events, systems, faults, and/or phenomena are
most significant to plant risk (e.g., LOCAs, ECCS). Furthermore, because
PRA encompasses and integrates most elements that contribute to plant risk,
the complex interrelationships of plant systems can be included in insights
that can be drawn from PRA results. For example, even though the ECCS rule
revision concerns LOCAs, the risk impact on other transient events that may
result from potential plant changes will be identified and included in the
PRA perspective.

PRA also provides another important insight on plant risk. PRA
quantifies risk based on our understanding of the various factors and
phenomena associated with plant and system response. As our understanding
has evolved due to continuing experimentation and analysis, so have the PRA
results. Therefore, PRA results can be examined to assess the evolution of
the importance of LOCAs and ECCS to plant risk.
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When examining plant risk, it is important to distinguish between the
actual risk and our perception of risk, as the latter is determined by PRA
methodology, with its inherent limitations. This is especially important
since the ECCS rule could affect both the actual risk and our perception of
risk, depending on the implementation at particular plants. For example,
the use of best-estimate analytical techniques for evaluating ECCS
performance may substantially reduce our perception of risk without
affecting the actual risk by simply identifying the excess safety margins
that presently.exist. Better calculations will, of course, tend to drive
our perception of risk more correctly toward the actual risk. Plants may
affect the actual risk by making changes based on best-estimate
calculations of ECCS performance. The impact on the actual risk or our
perception of risk will, therefore, be plant-specific, and will depend on
how the.revision of the ECCS rule is implemented at individual plants.

In the remainder of this chapter, Section 7.2 discusses the importance
of LOCAs and ECCS in previous risk assessments and the evolution of PRA
methodology and how it affects our perception of the risk impact of the
ECCS rule revision. Section 7.3 examines potential plant changes that may
result from the revised ECCS rule and their possible risk impact.
Section 7.4 contains some example calculations that illustrate the possible
impact of several specific changes on plant risk at two specific plants.
The impact of potential changes on containment loads, source terms, and
offsite consequences are qualitatively discussed in Section 7.5.
Section 7.6 contains conclusions.

7.2 Historical Perspective of LOCA and ECCS Importance in PRAs

Since the publication of the Reactor Safety Study (WASH-1400) in 1975,
an extensive PRA information base has been developed from which the
importance of LOCAs and ECCS to plant risk can be determined. Both the NRC
sponsored Accident Sequence Evaluation Program (ASEP) and the nuclear
industry sponsored Industrial Degraded Core Rulemaking (IDCOR) Program have
collected and summarized findings and insights from past PRAs.
Documentation of the methodology and results of the ASEP and IOCOR
summaries can be found in References 7-3 through 7-6. Table 7-1 lists the
PRA studies included in the ASEP and IDCOR summaries. The PRAs in
Table 7-1 cover the spectrum of reactor vendors (GE, W, B&W, and CE) and
containment types (large dry, subatmospheric, ice condenser, Mark I, II,
and III) and include old and new plants.

Since WASH-1400, there has also been a significant evolution of PRA
methodology as a better understanding of the factors and phenomena
associated with plant and system response has been achieved. Both the
IDCOR Program (Reference 7-7) and the ongoing ASEP and Severe Accident Risk
Rebaselining and Risk Reduction Program (SARRP) (References 7-8 and 7-9)
have rebaselined or updated earlier PRAs to reflect the latest PRA
methodology.
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TABLE 7-1. PRA STUDIES INCLUDED INASEP AND IDCOR SUMMARIES

Study

Surry 1 (WASH-1400)

Sequoyah 1 (RSSMAP)

Oconee 3 (RSSMAP)

Calvert Cliffs 2 (RSSMAP)

Crystal River 3 (IREP)

ANO-1 (IREP)

Zion 1 & 2 Rev. 1 (Utility)

Indian Pointa 2 & 3 Rev. 0
(Utility)

Date of Publication

1975

2/81

5/81

10/81

12/81

6/82

9/82

1982

Reactor Type

PWR-W

PWR-W

PWR-B&W

PWR-CE

PWR-B&W

PWR-B&W

PWR-W

PWR-W

Peach Bottom 2 (WASH-1400) 1975 BWR-GE

Grand Gulf 1 (RSSMAP) 10/81 BWR-GE

Browns Ferry 1 (IREP) 7/82 BWR-GE

Limerick 1 & 2 (Utility) 9/82 BWR-GE

Millstone 1 (IREP) 2/83 BWR-GE

a. Included in IDCOR summary only, all others included in both ASEP and
IDCOR summaries.
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Based on the past PRAs in Table 7-1 and the recent IDCOR rebaselining
and ASEP and SARRP update work, Section 7.2.1 examines the importance of
LOCAs to plant risk and Section 7.2.2 examines the importance of ECCS to
plant risk. The LOCA and ECCS importance discussed in this section is
based on their relative contribution to calculated plant risk measures
available from PRA studies. In Section 7.2.3, the evolution of PRA
methodology is generally discussed, illustrating how in recent PRAs
best-estimate assumptions are already being used to improve our perception
of risk and better estimate the actual plant risk.

7.2.1 PRA Insight on LOCA Importance

The LOCA importance to plant risk is assessed in this section for BWRs
and PWRs. Because the revision to the ECCS rule potentially affects the
analysis of both LOCAs caused by pipe breaks (large, medium, and small)
and transient-induced LOCAs (e.g., stuck open or inadvertently open relief
valves, reactor coolant pump seal failure), both are included in the
assessment of the importance of LOCAs to plant risk.

LOCA importance is measured both in terms of the contribution of LOCAs
to the dominant sequence core damage frequency and the major release
frequency. Dominant sequences are those sequences that together account
for a major percentage (i.e., greater than 90%) of the total core damage
frequency. Major release frequency, as used here, refers to the frequency
of those sequences which are predicted to result in the most severe
consequences. Specifically, in the case of most of the PWRs (i.e., Surry
RSS, Sequoyah RSSMAP, Oconee RSSMAP, Calvert Cliffs RSSMAP, Crystal River
IREP, and ANO-1 IREP) this refers to sequences predicted to result in
releases in Release Categories PWR-1, PWR-2, or PWR-3 as defined in
WASH-1400. In the case of the Zion and Indian Point studies this refers to
sequences predicted to result in releases in the 2 and 2R release
categories for Zion and the 2 and 2RW release categories for the Indian
Point studies. Similarly, in the case of most of the BWRs (i.e., Peach
Bottom RSS, Grand Gulf RSSMAP, Browns Ferry IREP, and Millstone IREP) the
major release frequency sequences are those predicted to result in releases
in Release Categories BWR-1 and BWR-2 as defined in WASH-1400. In the case
of the Limerick study, the major release frequency sequences are those
predicted to result in releases in the five release categories for which
specific consequence calculations were performed. For the IDCOR rebaseline
analysis, the major release frequency sequences are those which are
predicted to result in releases in consequence bins (similar to release
categories) 1, 2, or 3 for Peach Bottom or 1, 2, 3, 4, or 5 for Sequoyah.
In the case of the ASEP and SARRP major release frequency, the specific
sequences were identified based on the preliminary consequence results.

The following discussion on LOCA importance to core damage and major
release frequency only includes sequences developed for internal initiating
events. The discussion does not encompass external events (e.g.,
earthquakes, fires, floods). For those PRAs that have included external
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events (i.e., Limerick, Zion, and Indian Point 2 and 3), it has been found
that:

1. Pipe-break LOCAs induced by external events (e.g., earthquakes)
are insignificant contributors to the core damage frequency or
major release frequency.

2. Reactor coolant pump seal LOCAs in PWRs caused by external events
have been shown to be significant contributors to the core damage
frequency and major release frequency. The reactor coolant pump
seal LOCA sequences are highly plant dependent and primarily
result from the common cause failure of core coolant makeup
systems (e.g., by fire, by structural failures). Potential
changes that may result from the ECCS rule would not likely
affect the frequency of these external event sequences.

The interfacing LOCA sequence (V) (i.e., a rupture of low pressure
ECCS piping due to overpressure resulting from failure of the valves
serving to isolate the low pressure ECCS from the high pressure reactor
coolant system) is also not considered to be a LOCA sequence for the
purpose of this discussion. This event is not a design basis accident and
would not be impacted by the ECCS rule revision.

LOCA importance is examined below first based on the ASEP and IDCOR
summaries of past PRAs shown on Table 7-1. A comparison of the LOCA
importance from these early PRAs to recent IDCOR rebaselined PRA results
and preliminary results of the ASEP and SARRP PRA updates is then made to
determine if there are any significant differences due to changes in the
PRA methodology. Conclusions are then presented.

7.2.1.1 BWRs. Tables 7-2 and 7-3 identify the percentage
contribution of each LOCA size and type to the dominant sequence core
damage frequency and the major release frequency, respectively, for the
five PRAs performed on BWRs included in the ASEP and IDCOR reviews. As
shown, pipe-break LOCA sequences were found to contribute 4% or less to the
dominant sequence core damage frequency and the major release frequency of
each plant, with the exception of the Grand Gulf RSSMAP. One small LOCA
sequence in the Grand Gulf RSSMAP study (Reference 7-10) accounts for
approximately 14% of the core damage and major release frequency due to
inadequate long term suppression pool cooling caused by RHR system and RHR
support system failures. However, based on alternative means of
suppression pool cooling, the IDCOR evaluation (Reference 7-7) and the
NUREG-1150 evaluation (Reference 7-11) of this Grand Gulf LOCA sequence
reduced its contribution to much less than 1% of the core damage and major
release frequency.

Tables 7-2 and 7-3 also show that transient-induced LOCAs can be
significant contributors to the core damage and major release frequency in
some BWRs. In the Millstone study the major causes of the high
transient-induced LOCA sequence frequency (i.e., T4J: loss of offsite -
power - stuck open relief valve (SORV)) are operator failure to manually
depressurize and/or failures in the gas turbine generator or various
electrical breakers. Results of best-estimate ECCS analyses are unlikely
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TABLE 7-2. CONTRIBUTIONS OFLOCAS TO DOMINANT SEQUENCE CORE DAMAGE
FREQUENCY IN BWRS

Plant
(1)

Peach Bottom

Grand Gulf

Browns Ferry

Total Core Damage
Frequency

(2)

3.OE-5

3.5E-5

2.OE-4

Large
LOCAs

0.4%

NC

NC

Mledium Small
.OCAs LOCAs

0.8% 0.8%

-- 14%

NC NC

Transient
Induced LOCAs

II

I

22%

6%

12%Limerick 1.4E-5 NC NC NC

Millstone 3.3E-4 NC NC 1% i

-- Not included in study.
NC No contribution to dominant sequence core damage frequency.
(1) See Table 7-1 for study type and date.
(2) Excluding sequences resulting from external initiating events.

TABLE 7-3. CONTRIBUTIONS OF LOCAS TO MAJOR RELEASE FREQUENCY IN BWRS

Plant
(1)

Peach Bottom

Grand Gulf

Browns Ferry

Major
Release Frequency

(2)(3)

3.6E-6

3.4E-5

3.9E-5

Large
LOCAs

1%

NC

NC

Medium
LOCAs

2%

Small
LOCAs

2%

14%

NC

Transient
Induced LOCAs

16%

6%NC

Limerick 6.6E-6 NC NC NC 13%

Millstone 8.2E-6 NC NC 4% 28%

-- Not included in study.
NC No contribution to major release frequency.
(1) See Table 7-1 for study type and date.
(2) Major release frequency sequences are those which are assigned to the

major consequence release categories (the five release categories for
which CRAC runs were made for the Limerick study and BWR-1 and BWR-2
for all others).

(3) Excluding sequences resulting from external initiating events.
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to significantly affect these failures. The Grand Gulf transient-induced
LOCA sequence frequency is dominated by failure to provide long term
suppression pool cooling. The rebaselined IDCOR evaluation has shown that,
as in the case of the small LOCA sequence above, consideration of
alternative means of suppression pool cooling reduces this sequence
frequency by two orders of magnitude. Therefore, although
transient-induced LOCA sequences in BWRs have been found to be significant
contributors to the core damage and major release frequency in some BWR
PRAs, best-estimate ECCS analyses are unlikely to significantly affect the
relative importance of these sequences to the total core damage frequency
or the major release frequency.

7.2.1.2 PWRs. LOCA sequences were found to be large contributors to
the dominant sequence core damage frequency and major release frequency at
each of the plants except Calvert Cliffs (see Tables 7-4 and 7-5). The
Calvert Cliffs study indicated that both core damage and major release
frequency were dominated by transient events due to design weaknesses in
the auxiliary feedwater system at the time of the study. Excluding the
Calvert Cliffs results, the percent contribution to dominant sequence core
damage frequency from pipe-break LOCAs ranges from a high of 96% in the
Indian Point 3 study to a low of 24% in the ANO-1 study. The percent
contribution to major release frequency from pipe-break LOCAs ranges from a
high of 78% in the Sequoyah study to a low of 0.3% in the Indian Point 2
study. In each of the studies, large and medium LOCA size initiating
events contribute less than 19% and 29%, respectively, to the dominant
sequence core damage frequency. Also, in each of the studies, large and
medium LOCA size initiating events contribute less than 2% and 10%,
respectively, to the major release frequency. The percent contribution to
dominant sequence core damage frequency from sequences involving the
smallest size pipe-break LOCAs modeled in each plant study range from a
high of 72% in the Indian Point 3 study to a low of 17% in the Indian
Point.2 study. The percent contribution to major release frequency from
sequences involving the smallest size pipe-break LOCAs modeled in each
plant study range from a high of 72% in the Crystal River study to a low of
0.1% in the Indian Point 2 study.

Transient-induced LOCAs in PWRs include both stuck open or
inadvertently open PORV and reactor coolant pump seal failures.
Transient-induced stuck open or inadvertently open PORV sequences were not
included in the Surry or Sequoyah studies. Transient-induced seal LOCA
sequences were included only in the Zion and Indian Point studies.
Transient-induced LOCAs when considered in the studies range in
contribution from a high of 50% of the dominant sequence core damage
frequency in the Indian Point 2 study to only 1% in the Crystal River
study. Transient-induced LOCAs ranged in contribution to the major release
frequency from 49% in the Indian Point 2 study to a low of 0.1% in the Zion
study.

In general, LOCA sequences are less important contributors to major
release frequency than to core damage frequency. This is primarily due to
the fact that generally containment failure occurs much later than vessel
breach following most of the dominant LOCA sequences. The time between
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TABLE 7-4. CONTRIBUTIONS OF LOCAS TO
FREQUENCY IN PWRS

DOMINANT SEQUENCE CORE DAMAGE

Plant
(1)

Surry

Sequoyah

Oconee

Calvert Cliffs

Crystal River

AND-1

Total Core Damage
Frequency

(2)

4.4E-5

5.7E-5

7.3E-5

2.OE-3

3.6E-4

4.7E-5

Large
LOCAs

9%

2%

NC

NC

3%

NC

Medium
LOCAs

13%

29%

14%

NC

6%

4%

Small
LOCAs

39%

54%

21%

NC

70%

20%

Transient
Induced LOCAs

(3)

23%

4%

1%

21%

Zion 3.2E-5 19% 17% 50% 9%

Indian Point 2 8.3E-5 18% 15% 17% 50%

Indian Point 3 1.2E-4 14% 10% 72% 3%

-- Not included in study.
NC No contribution to dominant sequence core damage frequency.
(1) See Table 7-1 for study type and date.
(2) Excluding sequences resulting from external initiating events.
(3) Transient-induced LOCAs include stuck open or inadvertently open

relief valves and reactor coolant pump seal LOCAs resulting from loss
of seal cooling. These transient-induced LOCAs can be classified as
small LOCAs.
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TABLE 7-5. CONTRIBUTIONS OF LOCAS TO MAJOR RELEASE FREQUENCY IN PWRS

Plant
(1)

Major Release
Frequency
(2)(3)

Transient
Induced LOCAs

Surry 9.2E-6

Large
LOCAs

0.4%

NC

NC

Medium
LOCAs

0.1%

9%

6%

Small
LOCAs

25%

69%Sequoyah 3.6E-5

Oconee 3.7E-5 21% 24%

Calvert Cliffs

Crystal River

ANO-1

Zion

Indian Point 2

Indian Point 3

1.4E-3

1.7E-4

1.6E-5

3.1E-7

1.5E-6

9.7E-7

NC

1%

NC

0.2%

0.1%

0.2%

NC

2%

8%

0.2%

0.1%

0.1%

* NC

72%

19%

0.5%

0.1%

1%

4%

1%

26%

0.1%

68%

49%

-- Not included in study.
NC No contribution to major release frequency.
(1) See Table 7-1 for study type and date.
(2) Major release frequency sequences are those which are assigned to the

major consequence release categories (2 and 2R for Zion, 2 and 2RW for.
Indian Point, and PWR-1, PWR-2, and PWR-3 for all others).

(3) Excluding sequences resulting from external initiating events.
(4) Transient-induced LOCAs include stuck open or inadvertently open

relief valves and reactor coolant pump seal LOCAs resulting from loss
of seal cooling. These transient-induced LOCAs can be classified as
small LOCAs.
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vessel breach and containment failure allows for settling out of the
fission products and for operation of containment systems such as sprays to
remove fission products from the containment atmosphere. This is not the
case in a transient-induced seal LOCA resulting from station blackout.
These are the dominant contributors for Indian Point 2 and 3 and result in
a large contribution to major release frequency as seen in Table 7-5.

An examination of the significant contributors to the large and medium
size pipe-break LOCA sequences reveals that changes resulting from
best-estimate ECCS analyses would not generally impact the-frequencies of
these sequences. For example, in most studies, the large and medium LOCA
sequence frequencies are dominated by human errors involved in the manual
switch from the injection to the recirculation mode of ECCS operation which
would be unaffected by the ECCS rule revision.

An examination of the significant contributors to the small pipe-break
LOCA and transient-induced LOCA sequences reveals that changes resulting
from the revised ECCS rule may or may not impact the frequencies of these
sequences. For example, in some studies, the small LOCA and
transient-induced LOCA sequences are dominated by human errors involved in
the manual switch from the injection to the recirculation mode of ECCS
operation and by common cause failures (e.g., station blackout) affecting
all ECCS. It is not likely that these factors would be affected by
best-estimate ECCS analyses. However, the small LOCA and transient-induced
LOCA sequences in other studies are dominated, in addition, by multiple
mechanical failures affecting redundant ECCS which can be impacted by
potential changes resulting from-the revised ECCS rule (e.g., ECCS success
criteria).

7.2.1.3 LOCA Importance - Past Versus Present. Table 7-6 is a
historical comparison of the contributions of LOCAs to the dominant
sequence core damage frequency identified for the Sequoyah and Peach Bottom
plants. For each of the plants, the original PRA results, the results from
the IDCOR rebaselining, and the results from NUREG-1150 are shown
(Reference 7-11). Table 7-7 provides a similar comparison of the
contributions of LOCAs to the major release frequency.

A comparison of the Peach Bottom WASH-1400 results with the IDCOR
results and NUREG-1150 results generally shows that the perceived
importance of pipe-break LOCAs from both a core damage and major release
frequency standpoint has decreased. This is primarily due to (a) the
increased importance of other sequences which tend to overshadow pipe-break
LOCA contributors, (b) the inclusion of other means of long term
containment heat removal which reduce the contribution of the long term
sequences resulting from LOCAs, and (c) the ability of ECCS to continue to
function following containment failure. Transient-induced LOCAs were not
included in the WASH-1400 or IDCOR studies of Peach Bottom.
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TABLE 7-6 HISTORICAL COMPARISON OF CONTRIBUTIONS OF LOCAS TO DOMINANT
SEQUENCE CORE DAMAGE FREQUENCY FOR SEQUOYAH AND PEACH BOTTOM

Plant
Total Core Damage

Frequency
Large
LOCAs

Medium
LOCAs

Small
LOCAs

Transient
Induced LOCAs

Sequoyah

RSSMAP

IDCOR Update

NUREG-1150

Peach Bottom

WASH-1400

IDCOR Update

NUREG-1150

5.7E-5

9.1E-5

1.OE-4

2%

4%

1%

29%

8%

3%

54%

86%

45% 38%

3.OE-5

3.6E-5

8.2E-6

0.4%

0.04%

0.3%

0.8%

0.03%

0.8%

0.8%

0.01%

NC 4%

-- Not included in study.
NC No contribution to dominant sequence core damage frequency.

TABLE 7-7. HISTORICAL COMPARISON OF CONTRIBUTIONS OF LOCAS TO MAJOR
RELEASE FREQUENCY FOR SEQUOYAH AND PEACH BOTTOM

Major Release Large Medium Small Transient
Plant Frequency LOCAs LOCAs LOCAs Induced LOCAs

Sequoyah

RSSMAP 3.6E-5 NC 9% 69% --

IDCOR Update 8.8E-6 13% 4% 72% --
NUREG-1150 9.2E-5 NC NC 48% 41%

Peach Bottom

WASH-1400 3.6E-6 1% 2% 2% --
IDCOR Update 3.6E-5 0.01% 0.01% 0.03% --

NUREG-1150 7.4E-6 NC NC NC 5%

-- Not included in study.
NC No contribution to major release frequency.
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A comparison of the Sequoyah RSSMAP results with the rebaselined IDCOR
results and NUREG-1150 results generally shows that the perceived
importance of pipe-break LOCAs from both a core damage and major release
frequency standpoint has decreased. Transient-induced LOCAs were not
included in the RSSMAP or IDCOR studies of Sequoyah. In the case of the
Sequoyah analysis, the importance of small LOCAs increased between the
RSSMAP study and the IDCOR rebaselined results. This occurred even with
the revised success criteria for the high pressure makeup systems and the
inclusion of operator recovery actions that serve to lower the
unavailability of the injection and recirculation systems which contribute
to the LOCA sequences. The increase is primarily due to revised small LOCA
frequency data. In addition, consideration of alternate operating modes,
such as the use of bleed and feed operation in the event of loss of
feedwater, resulted in the lowering of the contribution of the transient
events, and hence increasing the relative LOCA contribution. The
importance of small LOCAs decreased between the IDCOR rebaselined results
and the NUREG-1150 results. This was partially due to a reduction in the
operator error rates which were large contributors in the LOCA sequences
involving a failure of ECCS recirculation. However the major reason for
the decrease is the inclusion of loss of component cooling water initiating
events and seal LOCA events which were dominant contributors. The
inclusion of these events increases the core damage and major release
frequency, and hence reduces the small LOCA contribution percentage.

7.2.1.4 Conclusions. A summary of conclusions on LOCA importance
that can be reached based on past and recent PRA studies is given below.

o Pipe-break LOCA sequences are not significant contributors to the
total core damage frequency or major release frequency at BWR
nuclear power plants.

Q Transient-induced LOCA sequences can be contributors to the total
core damage frequency and major release frequency at some BWR
nuclear power plants. However, an assessment of the factors that
contribute to the core damage and major release frequency of
these sequences, reveals that best-estimate ECCS analyses would
probably have little impact on the calculated frequency of these
sequences.

o Large and medium pipe-break LOCA sequences are moderate
contributors to the total core damage frequency at PWR nuclear
power plants. However they are only minor contributors to major
release frequency.

o Small pipe-break LOCA and transient-induced LOCA sequences can be
significant contributors to the total core damage frequency and
major release frequency at PWRs. An assessment of the factors
that contribute to the frequency of these sequences reveals that
in some cases best-estimate ECCS analyses may have an impact on
the calculated core damage and major release frequency of these
sequences. Section 7.4 examines this possible risk impact based
on potential plant changes at two specific plants.
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7.2.2 PRA Insight on ECCS Importance

ECCS have been shown in past PRAs to be important not only in LOCA
sequences but also in transient sequences that are significant contributors
to plant risk. The result is that potential changes to ECCS that may be
shown to be acceptable for LOCAs may have an impact on plant risk because
of their importance in other transient sequences. Thus, any proposed
changes to ECCS must be investigated for all of their safety and risk
impacts.

The importance of ECCS to the dominant accident sequences of BWRs and
PWRs as assessed by the ASEP, SARRP, and IDCOR work (References 7-3
through 7-9) are examined below. Consistent with the definition used in
PRAs, ECCS are all the systems or group of systems analyzed in the PRA,
which are capable of providing the safety function of core coolant makeup.
This may include systems not considered as ECCS in the licensing analysis
(e.g., RCIC, control rod drive system).

As with LOCA importance, the assessment of ECCS importance is made
both in terms of the contribution of ECCS failures to the dominant sequence
core damage frequency and to the major release frequency. For the purpose
of this assessment, failure of ECCS means the failure to perform the
intended safety function of core coolant makeup resulting from hardware
faults or operator error. Both the independent failures of ECCS and
failures of ECCS due to support system failures and initiating event
conditions are included in the determination of the failure contribution
except for failures due to external events or conditions beyond the ECCS
design operating conditions (e.g., ATWS, Event V). External events are
excluded since they were only included in a limited number of available
PRAs. ATWS sequences are not considered to be an ECCS failure for this
discussion since the sequence conditions exceed the ECCS system design
parameters. Hence, even with system success, makeup from the ECCS is
insufficient. The initial conditions associated with Event V (interfacing
system LOCA) for PWRs also preclude any further potential for ECCS
operation and therefore Event V is not considered to be an ECCS failure for
this discussion. ECCS failure due to station blackout is included as an
ECCS failure, however, because following station blackout ECCS is capable
of operating upon power restoration.

7.2.2.1 BWRs. As seen in Tables 7-8 and 7-9, ECCS system failures
are not significant in three of the five BWRs, because the major core
damage and major release frequency contributors are due to ATWS sequences
and failures in long term suppression pool cooling. In the other two BWR
studies ECCS failures contribute 89% and 87% to the dominant sequence core
damage frequency and 88% and 49% of the major release frequency. However,
these contributions are dominated by operator errors and/or station
blackout events which are not expected to be significantly affected by
best-estimate ECCS analyses.

7.2.2.2 PWRs. As seen in Tables 7-10 and 7-11, with the exception of
the Calvert Cliffs study as discussed previously and the Surry study which
did not consider bleed and feed operation following transient events,
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TABLE 7-8. CONTRIBUTIONS OF ECCS FAILURE TO DOMINANT SEQUENCE CORE DAMAGE
FREQUENCY IN BWRS

Plant
(1)

Dominant
Sequence Frequency

(2)

Percent
Contribution of ECCS Failure
to Dominant Sequence Frequency

Peach Bottom

Grand Gulf

Browns Ferry

Limerick

Millstone

3.OE-5

3.5E-5

2.OE-4

1.4E-5

3.3E-4

5%

8%

3%

89%

87%

Note: ECCS failures include independent failures of ECCS, failures of
their support systems, and failures resulting from the initiating
event conditions.

(1) See Table 7-1 for study type and date.
(2) Excluding sequences resulting from external initiating events.

TABLE 7-9. CONTRIBUTIONS OF ECCS FAILURE TO MAJOR RELEASE FREQUENCY IN BWRS

Plant Major Release Frequency
(2)(3)

Percent Contribution of ECCS
Failure to Major Release Frequency

Peach Bottom

Grand Gulf

Browns Ferry

Limerick

Millstone

3.6E-6
3.4E-5

3. 9E-5

6.6E-6

8.2E-6

8%

-0%

3%
88%

49%

Note: ECCS failures include independent failures of ECCS, failures of
their support systems, and failures resulting from the initiating
event conditions.

(1) See Table 7-1 for study type and date.
(2) Major release frequency sequences are those which are assigned to the

major consequence release categories (the five release categories for
which CRAC runs were made for the Limerick study and BWR-1 and BWR-2
for all others).

(3) Excluding sequences resulting from external initiating events.
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TABLE 7-10. CONTRIBUTIONS OF ECCS FAILURE TO DOMINANT SEQUENCE CORE DAMAGE
FREQUENCY IN PWRS

Percent
Plant Dominant Sequence Frequency Contribution of ECCS Failure
(1) (2) to Dominant Sequence Frequency

Surry 4.4E-5 64%

Sequoyah 5.7E-5 94%

Oconee 7.3E-5 95%

Calvert Cliffs 2.OE-3 4%

Crystal River 3.6E-4 -100%

ANO-1 4.7E-5 100%

Zion 3.2E-5 -100%

Indian Point 2 8.3E-5 -100%

Indian Point 3 1.2E-4 -100%

Note: ECCS failures include independent failures of ECCS, failures of their
support systems, and failures resulting from the initiating event
conditions.

(1) See Table 7-1 for study type and date.
(2) Excluding sequences resulting from external initiating events.
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TABLE 7-11. CONTRIBUTIONS OF ECCS FAILURE
IN PWRS

TO MAJOR RELEASE FREQUENCY

Plant
(1)

Major Release Frequency
(2)(3)

Percent
Contribution of ECCS Failure
to Major Release Frequency

Surry 9.2E-6 32%

Sequoyah 3.6E-5 78%

Oconee 3.7E-5 89%

Calvert Cliffs

Crystal River

Ano-1

Zion

Indian Point 2

Indian Point 3

1. 4E-3 4%

1.7E-4 100%

1.6E-5 100%

3.1E-7 65%

1.5E-6 68%

9.7E-7 51%

Note: ECCS failures include independent failures of ECCS, failures of
their support systems, and failures resulting from the initiating
event conditions.

(1) See Table 7-1 for study type and date.
(2) Major release frequency sequences are those which are assigned to the

major consequence release categories (2 and 2R for Zion, 2 and 2RW for
Indian Point, and PWR-1,PWR-2,and PWR-3 for all others).

(3) Excluding sequences resulting from external initiating events.
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failure of ECCS in PWRs occurs in sequences representing greater than 94%
of the dominant sequence core damage frequency and greater than 51% of the
major release frequency in each of the PWR studies. However, these
contributions are dominated by operator errors, station blackout events,
and/or support system faults which are not expected to be significantly
affected by best-estimate ECCS analyses. The smaller contribution of ECCS
failures to major release frequency is primarily attributable to the
dominance of Event V to major releases in each of the studies.

7.2.2.3 ECCS Importance - Past Versus Present. Table 7-12 is a
historical comparison of the contributions of ECCS failure to the dominant
sequence core damage frequency identified for the Sequoyah and Peach Bottom
plants. For each of the plants, the original PRA results, the results from
the IDCOR rebaselining, and the preliminary results from NUREG-1150 as part
of the ongoing ASEP and SARRP programs are shown. Table 7-13 provides a
similar comparison of the contributions of ECCS failures to the major
release frequency. A comparison of the Peach Bottom WASH-1400 results with
the rebaselined IDCOR Peach Bottom results generally shows that the
perceived importance of ECCS failure to the dominant sequence core damage
frequency and major release frequency remains small even with the revisions
in the analysis reflected in the IDCOR work. This is primarily due to the
dominance of the ATWS and loss of long term cooling sequences in these
analyses. A significant increase is seen in the Peach Bottom NUREG-1150
results in which ECCS failure contributes 100% of the dominant sequence
core damage frequency and major release frequency, respectively. This is
due to the dominance of the station blackout sequences in the NUREG-1150
Peach Bottom analysis.

A comparison of the Sequoyah RSSMAP results with the rebaselined IDCOR
results and NUREG-1150 preliminary results generally shows that the
perceived importance of ECCS failures from both a core damage and major
release frequency standpoint has changed little since the original RSSMAP
study despite the changes resulting from improved understanding of the
accident sequence phenomenology and system capabilities.

7.2.2.4 Conclusions. As can be seen from the above discussion,
failure of ECCS is a significant contributor to the total core damage
frequency and major release frequency in PWRs and in some BWRs. A
comparison of the LOCA importance (Section 2.2) and ECCS importance in PRAs
shows that although ECCS were initially intended to provide core coolant
makeup in the event of a LOCA they are also important because of their
ability to provide core coolant makeup for other anticipated events as
well. However, the dominant contributors to ECCS failure would not be
significantly impacted by best-estimate analyses permitted by the proposed
ECCS rule revision.

7.2.3 The Evolution of PRA Methodology

The objective of performing a PRA on a nuclear power plant is to
provide quantitative measures of plant risk, representing our perception of
risk. As improvements in understanding accident sequences or phenomena
have been achieved, they have been incorporated into PRAs to bring the
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TABLE 7-12. HISTORICAL COMPARISON OF CONTRIBUTIONS OF ECCS FAILURES TO
DOMINANT SEQUENCE CORE DAMAGE FREQUENCY FOR SEQUOYAH AND
PEACH BOTTOM

Percent
Contribution of ECCS

Frequency to Dominant Sequence
Failure
FrequencyPlant Dominant Sequence

Sequoyah

RSSMAP

IDCOR Update

NUREG-1150

Peach Bottom

WASH-1400

IDCOR Update

NUREG-1150

5.7E-5

9.1E-5

1. 1E-4

94%

98%

96%

3.OE-5

3.6E-5

8.2E-6

5%

8%
90%

�q�V

TABLE 7-13. HISTORICAL COMPARISON OF CONTRIBUTIONS OF ECCS FAILURES TO
MAJOR RELEASE FREQUENCY FOR SEQUOYAH AND PEACH BOTTOM

Percent
Contribution of ECCS Failure
to Major Release FrequencyPlant Major Release Frequency

Sequoyah

RSSMAP

IDCOR Update

NUREG-1150

Peach Bottom

WASH-1400

IDCOR Update

NUREG-1150

3.6E-5

8..8E-6
9.2E-5

78%

88%

100%

3.6E-6

3.6E-5

7.4E-6

8%

4X

100%
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perceived risk, as estimated by PRAs, closer to the actual risk. This
section looks at the evolution of PRA methodology to better understand the
current basis of the PRA perspective on the revision to the ECCS rule.

Several general areas in which PRA methodology has evolved due to
increased understanding of accident sequence progression and phenomenology
are:

o Use of success criteria based on best-estimate thermal-hydraulic
codes rather than licensing .based success criteria.

o Credit for systems or groups of systems, both safety and
nonsafety, and special operating modes which are not included in
licensing assessments.

o Credit for corrective and restorative operator actions.

o Modified LOCA initiating event frequencies.

o Incorporation of current understanding of accident sequence
progression and containment failure phenomenology into
containment analysis.

o Use of source terms based on best-estimate analysis.

o Improved offsite consequence analysis.

Each of these general areas where significant changes have occurred in
PRA methodology are discussed below.

7.2.3.1 Success Criteria. In the early PRAs (e.g., WASH-1400, RSSMAP
studies) success criteria were based on conservative FSAR analyses. Since
then efforts have been made to eliminate the known conservatisms included
in the PRA success criteria, and bring the perceived risk closer to the
actual risk. The basis for the revision of the success criteria has-been
analysis performed to predict the plant response to LOCA and transient
events using best-estimate thermal-hydraulic codes. One example of the use
of best-estimate thermal-hydraulic codes to establish realistic system
success criteria is seen in the revision of the small LOCA success criteria
for the Sequoyah high pressure injection( HPI) system. The RSSMAP study
used the FSAR success criteria of one out of two charging pumps and one out
.of two safety injection pumps for success of the HPI following a small
LOCA. Best-estimate analyses have since been performed which indicate
sufficient core makeup would be provided by any one of the four high
pressure pumps. Use of the one out of four pump success criteria was
included in the IDCOR rebaseline analysis and the ASEP PRA update effort.
This resulted in a reduced unavailability of the HPI system following small
LOCAs and a reduction in the perceived risk associated with the small LOCA
sequences caused by failure of high pressure injection.

7.2.3.2 Alternate Systems and Special Operating Modes. In PRAs,
since the intent is to assess the actual plant risk, both safety and
nonsafety systems are included in the analysis. The nonsafety systems and
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their support systems do not generally include the pedigree (e.g., seismic
qualification, environmental qualification, quality control) and redundancy
associated with a safety system, nor are they required by the Technical
Specifications to be operable. However, they represent a potential
alternate means to provide preventive and mitigative functions. The
probabilistic approach allows the impact of the operation of these systems
to be assessed, while the deterministic methods of the licensing process do
not. Examples of the inclusion of these alternate systems in a PRA include
taking credit for the potential availability of the RCIC system, the
control rod drive system, and the condensate system in BWRs to provide core
coolant makeup.

Special operating modes of systems not considered in the FSAR analysis
have also been included in some of the later PRAs to more accurately
reflect available responses to accident conditions. These operating modes
include use of secondary blowdown (SBD) and bleed and feed operation in
PWRs. SBD is included in those cases in which the primary system pressure
remains high and the high pressure injection systems are unavailable to
provide core makeup. SBD operation involves opening of the atmospheric
dump valves on the steam generators and providing a large amount of
feedwater to the steam generators to quickly remove heat from the steam
generators and thereby reduce the primary pressure to a level where the low
pressure injection systems are capable of providing the ECCS function of
core makeup. Bleed and feed operation is included in those cases where
primary system pressure remains high and feedwater flow is not available to
the steam generators to remove heat from the primary system. Bleed and
feed operation involves opening of the PORVs to effectively create a small
LOCA and using the high pressure injection systems to provide makeup
coolant to the core.

Neither the RCIC, control rod drive system, condensate system,
atmospheric dump valves, nor the PORVs are considered safety systems in
licensing calculations. Their operation, however, in the above described
ways has been verified by analysis using best-estimate thermal-hydraulic
codes and by actual operating experience (e.g., use of control rod drive
flow for core coolant makeup following the Browns Ferry fire and the use of
SBD following a seal LOCA at ANO-1). The inclusion of these systems in the
PRA assessment reflects a more realistic analysis of events following an
accident and brings the perceived risk derived from the PRA analysis closer
to the actual risk.

7.2.3.3 Operator Action. In the early PRAs, credit was not given for
operator actions which would correct system failures (e.g., opening of a
valve which was left closed or manually actuating a safety system which
failed due to failure of the automatic actuation system). Recent PRAs have
recognized that this may be overly conservative and operator actions have
been incorporated where appropriate consideration is given to the time
involved in the diagnosis of the problem, the time required and available
to perform the action, and the stress level on the operator at the time the
action is required.
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7.2.3.4 LOCA Frequencies. LOCA frequencies in the early PRAs were
developed from nuclear and industrial data which were extremely scattered
and therefore included large error bounds. The large LOCA frequency used
in current PRAs has changed little since the WASH-1400 studies. It is
generally felt that the large LOCA frequency represents an overestimate;
however, due to the relatively small contribution of large LOCA sequences
to plant risk and the lack of data, no significant changes in the large
LOCA frequency have been made. Several occurrences of small LOCA events
have resulted in an increase-in the frequency assigned for small LOCAs of
approximately one order of magnitude from the WASH-1400 frequency.

7.2.3.5 Containment Analysis. Containment analysis in the early PRAs
conservatively assumed that the containment failed at slightly above the
design pressure. Based on recent analysis it has been verified that
containments will withstand substantially higher pressures before failure
and that the failure modes of the containment would be less severe in some
cases than originally predicted (i.e., large leakage rather than
catastrophic rupture). Recent PRAs also reflect the revised understanding
of the accident sequence progression following core melt and the associated
containment responses.

7.2.3.6 Source Terms. Source terms used in PRAs in the
quantification of accident consequences have typically been based on
conservative simplifying assumptions. Recent analyses using fission
product transport codes with more realistic assumptions (Reference 7-12)
have generally resulted in considerable reductions in the source terms
associated with specific accident sequences and hence reduced consequences.

7.2.3.7 Offsite Consequence Analysis. Improvements since the
WASH-1400 study in the offsite consequence analysis have included:

o Use of site specific meteorological conditions and population
distributions.

o Better atmospheric dispersion models.

o Refined radiological effects predictions (i.e., cancer/rem
estimates).

o Revised damage (cost) models.

These improvements in estimating offsite consequences while not
significantly effecting the overall plant risk have increased confidence in
the PRA findings.

7.2.3.8 Conclusions. All of the above changes to PRA methodology
have helped bring the perceived plantrisk calculated by PRAs closer to the
actual plant risk. The PRA perspective obtained'from the current PRA
methodology provides the best assessment of the possible risk impact of
potential changes that may result from the revised ECCS rule. Because the
current PRA methodology has already incorporated the use of best-estimate
analysis and realistic assumptions, the potential impact on plant risk from
the revision to the ECCS rule can be expected to be small.
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7.3 Potential Plant Chanqes and Their Possible Risk Impact

The proposed ECCS rule change would permit the use of best-estimate
analytical techniques to realistically predict the behavior of the reactor
system during a postulated LOCA. The more accurate calculations of ECCS
performance, including estimates of uncertainty, are expected to reduce the
calculated peak clad temperature and generally identify the margin in the
existing plant operating envelope with respect to the 10CFR50.46(b) ECCS
acceptance criteria. The identified margin in the plant operating envelope
resulting from use of best-estimate analytical techniques versus the
prescriptive conservative methods in Appendix K for LOCA analyses may allow
plant changes with significant economic benefits (e.g., increase in power
level, relaxed limiting conditions for operation (LCOs)). Table 7-14 lists
some potential areas of plant changes that may be possible under the
proposed ECCS rule change.

This section addresses the possible risk impact of-potential plant
changes that may result with the proposed ECCS rule change. Using insights
from the current information base of published PRAs and the current PRA
methodology, each of the areas of potential plant change listed in
Table 7-14 is examined. Section 7.4 further examines the risk impact of
several specific potential plant changes that are amenable to quantitative
analysis. The possible risk impact of potential changes on containment
loads, source terms, and offsite consequences are additionally discussed in
Section 7.5. Table 7-14 summarizes the assessment of the possible risk
impacts for each area of potential plant.change examined.

It should be noted that potential plant changes are not independent of
one another but are interrelated since all are based on using the same
margin between best-estimate and Appendix K LOCA calculations. That is,
implementing one change is likely to affect the ability to make other
changes.

7.3.1 Reactor Core Operating Limits

Reactor core operating limits are required at nuclear power plants to
ensure operation within a defined safe operating envelope. Their basis
includes the 1OCFR50.46 acceptance criteria for ECCS (e.g., ensure the peak
cladding temperature following a postulated LOCA will not exceed 2200 F)
and the Appendix K ECCS Evaluation Model requirements. Using best-estimate
analytical techniques instead of Appendix K, as would be allowed under the
revised ECCS rule, may allow changes to some reactor core operating limits
that are presently restricted by ECCS performance considerations.
Specifically, this may allow higher power levels (i.e., higher linear heat
generation rates), increased fuel burnup, and more economical fuel loading
patterns. Some technical specification limiting conditions of operation
(LCOs) that affect the maximum power level and are dependent on the 2200 F
peak cladding temperature limit include:
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TABLE 7-14. AREAS OF POTENTIAL PLANT CHANGE AND THEIR POSSIBLE RISK IMPACT

Areas of Potential Plant Change Possible Risk Impact

Reactor Core Operating Limits

Power Level
Fuel Burnup
Fuel Loading Patterns

Small Increase
Small Increase
Small Increase

System Requirements

Success Criteria
Response Time
Set points

Negligible or Small Decrease
Negligible or Small Decrease
Slight Decrease

Operating Requirements

- Surveillance Requirements
- LCO Action Statements

Probably Negligible
Probably Negligible
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For PWRs - Heat flux hot channel factor
- RCS flow rate and nuclear enthalpy rise hot channel

factor
- DNB parameters (reactor coolant system TAVG,

pressurizer pressure)

For BWRs - Average planar linear heat transfer generation rate
- Minimum critical power ratio
- Linear heat generation rate

Plant changes that result in an increase in the allowed power level at
a nuclear power plant may impact plant risk in several ways. First, it may
change the likelihood of certain events. For example, the demand on relief
valves may increase, causing the likelihood of a transient-induced stuck
open relief valve to increase. Section 7.4 specifically examines the
relative increase in total core damage frequency and major release
frequency attributable to an increased demand on relief valves, and shows
essentially no change in the calculated frequencies.

A higher power level and, consequently a higher decay heat load, may
also affect the success criteria and required response time of ECCS and the
available operator response time following expected and postulated
accidents and transients. For example, in the case of anticipated
transients without scram (ATWS), several areas of the PRA analysis of
perceived risk may be affected by increased power levels. In the case of
PWRs, the currently acceptable pressure relief capability may not be
sufficient to successfully mitigate the initial pressure spike with a
higher initial power level. The requirement for additional functioning of
relief valves to successfully relieve the pressure would result in a higher
failure probability of the safety function. Also higher power levels will
result in the-presence of an unfavorable moderator temperature coefficient
for a larger percentage of the operating cycle. In the case of BWRs, the
major effect of a power level increase on an ATWS sequence is the decrease
in operator response times for manual actions. This primarily results from
the higher heatup rate of the suppression pool. All of these items will
increase the frequency of the ATWS sequences, however, the magnitude of the
risk impact is dependent on the detailed thermal-hydraulic and neutronics
ATWS calculations.

In addition, an increased power level may affect plant risk because of
the effects on the core and containment consequence analyses resulting from
the larger available heat source (i.e., initial stored energy in the fuel,
fission heat, decay heat). Increased fuel burnup and new fuel loading
patterns may also affect plant risk because of their effects on the core
and containment analyses and on source terms. Section 7.5 provides
additional qualitative discussion of these plant risk effects.

In summary, quantification of the potential risk impact resulting from
changes in the reactor core operating limits can best be made with detailed
analysis. The direction of the impact is towards increasing plant risk.
The increase, however, is expected to be small and likely within the
uncertainty of the present PRA methodology.
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7.3.2 System Requirements

The use of best-estimate analytical techniques for demonstrating
compliance with the 10CFR50.46(b) ECCS performance acceptance criteria for
LOCAs may also show that requirements for systems that affect or mitigate
the consequence of a LOCA can be revised. These system requirements
include success criteria, response time requirements, and set points.
Specific examples which are discussed below include:

o ECCS success criteria and response time requirements

- Accumulators (cold leg injection and upper head
injection)/safety injection tanks/core flooding tanks

- High pressure and low pressure core makeup systems

- Automatic depressurization systems

o Reactor protection system and engineered safety
features (ESF) actuation system set points

o Reactor coolant system limiting conditions of operation

- Steam generator (e.g., number of plugged tubes)

- Recirculation system (e.g., jet pump operability,
recirculation pump speed mismatch limits)

o Support system success criteria and response time
requirements (e.g., emergency onsite AC power-diesel
generators)

7.3.2.1 Emergency Core Cooling Systems. An upper head injection
accumulator is required on some PWRs to meet the current ECCS performance
requirements and avoid reduction of the allowed maximum thermal power
level. Best-estimate LOCA analyses have shown that the 10CFR50.46(b)
acceptance criteria can be met without this safety system and PRAs have not
considered the availability/unavailability of the upper head injection
accumulator. Because the upper head injection accumulator has not been
included in PRA risk estimates, its elimination would not impact the
calculated plant total core damage frequency or major release frequency.

If, however, best-estimate LOCA analyses show that the requirements
for cold leg accumulators, safety injection tanks, or core flooding tanks,
as they are called in the various PWRs, can be relaxed, this potential
plant change could have possible impacts on plant risk. An assessment of
the complete elimination of cold leg accumulator/safety injection tank/core
flooding tank requirements is provided in Section 7.4 and shows a
negligible effect on the total core damage frequency and the major release
frequency. This is due both to the relatively low contribution of cold leg
accumulators/safety injection tanks/core flooding tanks to LOCA sequence
frequency and the fact that large LOCAs, which are most dependent on the
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cold leg accumulators/safety injection tanks/core flooding tanks, are
relatively small contributors to the total core damage frequency and major
release frequency.

The proposed ECCS rule change may also allow revision of the success
criteria and response time requirements for other ECCS (i.e., high and low
pressure core makeup systems and automatic depressurization systems (BWR))
based on best-estimate LOCA analyses. Generally, the impact on plant risk
of potential changes in these other active ECCS can be expected to be more
significant than potential changes in passive ECCS (i.e., upper head
injection accumulator and cold leg accumulators/safety injection tanks/core
flooding tank). This is because the active ECCS are important contributors
in many of the dominant accident sequences found in PRA studies whereas
cold leg accumulators/safety injection tanks/core flooding tanks are
generally only important for large LOCA sequences. Since some of the
dominant accident sequences where active ECCS are important are not LOCAs,
an important caveat to potential plant changes in these ECCS is that
reanalysis of all design basis events that rely on these ECCS be shown to
be acceptable using accepted deterministic licensing criteria. With this
caveat, an assessment of several potential active ECCS system success
criteria and response time changes are made in Section 7.4 to estimate
their possible impacts on the total core damage frequency and major release
frequency. Potential plant changes examined are:

o Eliminate the requirement for low pressure ECCS for intermediate
size LOCAs

o Revise the ECCS success criteria to require only one of two
safety injection pumps (i.e., eliminate the requirement for the
high pressure centrifugal charging pumps)

o Lengthen the operator response time for manual actuation of
required ECCS following a LOCA

The results of these sensitivity studies showed that generally there
will be a negligible affect on the total core damage frequency or major
release frequency. Only in the case of eliminating the high pressure
centrifugal charging pumps was a small increase in the calculated core
damage frequency seen but the affect on the major release frequency was
negligible.

7.3.2.2. Reactor Protection and ESF Actuation Systems. In addition
to ECCS, there are other system LCOs that are presently based on Appendix K
LOCA analysis that could be changed as a result of the proposed ECCS rule.
Among these are specific set points of the reactor protection system and
the engineered safety features (ESF) actuation system. Evaluating the risk
impact of specific set point changes would require the reanalysis of the
affected events but generally would be expected to slightly decrease both
the perceived and actual plant risk. This results because the revised
set points would expand the operating envelope of the plant, thereby
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accommodating some transients that would otherwise challenge plant
systems. An expanded operating envelope might also allow additional time
for operator action.

7.3.2.3 Reactor Coolant Systems. The plant technical specifications
may also include LCOs on the reactor coolant system that could be changed
based on best-estimate LOCA analyses. Examples include LCOs in BWRs which
require operability of all jet pumps and maintenance of recirculation pump
speed within prescribed percentages of rated core flow. For PWRs,
requirements on steam generator performance (e.g., number of plugged tubes)
may change because a greater degradation of secondary heat removal
capability could be accommodated. The possible risk impact of potential
reactor coolant system changes are not easily discernible from PRA studies
and would require the performance of new safety analyses to determine the
possible effect on risk, if any. However, presuming the safety analysis of
these plant changes were found to be acceptable, any increase in plant risk
should be insignificant.

7.3.2.4 Support Systems. Requirements for support systems may also
change as a result of more realistic assessments of LOCAs. For instance,
success criteria and response times for component cooling and service water
systems required by ECCS may change, as may the capacity and timing
requirements- of emergency onsite AC power systems (i.e., diesel
generators). Generally, a relaxation in success criteria or the required
response time of support systems should increase their availability and
increase the likelihood of operator action to correct problems. This could
result in a possible decrease in both the perceived and real risk. One
best-estimate analysis at a BWR-6 plant showed the diesel generator
required starting time could be increased to nearly 120 s, compared with
the current 10 s requirement (Reference 7-13). This result, if acceptable
for all other systems and events requiring emergency onsite AC power, could
result in an increased diesel generator reliability by eliminating, for
instance, the need for cold starts. Section IV examines the possible
impact on the total core damage frequency and major release frequency of
this change and shows a potentially significant decrease in the calculated
core damage and major release frequencies.

7.3.3 Operating Requirements

Included in this final area of potential plant changes that may occur
as a result of the proposed ECCS rule change are items such as surveillance
requirements and LCO action statements. Their purpose is to ensure the
readiness and operability of systems required to respond to both
anticipated and postulated events. -

Potential changes to surveillance requirements are likely to involve
the required surveillance frequency. The frequency of surveillance
activities is dependent, among other things, on the safety importance of
the function being tested. Therefore, dependent on the margin identified
between best-estimate and conservative Appendix K LOCA analysis, adequate
justification may exist for relaxation of the surveillance frequency
requirements. An assessment of-the risk impact of changes to surveillance
frequency, while possible with PRA techniques, cannot readily be done using
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the present base of information from PRA studies. However, lengthening a
surveillance interval will have both positive and negative affects on plant
risk. On one hand, less surveillance will increase the probability that a
system that is not operable will remain undiscovered. On the other hand,
less surveillance will decrease the unavailability of the system that may
occur during testing and reduce the probability of human errors that may
leave the system inoperable after testing.

The time interval specified in technical specification action
statements for restoration of systems required by LCOs before plant
shutdown is required may also be subject to change based on a more
realistic LOCA analysis. As with surveillance requirements, while the risk
impact of such a change could be assessed with PRA techniques, previous
PRAs generally use actual historical data for calculating the
unavailability of a system due to corrective maintenance, not the allowed
outage times of action statements. While increasing the allowed action
statement time permits increased downtime and theoretically would increase
the actual plant risk, it is uncertain whether or not this would result in
an actual increase in the unavailability of the system, due to the standard
practice of restoring the system to an operable status as soon as possible.

7.4 Example Impacts on Plant Risk

Sensitivity studies were performed to assess the possible impacts to
plant core damage frequency and major release frequency from potential
changes resulting from the ECCS rule revision. The sensitivity studies
were performed using the preliminary results from the ongoing ASEP and
SARRP program risk assessments for the Sequoyah and Peach Bottom plants
which are considered representative of the current PRA methodology. The
sensitivity studies, while indicative of the types of possible impacts, are
intended only to show the direction and rough magnitude of the impact.

The sensitivity studies performed and their applicability to Sequoyah
(SEQ) or Peach Bottom (PB) are as follows:

1. Removal of requirements for charging system operation following
LOCAs (SEQ).

2. Removal of requirements for accumulators (SEQ).

3. Removal of requirements for low pressure injection system
operation following medium LOCAs (SEQ, PB).

4. Increase response time by three minutes following LOCAs (SEQ, PB).

5. Improvements to diesel generator reliability (SEQ, PB).

6. Increased demand on PORVs/SRVs resulting in increase in frequency
of stuck open relief valves (SEQ, PB).

The first three sensitivity studies were performed to assess the
impact of changes to ECCS system success criteria. Tables 7-15 and 7-16
identify the BWR and PWR success criteria, respectively, identified for
ECCS in the original PRAs listed in Table 7-1.
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TABLE 7-15. BAR ECCS SUCCESS CRITERIA

PRA

Peach
Bottom
(RSS)

Laroe LOCA

4/4 CSIS or (2/4 CSIS
(one subsystem) or
3/4 LPIC)

Medium LOCA

1/1 HPCI or (4/5 ADS and
(4/4 CSIS or (2/4 CSIS
3/4 LPCI)))

Small and Transient-Induced LOCA

1/1 HPCI or 1/1 RCIC or (ADS and
(4/4 CSIS or (2/4 CSIS or 3/4 LPCI)))

Transients

Same as Small
LOCA

Grand
GuIf
(RSSMAP)

1/1 HPCS or 1/1 LPCS or
3/3 LPCI Trains

1/1 RCIC or 1/1 HPCS or (ADS and (LPCS
or 2/3 LPCI))

Same as Small
LOCA

-Limerick 1/4 LPCI Pumps or 1/2
(Utility) CS Subsystems (2 Pumps)

1/1 HPCI or (2/5 ADS and
(1/4 LPCI or 1/2 CS
Subsystems (2 Pumps)))

1/1 HPCI or 1/1 RCIC or 1 Feedwater
Pump or (ADS and (1/2 CS Subsystems
or 1/4 LPCI or 1 Condensate Pump))

Same as Small
LOCA

Browns
Ferry
IIREP)

-a

to Browns
Ferry

Liquid Suction Breaks:
2/2 CS loops and 2/4
LPCI pumps or 4/4 LPCI
pumps or 1/2 CS loops
and 2/4 LPCI pumps (one
pump per Injection loop)

Liquid Discharge Break:
2/2 CS loops or 1/2 CS
loops and 1/2 LPCI pumps
on unaffected side

Steam Break:
2/2 CS loops or 1/2 CS
loops and 1/4 LPCI pumps

Liquid Breaks: 1/1 HPCI
pump or (4/6 ADS and 1/4
LPCI pumps) or 1/2 CS
loops

Steam Breaks: 1/1 IiPCI
pump or 1/4 LPCI pumps or
1/2 CS loops.

1/1 HPCI pump or (4/6 ADS and 1/4 LPCI
pumps) or (4/6 ADS and 1/2 CS loops)

HPCI or RCIC or (4/6
ADS and (1/4 LPCI or
1/2 CS loops or
1 boostar and
1 condensate pump))

4/4 LPCI pumps or

Millstone Liquid Break:
1 (IREP) 2/4 LPCI pumps or 1/2 CS

pumps

Steam Break: (1/3
feedvater trains and 1/2
condensate transfer
trains) or 2/4 LPCI
pumps or 1/2 CS pumps

Liquid Break: (1/3
feedwater trains and 1/2
condensate transfer
pumps) or (2/4 APR
valves and 2/4 LPCI
pumps) or 1/2 CS pumps

Steam Break: (1/3
reedwater trains and
1/2 condensate transfer
pumps) or 2/4 LPCI or
(2/4 APR valves and
1/2 CS pumps)

(1/3 feedwater trains and 1/2
condensate transfer trains) or (2/4 APR
valves and (2/4 LPCI pumps or 1/2 CS
pumps))

Natural circulation
isolation condenser
operation or (1/3
feedwater and 1/2
condensate transfer
pumps) or (manual
depressurization and
(2/4 LPCI or 1/2 CS
pumps))



TABLE 7-15. (continued)

PRA _Large LOCA Med Iuni LOCA Small and Transient-induced LOCA

ACRONYMS USED IN TABLE 7-15

Transients

HPCS

LPCS

LPCI

RCIC

ADS

CS'S

HPCI

CS

APR

- High Pressure Core Spray

- Low Pressure Core Spray

- Low Pressure Coolant Injection

- Reactor Core Isolation Cooling

- Automatic Depressurization System

- Core Spray Injection System

- High Pressure Coolant Injection

- Core Spray

- Automatic Pressure Relief
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TABLE 7-16.

PRA

Surry
(RSS)

Sequoyah
(RSSMAP)

Oconee
(RSSMAP)

CaIvert
Cliffs
(RSSMAP)

Crystal
River
(IREP)

ANO-1
(IREP)

Zion
Rev. 1
(Utility)

Indian
Point 2&3
Rev.O
(Utility)

PWR ECCS SUCCESS CRITERIA

Large LOCA

1/2 LPIS and
2/3 Accumulators

1/2 LPIS and
2/4 Accumulators

1/3 HPIS and 1/2 LPIS
and 2/2 CFTs

1/2 LPIS and 1/3 HPIS
and 3/4 SiTs

1/2 LPIS and 2/2 CFTs

1/2 LPIS and 2/2 CFTs

Medium LOCA
(2)

1/3 HPIS and
2/3 Accumulators

1/2 Si Pumps and 1/2 CC
Pumps

1/3 HPIS and 2/2 LPIS;
1/3 HPIS and 1/2 LPIS

1/3 HPISj

2/2 LPIS or 1/2 LPIS and
2/2 CFTs; 1/3 HPIS and
1/2 LPIS

1/2 LPIS and 1/2 CFTs;
1/3 HPIS and 1/2 LPIS;
1/3 HPIS

1/2 RHR Pumps and 1/2 CC
Pumps and 1/2 SI Pumps

1/2 RHR Pumps and 2/3 Si
Pumps (4)

Small and Transient-induced LOCA
12)

1/3 HPIS (and AFWS)

1/2 Si Pumps and 1/2 CC Pumps (and AFWS)

1/3 HPIS

1/3 HPIS (and AFWS)

Translents

(5)

(A
1/3 HPIS (3) (5)

1/2
3/4

1/2
3/4

RHR Pumps and
Accumulators

RHR Pumps and
Accumulators

2/3 HPIS (and SRV) or 1/3 HPIS (and
EFS); 1/3 HPIS (and 1/2 SRV) or
1/3 HPIS (and EFS)

1/4 SI/CC Pumps (and AFWS or Bleed
and Feed)

1/3 SI Pumps (and AFWS or Bleed
and Feed)

(5)

(5)

(5)



TABLE 7-16. (continued)

Medium LOCA Small and Transient-induced LOCA
PRA Large LOCA (2) (2) TransIents

ACRONYMS USED IN TABLE 7-16

Si - Safety Injection

LPIS - Low Pressure Injection System

HPIS - High Pressure Injection System

SIT - Safety Injection Tank

CFT - Core Flood Tank

SRV - Safety/Relief Valves

EFS - Emergency Feedwater System

AFWS - Auxiliary Feedwater System

_ RHR - Residual Heat Removal

NOTES TO TABLE 7-16

(1) Includes success criteria only for injection mode.

(2) Where success criteria vary with break sizes occurring within the medium or small LOCA categories In the table,
the success criteria are shown separated by a semicolon with the larger size LOCA success criteria shown first.

(3) 2/3 HPIS may be required for very small LOCAs.

(4) Si pumps only required for smaller range medium LOCAs.
(5) Bleed and feed cooling is considered if all feedwater is lost. Consists of opening of one PORV and providing

makeup with one high pressure injection system pump.

( ( (



Tables 7-17 and 7-18 summarize the impacts of each of the sensitivity
studies to core damage frequency and major release frequency,
respectively. The impact is shown as a ratio of the applicable revised
frequency, either core damage or major release, and the core damage or
major release frequency calculated in the preliminary ASEP and SARRP study
results.

The following discussions for each of the sensitivity studies include
the basis for the change, a description of the implementation of the change
in the PRA results, and an identification of the impact on the core damage
frequency and major release frequency resulting from the change.

7.4.1 High Pressure ECCS Success Criteria

Initially, the PRA studies used conservative licensing calculations to
determine the success criteria used for ECCS following a small or medium
LOCA (i.e., two high pressure pumps required). Later PRA studies have
revised this success criteria for small LOCAs based on best-estimate
thermal-hydraulic analysis and require one high pressure pump for ECCS
success. The first sensitivity study assumes that the ECCS success
criteria could be changed for both a small and medium LOCA such that only
one high pressure pump is required for success in each case. Given this
success criteria, the definition of the Sequoyah charging system as a
safety system would not be required since the safety injection system would
be sufficient to meet the single failure criteria. It was also assumed for
this sensitivity study that the configuration would meet all other safety
requirements. Therefore, for the purpose of this sensitivity study, the
charging system is assumed to be unavailable following a LOCA. Therefore
the ECCS success criteria for small and medium LOCAs becomes 1/2 safety
injection pumps. This is conservative and should be considered to be a
bounding case since the charging system could potentially be available.
The cutsets for the dominant sequences were examined to identify any
failures which were solely associated with the charging system. These
terms were removed from the cutsets and the sequence frequencies were
recalculated. Additionally, two sequences which were previously below the
dominant sequence cutoff frequency increased significantly and were added
to the list of dominant sequences. The results of the sensitivity study is
an increase in the calculated core damage frequency by a factor of 1.3
which is entirely attributable to the inclusion of the two additional
sequences. However, their was a negligible impact to the major release
frequency since the release categories associated with these additional
sequences did not result in major releases. No similar sensitivity study
was identified for Peach Bottom.

7.4.2 Requirements for Accumulators

Each of the PWR PRAs shown in Table 7-16 use the licensing based
success criteria for the accumulators that require two or more of the
complement of accumulators/safety injection tanks/core flood tanks to
function for injection success following large LOCAs and some medium
LOCAs. The second sensitivity study assumes that best-estimate
thermal-hydraulic analyses show that the accumulator systems are not
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TABLE 7-17. SUMMARY OF SENSITIVITY STUDY IMPACTS TO CORE DAMAGE FREQUENCY

Impact Factorsa

Sensitivity Study Sequoyah Peach Bottom

Removal of requirements for.
charging system operation
following LOCAs

1.3(I) Not Applicable

Removal of requirements for
accumulators

Removal of requirements for low
pressure injection system
operation following medium
LOCAs

Increase response time by
3 minutes following LOCAs

Increased demand on PORVs/SRVs
resulting in an increase in
frequency of stuck open relief
valves

Negligible Impact

Negligible Impact

Negligible Impact

Negligible Impact

Not Applicable

Negligible Impact

Negligible Impact

Negligible Impact

Improvements to diesel generator
reliability

1.2(R) 1.2(R)

a. Impact factors shown are for an increase (I) or reduction (R) in core
damage frequency and represent ratios of the sensitivity study core damage
frequency and the NUREG-1150 (i.e., ASEP and SARRP) calculated core damage
frequency. The factors of increase when multiplied by the NUREG-1150
results yield the sensitivity study results. The NUREG-1150 results when
divided by the factors of reduction yield the sensitivity study results.

7-34



TABLE 7-18. SUMMARY OF SENSITIVITY STUDY IMPACTS TO MAJOR RELEASE FREQUENCY

Impact Factorsa

Sensitivity Study Sequoyah Peach Bottom

Removal of requirements for
charging system operation
following LOCA

Removal of requirements for
accumulators

Removal of requirements for low
pressure injection system
operation following medium
LOCAs

Increase response time by
3 minutes following LOCAs

Negligible Impact

Negligible Impact

Negligible Impact

Negligible Impact

Not Applicable

Not Applicable

Negligible Impact

Negligible Impact

Improvements to diesel
generator reliability

1.2(R) 1.2(R)

Increased demand on PORVs/SRVs
resulting in an increase in
frequency of stuck open
relief valves

Negligible Impact Negligible Impact

a. Impact factors shown are for an increase (I) or reduction(R) in major
release frequency and represent ratios of the sensitivity study major
release frequency and the NUREG-1150 (i.e., ASEP and SARRP) calculated
major release frequency. The factors of increase when multiplied by the
NUREG-1150 results yield the sensitivity study results. The NUREG-1150
results when divided by the factors of reduction yield the sensitivity
study results.
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required and are removed from the plant. The sequences resulting from a
failure of the accumulators do not include any other system faults.
Therefore, the entire sequences were removed since they are no longer
applicable, and the dominant sequence core damage frequency was
recalculated. The result of this sensitivity study is an insignificant
change in the calculated core damage and major release frequency due to the
relatively small contribution of the sequences involving failure of the
accumulators In the original ASEP Sequoyah results. No similar sensitivity
study was identified for Peach Bottom.

7.4.3 Low Pressure ECCS Success Criteria

The third sensitivity study assumes that best-estimate
thermal-hydraulic calculations show that either high or low pressure ECCS
in the injection phase is sufficient to avoid core damage and therefore the
medium LOCA success criteria in Tables 7-15 and 7-16 is modified
accordingly. No impact is made in the case of the Sequoyah results because
the injection phase success criteria used in the analysis does not include
the low pressure systems since during injection the primary system pressure
precludes low pressure injection flow. Low pressure operation is required
during the recirculation phase in all cases since the high pressure system
requires operation of the low pressure system for a suction source. In the
ASEP Peach Bottom analysis, the injection phase success criteria for a
medium LOCA requires operation of the low pressure ECCS. Using the
assumptions stated above for the success criteria, the Peach Bottom medium
LOCA sequence involving failure of the low pressure systems during the
injection phase was modified to reflect the potential for successful
operation with only the high pressure ECCS. The addition reduces the
sequence frequency significantly, however, the sequence initially accounted
for less than 1% of the core damage and major release frequency. The
result of this sensitivity study is an insignificant reduction in the
calculated core damage and major release frequency.

7.4.4 Operator Response Times Following a LOCA

The fourth sensitivity study assumes that the time window available
for initiation of ECCS operation following a LOCA can be increased based on
best-estimate thermal-hydraulic analysis. For this sensitivity study it
was assumed that an additional three minutes would be available from the
time the ECCS actuation set points were reached and core damage was assumed
in the PRA given no ECCS flow. The three minutes would be available to the
operator to manually actuate the systems. This additional time could be
included by the addition of an appropriate recovery factor in the dominant
sequence cutsets where automatic actuation system failure is the cause of
ECCS failure. However, the dominant sequence cutsets in both the Sequoyah
and Peach Bottom studies are dominated by failures which are nonrecoverable
in this short time frame and little or no contribution is made by automatic
actuation system failures. Therefore, this sensitivity study results in an
insignificant decrease in the calculated core damage and major release
frequency due to the minor contribution of automatic actuation system
failures in the ASEP Sequoyah and Peach Bottom results.
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7.4.5 Improvements to Diesel Generator Reliability

The fifth sensitivity study assumes that the best-estimate analysis
indicates that diesel generator start times of approximately 120 seconds
would be acceptable for all systems and events requiring onsite AC power.
This could potentially increase the diesel generator reliability since the
need for cold starts which stress the diesel generators would be
eliminated. For this sensitivity study, the impact of a factor of ten
decrease in the diesel generator unavailability was examined to indicate
the sensitivity of the study results to the diesel generator failure rate.
The factor of ten decrease in diesel generator unavailability was selected
based on a comparison of the data used in the Sequoyah study with the range
of data in EPRI NP-2433 (Reference 7-14). The Sequoyah data is comparable
to the upper values In the EPRI study. The factor of ten reduction in
diesel generator unavailability is within the range of values in the EPRI
study. Similarly for the Peach Bottom study the factor of ten decrease
results in a value comparable to the lower values in the EPRI study. This
factor of ten reduction should be viewed as a bounding case rather than an
assessment of the possible decrease in unavailability. For each of the
dominant sequence cutsets involving diesel generator failures, the
individual diesel generator failure rates were reduced by a factor of ten
and the sequence frequencies were recalculated. In the Sequoyah study,
loss of offsite power sequences accounted for less than 20% of the core
damage frequency and approximately 22% of the major release frequency.
Application of the revised diesel generator failure rates resulted in a
factor of reduction of 1.2 in both the dominant sequence core damage
frequency and major release frequency. In the Peach Bottom study, station
blackout is the dominant contributor, accounting for 88% of the dominant
sequence core damage frequency and essentially 100% of the major release
frequency. However, the dominant cutsets within the station blackout
sequences result from common mode failures of the station batteries, which
would not be affected by the revised diesel generator failure rates.
Application of the revised diesel generator failure rates resulted in a
factor of reduction of 1.2 in both the dominant sequence core damage
frequency and major release frequency.

7.4.6 Increased Demand on PORVs/SRVs

The sixth sensitivity study assumes that increased reactor power
levels are allowed based on the best-estimate analysis. One potential
result of increased power levels is an increased probability of relief
valve opening following transients. This can be translated into an
increased probability of the occurrence of a stuck open relief valve due to
the increased number of demands. An examination of the Sequoyah results
shows that all transients included in the dominant accident sequences are
assumed to demand opening of the PORVs, therefore no impact to these
sequences is made. For the nondominant transient sequences which include a
probability of PORV demand less than one, the probability of PORV demand
was increased by a factor of 10. Even for the highest probability sequence
the impact was negligible in comparison to the dominant sequence core
damage frequency and major release frequency for Sequoyah. In the Peach
Bottom analysis, all transients were assumed to result in SRV demand,
therefore no impact was made to the results.
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7.4.7 Conclusions

As can be seen from these sensitivity studies, in most cases a
negligible impact was observed in the examples selected except in those
cases identified above as bounding cases. It should be noted, however,
that the impacts shown are highly plant specific and were intended only to
show the direction and relative magnitude of the types of potential changes
that may result from revision of the ECCS rule.

7.5 Potential Impacts on Accident Sequence Consequences

The estimation of plant risk includes both the determination of the
dominant sequence frequencies and the evaluation of their consequences.
The effects of potential plant changes resulting from the revision to the
ECCS rule can either be (a) in the frequencies of the sequences that are
most important from an overall risk standpoint or (b) in the consequences
of particular accident sequences.

The first effect has been examined in Section 7.2 in terms of past and
recent PRA results and in the sensitivity studies contained in
Section 7.4. This section provides a qualitative discussion of the
possible impacts of potential plant changes on the evaluation of
containment loads (release pathways), source terms, and offsite
consequences which may effect the consequences of particular accident
sequences.

7.5.1 Containment Loads

The containment loads resulting from a particular accident sequence
determine the likelihood of containment leakage or failure and, in some
cases, the failure mode. Containment loads can arise from several
sources: steam release, noncondensible gas generation, combustion of
hydrogen and carbon monoxide, steam explosions, the injection of hot corium
into containment, direct concrete attack, and thermal challenge from any of
the above sources. These loads can occur individually or in certain
combinations, particularly at the time of vessel breach when several
phenomena can occur simultaneously, depending on the particular sequence
and containment type.

Changes in significant core parameters, such as power and burnup, can
directly influence the loading of containment. If additional energy is
stored in the primary system, that energy will ultimately be released to
containment during a severe core-melt accident. Further, changes in the
core parameters will influence the invessel accident progression, which
will also affect the containment loads. For example, the amount of
hydrogen generation, the coherency of core slump, and the mode of primary
system failure may all be affected. However, it would be incorrect to
overestimate the impact, given that changes on the order of 5% are being
proposed. In most cases, the computer codes that are used to predict
containment loading have uncertainties that far exceed the likely impact of
these changes. Thus, given our current state of knowledge, it is unlikely
that there would be any significant change in our perception of containment
loads, while there may be a small increase in the actual containment loads.
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7.5.2 Source Terms

The source terms resulting from particular accident sequences directly
affect the offsite consequences. Both the magnitude and the timing of the
source terms are important. Of most importance are large source terms with
releases that occur early with respect to evacuation. The timing of the
release is affected by the accident progression and the timing and mode of
containment failure (puff release versus a slower release).

Changes in the core parameters that affect either the radionuclide
inventory or accident progression will affect the source term. For
example, increasing the power level will increase the inventory of
short-lived isotopes, while increasing the fuel burnup will increase the
inventory of long-lived isotopes. To a first approximation, the inventory
increases will be proportional to the increase in power or burnup. Thus,
the source term increase can be estimated based on the isotopes that
contribute most to risk and the anticipated increase in their inventory.
However, like containment loads, it would be unwise to infer too much from
this increase. While the fission product inventories can be calculated
with reasonable accuracy, prediction of the source term requires analysis
of the transport of fission products out of the primary system, through
containment, and through any surrounding buildings. Significant advances
have been made in our abilities to estimate this fission product transport;
however, the uncertainties remain large with respect to the source term
changes that are anticipated under the revised ECCS rule. Thus, very
little change in our perception of source terms for particular sequences
would be anticipated.

7.5.3 Offsite Consequences

Given a particular source term, the offsite consequences are
determined by characteristics of an individual site, i.e., meteorology,
population density, etc. These are all things that would not be affected
by the proposed ECCS rule change.

7.5.4 Conclusions

Based on examining the importance of LOCAs and ECCS to plant risk in
past PRAs and recent rebaselining and update efforts and on evaluating both
qualitatively and quantitatively the possible risk impact of potential
plant changes that may result with the revision in the ECCS rule, the
conclusion is that the proposed ECCS rule revision should not significantly
increase plant risk. This conclusion is supported by the following findings.

First, only small LOCAs (pipe-break and transient-induced) have been
shown to be significant contributors to plant risk in PWRs and BWRs. A
qualitative assessment of these small LOCA events reveals, however, that in
most cases the causes of their importance to the dominant sequence core
damage frequency and major release frequency would not likely be affected
by best-estimate ECCS analyses.
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Second, failures of the ECCS, because of their importance to transient
sequences in addition to LOCAs, have been shown to generally be significant
contributors to plant risk. However, assessments of potential changes to
ECCS based on best-estimate ECCS analyses have shown that while in some
cases there may be an effect on the frequency or consequences of individual
sequences, the overall affect on plant risk would not be significant.

Third, a qualitative look at the effects on the consequences of
individual sequences (e.g., containment loads, source terms) due to
possible plant changes has shown that any effect is expected to be within
the present uncertainty of the methodology.

Fourth, in further support to the above findings, the current PRA
methodology is already using best-estimate analytical techniques and
realistic assumptions and therefore the effect of the proposed ECCS rule
revision would be expected to be small.

Thus, using the results and perspective available from PRA, the
revision to the ECCS rule is not expected to cause a significant increase
in plant risk as long as all plant changes remain within the acceptable
criteria and guidelines of existing NRC regulations.
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8. ECCS RULE REVISION

* Section 50.46, "Acceptance Criteria for Emergency Core Cooling Systems
in Light Water Reactors," of 10 CFR Part 50 requires that calculations of
loss-of-coolant accidents (LOCA) be performed to show that the ECCS will
maintain cladding temperatures, cladding oxidation, and hydrogen generation
to within certain specified limits. It also requires that a coolable core
geometry be maintained and that long-term decay heat removal be provided.
Appendix K to 10 CFR Part 50 sets forth certain rules on how these
calculations must be performed. The criteria of 50.46 and the
calculational methods specified in Appendix K were formally issued in
January 1974 after extensive rulemaking hearings and are based on the
understanding of ECCS performance available at that time (Reference 8-1).

In the years following the rulemaking, over $700M has been spent by
the NRC on research investigating ECCS performance. It is estimated that a
similar amount has been spent by DOE (including AEC and ERDA), the U.S.
industry, and foreign researchers resulting in a total estimated
expenditure of over $1.5 billion. The majority of this LOCA research is
complete and has greatly improved the understanding of ECCS performance
during a LOCA.

8.1 Conservatisms in Existing ECCS Rule

This section addresses the extent of the conservatism in the four
criteria; peak cladding temperature, equivalent cladding reacted, hydrogen
generation, and coolability; and the calculational methods of Appendix K.
When the ECCS rule was developed, the data base was limited and the
criteria were developed with the goal to be conservative. After additional
research, more data is now available to assess the degree of conservatism
in these criteria.

8.1.1 Peak Cladding Temperature Limit

The peak cladding temperature (PCT) limitation of 22001F.(12041C) is
the maximum calculated temperature allowable on any portion of the fuel rod
cladding during a loss of coolant accident (LOCA). This limitation was
established by the Commission primarily to ensure that the oxidized
cladding retained sufficient-ductility to resist fracture or shattering
caused by the thermal shock loads upon quenching during the reflood phase
of a design basis accident (DBA). The objective is to ensure that the fuel
rods retain their geometries and hold the fuel in its intended
configuration so that fractured portions of the rods would not fall to the
bottom of the core and inhibit coolability.

The PCT limit is intimately related to the equivalent cladding reacted
(ECR) criterion (see next section) for determining the maximum allowable
cladding oxidation. The difference is that the ECR applies to temperatures
below the PCT. This discussion focuses primarily on oxidation and
embrittlement at the higher temperatures, with the purpose of defining the
conservatism for controlling cladding oxidation rates and embrittlement at
or above the PCT.

8-1



One of the bases for selecting 22001F (12041C) as the PCT was that it
provided a safe margin, or conservatism, away.from an area of zircaloy
oxidation behavior known as the autocatalytic regime. The autocatalytic
condition occurs when the heat released by the exothermic zircaloy-steam
reaction (6.45 megajoules per kg zircaloy reacted) is greater than the heat
that can be transferred away from the zircaloy by conduction to the fuel
pellets or convection/radiation to the coolant. This reaction heat then
further raises the zircaloy temperature, which in turn increases the
diffusivity of oxygen into the metal, resulting in an increased reaction
rate, which again increases the temperature, and so on.

Assessment of the conservatism in the PCT limit can be accomplished by
comparison to multi-rod (bundle) data for the auto catalytic temperature.
This type of comparison implicitly includes the complex heat transfer
mechanisms described above, and the effects of fuel rod ballooning and
rupture on coolability, which will be discussed in later sections.
Analysis of experiments performed in the Power Burst Facility, in the
Annular Core Research Reactor, and in the NIELS-CORA (facilities in West
Germany) program have shown that temperatures above 22001F are required
before the zircaloy-steam reaction becomes sufficiently rapid to produce an
autocatalytic temperature excursion (Reference 8-2,8-3,8-4). Another group
of relevant experimental data were produced from the MT-6B and FLHT-LOCA
and Coolant Boilaway and Damage Progression tests conducted in the NRU
Reactor in Canada. The MT-6B test conducted in June 1984 showed that at
cladding temperatures of 22000F (1204%C) the zircaloy oxidation rate was
easily controllable by adding more coolant. In the FLHT-test, completed in
March 1985, 12 ruptured zircaloy-clad rods were subjected to an
autocatalytic temperature excursion. From the measurements made on the
full-length rods during the test, the autocatalytic reaction was initiated
in the 2500-26001F (1371-14270C) temperature region. Other tests
(References 8-5 through 8-8) conducted in the NSRR facility in Japan showed
that cladding temperatures of 27500F (15100C) can be attained for a few
seconds and that subsequent cooling by the collapse of the steam blanket
around the rod was routinely possible. Even higher temperatures can be
reached for a few seconds without autocatalytic behavior or cladding
failure; e.g., NSRR test No. 700-4 exceeded 2900°F (1593°C) for several
seconds, while References 8-7 and 8-8 show a rod that reached 3140°F
(17270C) for two seconds and was successfully cooled without failure.
Therefore, even though some severe accident research shows lower thresholds
for temperature excursion or cladding failure than previously believed,
when design basis heat transfer and decay heat are considered, some margin
above 2200°F exists.

Another measure of conservatism in the PCT may be stated in terms of
the ductility of the cladding, which is its ability to resist fracture.
The 2200°F (1204°C) limit was based on the data (Reference 8-9) in which
the ductility was measured by an experiment method known as the ring
compression test. After oxidation of the cladding, small axial sections
were cut and then subjected to compression loads in the diametral
direction. For greater amounts of oxidation, less diametral compression
energy was required to fracture the cladding segments. However, Reference
8-10 indicates that this type of test requires energies that are comparable
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to or less than impact tests in which the cladding is fractured in the
circumferential direction. In turn, the impact tests (Reference 8-10)
yielded failure curves that were more conservative than thermal shock
failure curves (see Figure 8-1). The result is that the original 22000F
(12040C) PCT limit was apparently chosen based on conservative ring
compression tests. Therefore, the PCT limit would be expected to be
conservative in terms of cladding ductility because the cladding may
experience higher temperatures and still survive fracture by thermal
shock. This is supported by the NSRR tests in References 8-5 through 8-8.

8.1.2 Equivalent Cladding Reacted Criterion

For cladding temperatures less than the PCT limit, a limitation on the
total amount of zircaloy cladding that can be oxidized during a LOCA was
also established by the Commission. This criterion has the same purpose as
the PCT, i.e., to ensure that the cladding retains adequate ductility to
resist fracture or shattering by the thermal shock loads that occur on
quenching during the reflood phase of a LOCA.

The criterion states that no more than 17% of the cladding wall
thickness may be oxidized during the LOCA. Further, the 17% value is
defined as the equivalent cladding reacted (ECR) or the amount of zircaloy
that would be reacted if all the oxygen absorbed by the metal was used to
convert zirconium to zirconium dioxide. Some oxygen is dissolved in the
metal beneath the oxide layer in the form of oxygen stabilized
alpha-zirconium which varies from 29 to 18 atomic percent and is included
in the ECR. A small amount of oxygen (less than 18 atomic percent) is in
the transformed beta phase and is generally ignored in actual measurements
of ECR because of the complicated calculations required and the
insignificant contribution to the equivalent cladding reacted.

The effects of steam supply on the oxidation rate concern two possible
conditions. In one case, it has been suggested that hydrogen generation
during zircaloy-steam oxidation may result in a hydrogen-rich "bubble" in
the upper regions of the reactor core, thus diluting the steam and starving
the oxidation reaction. The second condition concerns the passage of steam
into the fuel rod interior via the rupture opening. In this case, it has
been proposed that the narrow fuel-cladding gap regions sufficiently
removed from the rupture opening may be steam starved because of the
effective flow restriction within the rod. Both of these conditions would
retard the zircaloy-steam reaction and result in less oxidation,
accompanied possibly by more hydrogen absorption by the cladding (discussed
below). The current criterion states that the reaction must not be assumed
to be steam limited, so that full oxidation rate kinetics apply in all
cases. Recent investigations have shown that the reaction is still 85%
efficient in the region of maximum hydrogen dilution effects 1742-20120F
(950-11001C) (Reference 8-11). Therefore, a conservative but not
unrealistic criterion is to always assume full oxidation kinetics. The
internal oxidation of the cladding is further discussed below.

If ballooning and rupture occur during a large-break LOCA, they will
occur in the hottest portion of a fuel rod, which will subsequently become
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Figure 8-1. Comparison of various oxidation modes with 17% failure
criteria: Cathcart-Pawel oxidation correlation.

8-4



slightly cooler than neighboring regions. Because of this localized
temperature reduction, the ballooned and ruptured region will have a
slightly reduced oxidation rate. However, the thinner cladding wall will
reach the 17% ECR criterion first, so that this region is the limiting
condition in the reactor as long as the adjacent nonballooned nonruptured
regions (single sided oxidation) are no more than 3300F (1840C) hotter than
the ballooned and ruptured region (see Figure 8-1). It will be seen in
later sections that 3301F is a representative bounding value for local
axial temperature gradients in the hottest region of the core. Thus, the
17% ECR criterion is suitably conservative for the large-break LOCA.

For the small-break LOCA, the coolant may stay sufficiently
pressurized to prevent fuel rod ballooning and rupture. In this case, the
cladding is collapsed down onto the fuel pellets, which provide oxidation
comparable to steam conditions for temperatures above 20121F (11000C)
(Reference 8-10). Thus, the nonballooned two-sided oxidation case becomes
the most limiting condition in terms of the criterion. As shown in
Figure 8-1, this case is also sufficiently conservative with respect to the
thermal shock failure curve, and the cladding would be expected to survive
the small-break LOCA.

Two additional items should also be noted. The Cathcart-Pawel
oxidation correlation (Reference 8-12) in Figure 8-1 shows that the minimum
time to reach the 17% ECR condition is 209 seconds at 22000F (12040C) for
the ballooned two-sided oxidation case (i.e., ruptured rod). Current
predictions indicate that the LOCA is expected to be terminated in 100-200
seconds. The result is that even the most limiting oxidation condition
will probably not be attained. Secondly, even if some portion of the core
does reach the 17% ECR criterion, local conditions will still be far below
the conditions that lead to failure by thermal shock during quenching of
the cladding.

A further example of the conservatisms in the 17% ECR criterion may be
found in numerical simulations of a large-break LOCA (Reference 8-10).
Cladding wall thinning was calculated for the peak temperature and rupture
locations for PWR fuel rods based on cladding hoop strain data from
single-and multirod burst tests. Single-sided and two-sided oxidation
cases were simulated for 38% average cladding hoop strain, for temperatures
less than 2200OF (12041C), and for times up to 500 seconds. The results
showed that the 17% ECR criterion was exceeded only for the two-sided
oxidation cases and that the single-sided oxidation cases would not exceed
the 17% ECR limit. Further, the cases that did exceed the 17% ECR limit
would not be predicted to fail by best-estimate failure criteria developed
in 1980 (Reference 8-10). This best-estimate criteria states that the
calculated thickness of the cladding with less than 0.90 weight per cent
oxygen shall be greater than 0.1 mm (0.004 inch). Thus, the 17% ECR
criterion is also conservative with respect to the best-estimate failure
criteria.

Two types of experimental data are available for assessment of
conservatisms in the 17% ECR criterion. The first type of data is the
result of the out-of-reactor (laboratory) experiments (Reference 8-10)
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(Figure 8-2), in which both the 17% ECR and the 2200'F (1204'C) PCT
criteria are shown. It is clear from this figure that the two criteria are
more than sufficiently conservative to avoid cladding failure by thermal
shock and by handling loads during removal of the oxidized fuel rods from
the core. Note that these data implicitly include the effects of
ballooning and rupture discussed above. Hydrogen absorption by the
zircaloy has also been proposed as an additional embrittling mechanism.
The effects of embrittlement by hydrogen uptake in the cladding are also
included in the above data because the experimental conditions permitted
this to occur.

Another question that has been raised concerns the cooling rate of the
cladding during quenching in the reflood phase of the LOCA. Cladding that
is cooled quickly (i.e., at 1801F/s (1000C/s) is known to fail at lower
loads because the oxygen remains distributed throughout the interior
portion of the cladding wall (i.e., in the beta phase region). This causes
the most ductile portion of the unoxidized metal to become more
embrittled. Conversely, slow cooling permits the oxygen in the beta phase
to redistribute into cells of embrittled alpha phase within the beta phase,
which results in greater ductility. However, as shown (Reference 8-10) in
Figure 8-3, the 17% ECR criterion is still sufficiently conservative for
fast cooled cladding (solid curve in Figure 8-3) to avoid failure by
thermal shock-during reflood.

Inreactor data related to the 17% ECR criterion was produced by a
number of departure from nucleate boiling (DNB) and power-cooling mismatch
(PCM) tests under BWR conditions at Winfrith, Chalk River (CR), GETR, and
Halden. PWR data originate from PBF/INEL. These data are reviewed in
Reference 8-13 and are reproduced in Figure 8-4, along with curves
representing data from ANL and Japan (Reference 8-14). Among the
conclusions reached (Reference 8-13) is that the ductile-brittle boundary
curves generated from laboratory tests agree with inreactor data and thus
can be used to predict the cladding oxidation embrittlement and failure
behavior for reactor upset and accident conditions. Although
Reference 8-13 primarily addresses abnormal operating transients, the
results are relevant to LOCA conditions, especially the small-break LOCA.
As shown in Figure 8-5, the most severe time-temperature conditions
expected for PWRs and BWRs fall well below the ductile/brittle transition
region defined by impact tests on oxidized cladding samples at room
temperature. The latter data are conservative with respect to inreactor
conditions because embrittlemedt effects are maximized at lower
temperatures. Many of these same data are plotted in Figure 8-6 in terms
of the ECR and clearly show that, for temperatures less than PCT = 22000F,
the 17% ECR criterion is sufficiently conservative for use as a licensing
criterion for actual inreactor conditions. More specifically, only about 5%
ECR occurs at 22001F in Figure 8-6, which leaves a 12% ECR margin before
the criterion is reached.

8.1.3 Hydrogen Generation Criterion

A limitation on the allowable amount of hydrogen generated by the
zircaloy-steam reaction was implemented by the Commission in order to
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prevent the occurrence of potentially explosive hydrogen accumulations
during or after a LOCA. Possible detonation or deflagration of such
hydrogen is considered to be a threat to containment integrity. The
criterion states that hydrogen generation must not exceed 1% of the
hypothetical amount-that would be generated if all the metal in the
cladding cylinders surrounding the fuel, excluding the cladding surrounding
the plenum volume, were to react.

To evaluate the conservatism in the 1% hydrogen generation criterion,
the volume of hydrogen release to the containment building would be
estimated based upon the amount of zirconium in the cladding surrounding
the fuel stack. This volume is then mixed with the existing gasses in the
containment structure. If the hydrogen content is below the flammability
limit for hydrogen, then the pressure vessel or containment integrity would
not be jeopardized. The degree of conservatism could then be measured by
the difference between the amount of hydrogen (in percent of zircaloy
cladding consumed) required to form a burnable mixture and the 1% hydrogen
generation criterion.

In a PWR containment, the hydrogen release from 1% of the zirconium
reacted would result in about 0.5% hydrogen concentration which is lower
than the 4% minimum flammability limit in dry air. The flammability value
in steam-air-hydrogen mixtures is slightly higher. Thus the amount of
cladding reacted to achieve the 4% hydrogen concentration required for
ignition is 8% which is conservative with respect to the 1% hydrogen
generation criterion.

8.1.4 Coolability Criterion

The coolability criteria of 50.46 require (1) the calculated changes
in core geometry to be such that the core remains amenable to cooling and
(2) after successful initial ECCS operation, the calculated core
temperature to be maintained at an acceptably low value and decay heat to
be removed for the extended period of time required by the long-lived
radioactivity remaining in the core. The "changes in core geometry" refer
to zircaloy cladding deformations (ballooning and rupture), which cause
reductions in the interrod flow area available for the ECCS fluid to cool
the rods. Reductions in the flow area are commonly referred to as blockage.

During the ECCS Hearings in 1972-1973, there was substantial
uncertainty concerning the effects of blockage on coolability because of
the lack of data. The Commission therefore implemented conservative ECCS
acceptance criteria in the public interest. The most noteworthy features
of these criteria are the ones that are the most limiting to reactor
operation:

* The amount of cladding deformation and blockage must not be
underestimated.

* When departure from nucleate boiling (DNB) occurs during blowdown
in a pressurized water reactor, cooling calculations must use
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only steam heat transfer coefficients until the return to
nucleate boiling is calculated to occur in the reflood stage of
the LOCA.

A major concern during the 1972-1973 hearings was that blockage might
limit ECCS fluid flow and cause uncoolable local hot spots to occur in the
core, especially if the ECCS fluid injection were delayed or were slower
than anticipated (low reflood rates). For PWRs, stagnant steam heat
transfer coefficients were mandated if the reflood rates were less than one
inch per second, that is, for any rise rate in the ECCS liquid level in the
core less than one inch per second. For BWRs, heat transfer coefficients
ranging from zero (before the reflood spray reaches rated flow) to 8.5 - 17

w/m2 _K (1.5-3.0 Btu/hr-ft2 _°F) (when rated flow is reached) to

142 w/m2-K (25 Btu/hr ft2 _oF) (during reflood) were stipulated for the
fuel rod heat transfer calculations.

Research conducted since the ECCS Hearings has in general yielded two
important results. The first is that total blockage is nearly impossible
to attain (Reference 8-15), even if the 22001F (12041C) PCT and 17% ECR
criteria are closely approached or exceeded. The second result is that
even cases with large blockages remain coolable. In fact, a number of
experimental cases in which the blockage actually enhances local cooling
have been documented.

A major concern associated with blockage was the supposition that the
blockage within a fuel bundle could be coplanar. This coplanar blockage
could then effectively restrict the coolant from reaching the upper
portions of the bundle in a PWR. To date, large coplanar blockages have
been created and successfully cooled in experimental bundles, but this
situation is no longer expected to occur in a power reactor because test
data show that there will be radial and axial variations in cladding
temperature. Zircaloy deformation is very sensitive to temperature, so
local temperature differences as small as 51C have a large effect on
cladding deformation. Radial and axial temperature distributions in a
reactor core depend on the power distribution, which varies locally by at
least 5% and possibly up to 20%. These local power variations are
reflected in variations in the local cladding temperature during a
large-break LOCA so the cladding deformations will be dispersed radially
and axially in the core. For example, a 20% axial power variation for
cladding at 18001F (9820C) is reflected by local axial temperature
variations of 3601F. Such power-induced temperature peaks may be more
localized during a small-break LOCA because the core is only partially
uncovered. However, this will be counteracted by the circumferential
temperature gradients in the cladding that originate from the asymmetric
fuel-cladding gap geometry and its effect on heat transfer. Further, the
turbulence in the ECCS flow caused by changes in the fuel rod geometry and
by the grid spacers induce additional radial and axial temperature
gradients, which also tend to disperse the blockage and enhance
coolability. Blockage configurations up to about 90% for which coolability
was maintained successfully in the FLECHT, NRU, and FEBA experiments are
shown in Figures 8-7 (Reference 8-16) and 8-8 (Reference 8-15). Typical
blockages of 30%-70% in one axial plane are expected for reactor conditions
(Reference 8-17).
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Some of the conservatisms in the present ECCS coolability criteria
originate from the definition of blockage (Reference 8-18) The method
employed converts the average fuel rod diametral strain caused by
ballooning and/or rupture in each axial plane to blockage (or percent
reduction in available flow area) without accounting for lateral motions of
the fuel rods in that plane. Lateral motions occur because the fuel rods
tend to deform locally (on one side), and the nature of the zircaloy is to
self-compensate by asymmetric axial contractions, which result in bowing or
apparent lateral motion when viewed on the transverse plane. Neglecting
the fuel rod lateral motions results in overprediction of the blockage, as
shown in Figure 8-9 (Reference 8-19), where the conservatism is
80% - 55% = 25% blockage.

Research has shown that blockage does not necessarily result in higher
cladding temperatures in the blocked zone. This is because the flow bypass
effect is compensated by local heat transfer enhancements in the blocked
zone. Flow bypass is the diversion of the coolant away from the blocked
zone to adjacent regions where flow is less restricted and thus results in
less coolant flowing through the blocked zone itself. The effect of local
bypass is compensated by cladding deformations, flow acceleration in the
blocked zone, increased turbulence, and droplet formation. Cladding
deformation increases the cladding surface area so that more heat can be
transferred away easier, and it also decouples the cladding from the hotter
fuel so that the cladding heat source is effectively removed. Flow
acceleration in the blocked zone occurs in a manner similar to a nozzle
effect, and the increased coolant velocity is more efficient in
transferring heat away from the cladding. Flow acceleration accompanied by
the turbulence and enhanced mixing caused by geometry changes and by spacer
grids results in increased formation of fluid droplets that are entrained
in the steam flow through the blocked region. The resulting water fraction
in the steam is about 10 to 15%, rather than the 0 to 1% previously
estimated. This two-phase mixture (steam plus droplets) is much more
efficient in transferring heat away from the cladding than is pure steam.

The overall effect of these phenomena is that the cladding
temperatures in the blocked regions have been shown to be generally -less
than in unblocked regions. This is clearly shown by the FLECHT
experiments, as illustrated in Figure 8-10 (Reference 8-16). The
associated heat transfer coefficients shown in Figure 8-10 are an
indication of the amount of conservatism in the present criteria. The heat
transfer coefficient for pure steam (i.e., the criteria) at approximately

2012IF (1100 0C) is about 10 - 25 w/m2_K (1.8-4.4 Btu/hr-ft2-IF) whereas
the corresponding FLECHT results show heat transfer coefficients of about

50 w/m2-K (8.8 Btu/hr-ft2 _OF). The conservatism is thus a factor of
2 to 5. The PCT penalties imposed based on the above assumptions are thus
clearly conservative. Similar results were found for boiling water reactor
conditions, as demonstrated by the TLTA results shown in Figure 8-11.
Also, similar results were obtained for small-break LOCA scenarios
(Figure 8-12) because heat transfer coefficients during boildown are quite
similar to those that actually occur during large-break LOCAs. This figure
vividly demonstrates the coolability of ballooned and ruptured fuel rods
under simulated small-break LOCA reflood conditions. (Reference 8-15)
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During the 1972-1973 ECCS Hearings, some of the reactor vendors
contended that the coolability criteria were unnecessary if the
requirements of the other criteria (e.g., the 22001F (12041C) PCT, 17% ECR,
1% hydrogen generation limits) were met, because meeting these criteria
would prevent the attainment of uncoolable core geometries. The Commission
was "inclined to agree", but retained the coolability criteria because of
its "fundamental and historical importance". A similar view can be taken
concerning the requirement to maintain long-term cooling, although this
criterion became important after the initial phases of the TMI-2 accident.
This event demonstrated that long-term cooling can indeed be effected even
for a major core disruption.

8.1.5 Conservatism in Appendix K

The methods specified in Appendix K are now known to be highly
conservative; that is, the actual temperatures during a LOCA would be much
less than the temperatures calculated using Appendix K methods. This fact
is best illustrated by comparisons showing temperatures during LOCA
simulations in LOFT (Reference 8-20) that are more than 300OF lower than
temperatures calculated using Appendix K procedures (Figure 8-13). The
ECCS research has gone beyond showing that Appendix K is conservative; it
has allowed quantification of that conservatism. The results of
experiments, computer code development, and code assessment now allow more
accurate calculations of ECCS performance during a LOCA with reasonable
estimates of uncertainty than was possible using Appendix K procedures.

In order to highlight the contributions of research toward improving
understanding of LOCA phenomena, it is useful to discuss two categories of
research. The first category included phenomena for which Appendix K
requires specific calculational models to be used. Examples include decay
heat, metal-water reaction rate, discharge model, reflood heat transfer at
low reflood rates, and other heat transfer phenomena. In some cases
research has shown the required models to be inadequate (e.g., discharge
model) and in one case nonconservative. However, most of the requirements
of Appendix K have been shown to be more conservative than needed to
protect public health and safety. The best example is the decay heat
calculation, which was mandated to be conservative by 20% during the
initial phases of the LOCA.

The second category of research was more general and was directed
toward a best estimate understanding of the overall performance of ECCS.
This research included many investigations into specific phenomena in the
areas of heat transfer and two-phase flow. Many facilities such as the
THTF, FLECHT and the foreign CCTF and SCTF facilities have been used to
obtain specific heat transfer data. These research data have been used to
develop major new computer codes such as TRAC and RELAP5, which account for
complex phenomena such as nonequilibrium and multidimensional effects and
provide an ability to perform best-estimate calculations of ECCS
performance. In addition, major integral test facilities such as LOFT,
Semiscale, TLTA, MIST, FIST, and a number of foreign facilities provide
complete simulations of LOCA and other transients for comparison with the
calculations of the new computer codes. This allows assessment of the
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overall accuracy of the calculations and identification of needed
improvements. This research now allows significantly improved calculations
of ECCS performance over those possible when Appendix K was developed.

It is also known that some plants are being restricted in operating
flexibility by limits resulting from conservative Appendix K calculations.
These restrictions may be preventing optimal operation of some plants.
Based on research performed, it is now apparent that these restrictions can
be relaxed without affecting safety. Some research results have been used
in licensing calculations, but many important results cannot be used
because Appendix K specifically requires certain methods now known to be
overly conservative. Thus a modification to the ECCS rule is desirable to
relax unnecessary operating restrictions.

The NRC staff has decided that, based on current understanding of ECCS
performance, the approach of a prescriptive Appendix K with fixed
conservatism is no longer appropriate and that a best-estimate calculation
that takes into account the overall uncertainty in the analyses is the
correct approach to ensure the safety of the public without unnecessarily
restricting applicants and licensees. Thus the staff has concluded that
the ECCS rule should be revised accordingly and the requirement to use
Appendix K eliminated.

8.1.6 Conservatism with Revised Appendix K Models

Before revising the ECCS rule, the NRC wanted answers to two major
questions:

1. What is the current conservatism in evaluation models (i.e., the
difference between peak cladding temperatures calculated by evaluation
models and the peak cladding temperatures actually expected during
LOCAs) and is this conservatism sufficiently large to justify
revisions to the ECCS rule?

2. What would.the conservatism be if the ECCS rule were revised and would
that remaining conservatism be large enough to cover the overall
uncertainty in the calculated temperatures?

The answer to these questions must be treated on a case-by-case basis
since they are plant specific and will also depend on the specific accident
in question and the time in the life of the plant. Nevertheless, It was
desirable to obtain answers to these questions for several typical cases
before proceeding with a proposed rule change.

The NRC Office of Nuclear Regulatory Research (RES) coordinated a
calculational study to address these questions making use of calculations
performed at LANL and INEL using the TRAC computer code and calculations
performed by the four major reactor vendors using the vendor evaluation
models. Four basic types of calculations were performed for large-break
LOCAs:
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1. Best-estimate calculations using TRAC assuming that the plant was
operating in the most probable manner (BE).

2. Best-estimate calculations using TRAC assuming that the plant was
operating at the worst state allowed by technical specifications
(e.g., beginning-of-life power distribution, minimum equipment
available) (BE/EM).

3. Calculations using the existing approved vendor evaluation models
(EM).

4. Calculations using the existing approved vendor evaluation models
with modifications in areas where Appendix K Models are known to
be highly conservative (EM').

Best-estimate TRAC calculations of PWR plants operating at technical
specification limits (BE/EM) estimate peak cladding temperature during
large-break LOCAs to range from 761 to 10101C (1403 to 18510F) depending on
the plant (Reference 8-21). Comparing these numbers with existing
evaluation model calculations (EM) results in current conservatisms of
775-2401F. Further conservatism (as high as 10001F) exists during most of
the life of the plant because plants do not normally operate at technical
specification peaking factors for any length of time. This wide variation
in calculated temperatures and conservatism is the result of different
evaluation models, different plant types, and varying technical
specification power limits. From these calculations, it can be seen that
some plants (e.g., Westinghouse) are operating under highly conservative
technical specifications.

Best-estimate TRAC calculations (Reference 8-22) of a BWR large-break
LOCA yield peak cladding temperatures of 340 to 582%C (645-1079IF)
depending on core elevation. Thus current BWR evaluation models are also
highly conservative. However, BWRs have the option of using the newly
approved SAFER model; which reduces the conservatism to a value more
consistent with the uncertainty in the calculations.

The PWR vendors performed calculations of a large-break LOCA using
their approved evaluation models with modifications (EM') to certain
Appendix K requirements (References 8-23, 8-27 and 8-28). These
modifications were in areas that research has shown Appendix K models to be
highly conservative or unrealistic. The most important change made was the
decay heat model. Peak cladding temperature reductions of 341-562IF
resulted from use of the changes in the different vendor evaluation
models. The effect of this reduction on the conservatism of the revised
evaluation models is highly plant dependent.

For the Westinghouse plant calculation, a minimum conservatism of
300OF would remain. An even greater conservatism of 5400F would be present
if it were assumed that the plant was operating at the most probable state
rather than at technical specification limits. While a formal analysis has
not been performed, it is expected that this safety factor is sufficient to
cover the uncertainty in the calculations.

8-24



These revisions to Appendix K do not represent the ECCS rule change
that is currently being recommended. The B&W and CE comparisons are not
completely valid comparisons because a number of inconsistencies are known
to exist between the TRAC and vendor calculations. These calculations have
not been repeated, however, because it is not expected that the known
inconsistencies would significantly change the conclusions of the study.
The current calculations indicate that little or no conservatism would
remain in B&W and CE evaluation models if the alternative Appendix K
requirements were adopted. It should again be noted, however, that the
calculations are known to contain inconsistencies.

GE also performed calculations on the effect of modifications to
Appendix K requirements using SAFER (Reference 8-24). The rule change
would not benefit BWRs beyond the benefit already available through use of
SAFER. The calculations (proprietary) are of great interest, however,
since GE did perform a detailed uncertainty calculation as part of the
SAFER analysis. This analysis indicates that if SAFER made use of the
modified Appendix K requirements, the remaining conservatism would be less
than the uncertainty in the best-estimate calculation. However, the
conservatism would be only slightly less and of the same order of magnitude
as the uncertainty.

8.2 Effect of Proposed Rule Change

The effect of the proposed rule revision would be to reduce the peak
cladding temperatures that are calculated to occur during a LOCA. This
would allow some plants to increase allowed peak local power by increasing
allowed peaking factors or increasing total power. This section discusses
the effect of the rule change In terms of "value" (e.g., public benefits
such as safety) and "impact" (e.g., consequences such as costs). The
intent of the proposed rule change is to reduce the prescriptiveness of the
rule, which unnecessarily restricts applicants and licensees (negative
impact), while continuing to ensure the health and safety of the public.
The proposed rule change may also result in some positive value to safety
of the public.

While it appears that the proposed rule change will result in a
significant positive impact for some plants, the risk of a negative impact
is minimized by making the use of this rule optional for existing plants.
Thus each applicant or licensee can perform its own analysis to determine
if use of the revised rule is advantageous. The value of the proposed rule
change may have some negative aspects, since an increase in plant power
could increase risk to the public. This increase in risk will be shown to
be negligible.

Information for evaluation of the impact of the proposed rule change
was obtained from the following sources:

1. Previous studies sponsored by DOE (References 8-25, 8-26).

2. Formal responses from the major reactor vendors to a request by
NRC for input (References 8-23, 8-24, 8-27, 8-28 and 8-29).
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3. Informal discussions with reactor vendor, utility, national
laboratory, and NRC staff.

This information shows a wide variation in the impacts that would
result from the proposed rule revision. Some plants are not negatively
affected by the current rule; others indicated negative impact and could
make use of the proposed rule revision to reduce this negative impact.

LOCA considerations resulting from the current requirements are
restricting the optimum production of nuclear electric power in numerous
ways. These restrictions can be placed into the following three categories:

1. Maximum plant operating power.

2. Operational flexibility and operational efficiency of the plant.

3. Availability of manpower to work on other activities.

Maximum plant operating power at some nuclear facilities is limited by
the present Appendix K licensing results. However, it can be very
difficult to clearly separate these LOCA rule restrictions from other
licensing issues and limitations. There are numerous limits that can
restrict total plant power as well as the ability to maneuver the power
over a wide range. Typically, this limit is associated with either peak
cladding temperature (PCT) calculated to occur during LOCA transients or
departure from nucleate boiling (DNB) restrictions. Additionally, there are
limits to plant power because of NRC guidance on total allowable thermal
power of 3800 MW and because of physical hardware limits on the balance of
the plant (turbine, condenser, pumps, and steam generators).

With respect to operational flexibility, some plants have very little
LOCA margin. Such a limited margin necessitates additional surveillance of
core power to prevent peaking factor violations. This limited margin may
also require special supplementary nuclear or safety analyses and
restrictive fuel management schemes, which would result in inefficient fuel
burnup and no extended burnup cycles.

The third category concerns periodic reanalyses which are required by
the current rule. If an error is found in an accepted evaluation model, a
*new LOCA analysis must be performed even if the error correction results in
a decrease in PCT. This was a major problem several years ago, with each
reanalysis costing the licensee about $150K (Reference 8-25) and diverting
both licensee and NRC staff from other, more productive activities. Very
often, this reanalysis contributed very little to plant safety.- While
reanalyses have been less of a problem in recent years, the proposed rule
change will ensure that reanalysis will be required in the future only for
significant errors or changes.

The degree to which the proposed rule change would benefit a
particular plant depends on how limited the plant is by these LOCA
restrictions. Babcock and Wilcox (B&W) and Combustion Engineering (CE)
have informally indicated that they do not feel that the plants they design
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are limited by LOCA, and therefore B&W and CE plants may not benefit from
the first two categories. General Electric Co. (GE) plants do tend to be
limited in operation by LOCA restrictions. However, this relief is already
available for most GE plants through the recently approved SAFER evaluation
model. Any additional relief due to a rule change would be of little
further benefit (Reference 8-24). Westinghouse ( W ) plants are the only
plants that would appear to directly benefit from relaxation of LOCA
limits. W plants represent the largest number of plants, however, with 51
plants operating or near operation. W indicates that most of these plants
are limited by LOCA considerations.

It can therefore be estimated that there are a large number of nuclear
plants on line that are limited by LOCA considerations in total power or
flexibility of operation or both. Any rule change that produces a PCT AT
decrease of 371C (671F) can be translated into a total plant power increase
of approximately 4% to 6% based on LOCA limit considerations. This 4% to
6% increase in power is within the capabilities of typical W plants based
on existing hardware and is still well below other limits such as DNB
limits. The rule change proposed would provide a reduction (AT) in PCT of
more than the required 370C (671F).

8.2.1 Economic Impact

The economic impact of this increase in power can be viewed in terms
of energy replacement cost savings (Reference 8-30). Since Westinghouse
plants would be most likely to implement these power upgrades, an analysis
has been performed to determine the present values of the energy
replacement cost savings which would be derived over the remaining life of
each operating Westinghouse plant. The analysis was performed for the 51
plants currently in operation and used the following assumptions:

1. Replacement energy cost penalties are assumed to be constant in
real terms over the remaining useful life of the reactor. This
means that costs are not assumed to increase faster than the rate
of general Inflation.

2. The commercial operating life of a reactor is assumed to be 30
years. Thus the remaining useful life of a reactor equals 30
minus the number of years in operation prior to 1986.

3. All costs will be expressed in 1985 constant dollars and
discounted back to 1985 assuming a 10% real discount rate. The
final cost estimate will represent a 1985 present worth value in
1985 dollars.

4. The average cost to upgrade equipment in order to increase power
is $150/kWe (Reference 8-29).

Table 8-1 presents the average daily energy replacement cost for each
Westinghouse plant, the yearly energy replacement cost savings resulting
from a five percent power increase an the present value (1985 dollars) of
these cost savings over the remaining life of each plant. The total
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TABLE 8-1. PRESENT VALUE OF ENERGY REPLACEMENT COST SAVINGS
POWER INCREASE
(Millions of 1985 dollars)

DUE TO A 5%

Average Dailya
Energy Replacement

Cost

Yearly Energyb
Replacement

Savings

Present Value
of Cost Savings
Over Plant Life

Beaver Valley 1
Beaver Valley 2
D. C. Cook 1
D. C. Cook 2
Comanche Peak 1
Comanche Peak 2
South Texas 1
Salem 1
Salem 2
Braidwood I
Byron 1
Byron 2
Callaway 1
Kewaunee 1
Point Beach 1
Point Beach 2
Zion 1
Zion 2
Prairie Island 1
Prairie Island 2
Ginna 1
Haddam Neck 1
Indian Point 2
Indian Point 3
Millstone 3
Seabrook 1
Yankee Rowe 1
Farley 1
Farley 2
Harris 1
McGuire 1
McGuire 2
North Anna 1
North Anna 2
H. B. Robinson 2
Sequoyah 1
Sequoyah 2
Surry 1
Surry 2
Turkey Point 3
Turkey Point 4
V. C. Summer 1

.19

.20

.255

.265

.735

.735

.47

.48

.495

.525

.57

.495

.31

.15

.145

.145

.52

.52

.13

.13

.27

.28

.465

.52

.62

.64

.09

.395

.39

.34

.44

.44

.34

.34

.24

.195

.20

.28

.28

.35

.35

.325

3.5
3.7
4.6
4.8

13.4
13.4
8.6
8.8
9.0
9.6
10.4

9.0
5.7
2.7
2.6
2.6
9.5
9.5
2.3
2.3
4.9
5.1
8.5
9.5
11.3
11.7
1.6
7.2
7.1
6.2
8.0
8.0
6.2
6.2
4.4
3.6
3.7
5.1
5.1
6.4
6.4
5.9

29
36
38
42
127
127
81
74
81
91
97
85
53
22
19
20
75
75
18
19
35
30
68
79
106
110
5

161
64
58
72
74
54
55
33
32
34
40
40
49
50
55
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TABLE 8-1. (Continued)

Average Dailya
-Energy Replacement

Cost

Yearly Energyb
Replacement

Savings

Present Value
of Cost Savings
Over Plant Life

Vogtle 1
Catawba 1
Catawba 2
Watts Bar 1
Wolf Creek 1
Diablo Canyon
Diablo Canyon
San Onofre 1
Trojan 1

.46

.44

.44

.185

.305

.70

.72

.29

.38

8.4
8.0
8.0
3.4
5.6
12.8
13.2
5.3
6.9

79
74
75
29
52

119
123
34
58

1
2

a. Includes plant
8-31).

specific capacity factors and power (References 8-30,

b. Yearly savings associated with a 5% power upgrade.
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present value of the energy replacement cost savings for a five percent
power increase in all 51 Westinghouse plants is estimated to be
$3.2 billion dollars. As part of the sensitivity analysis, a 5% real
discount rate applied to the same plants resulted in a total present value
of energy replacement cost savings of 4.9 billion dollars. Neither of
these values include the cost to upgrade plant equipment which is small
compared to the present value for most plants.

Table 8-2 provides the present value cost savings for several
different increments of power increase and includes the average cost of
upgrading plant equipment. This table assumes a 10% real discount rate.

These potential cost savings represent hypothetical maximum savings
which may not be realized. It is difficult to estimate how many plants
would take advantage of such a rule revision and upgrade power. Factors
influencing the decision of an individual utility to upgrade a plant would
vary and depend upon the need for additional capacity and other means of
obtaining additional capacity, other limits such as environmental factors
(thermal pollution), potential local opposition to plant modification, and
plant specific cost-benefit analysis.

The reduced LOCA restrictions would result in further savings due to
more efficient-plant operation, irrespective of whether or not the total
power of the plant was upgraded. These improvements include improved fuel
utilization and improved maneuvering capabilities. Core management and
advanced fuel management concepts are complicated subjects, and LOCA limits
are only one of many factors to consider (Reference 8-26). Thus, obtaining
precise estimates of potential savings is difficult. However, savings of 3
to 6 million dollars per plant per year would not be unreasonable
(Reference 8-29). Even if a utility did not increase power or change fuel
management, simpler generic reload calculations possible with less
restrictive LOCA limits would save $250,000 per plant per year
(Reference 8-25).

8.2.2 Safety Value

The value of the proposed rule change must also be evaluated in terms
of the effect on safety. The proposed rule change would probably result in
increases in local power within the reactor core and possibly in increases
in total power. Power increases on the order of 5% will have an
insignificant effect on risk. The principal effect of increased power
would be to increase the fission product inventory. A 5% power increase
would result in no more than a 5% increase in fission products. Therefore,
the upper bound on fission products which would be released during melt
scenarios and potentially released to the environment during severe
accidents would increase by no more than 5%.

The proposed rule would still require that the calculated fuel rod PCT
remain below 22000F (1204 C). However, reactors choosing to increase power
by five to ten percent would be operating with less margin between the PCT
and the 1204 C (22000F) limit than previously. As shown in Section 7, the
increased risk represented by this decrease in margin and increase in
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TABLE 8-2. CHANGES IN TOTAL PRESENT VALUE
POWER INCREASE
(Billions of 1985 DOLLARS)

COST SAVINGS DUE TO A PERMANENT

Power Increase

1.0%
2.0%
3.0%
4.0%
5.0%
6.0%
7.0%
8.0%
9.0%
10.0%

Total Present Valuea
Cost Savings

-0.6
-1.2
-1.9
-2.5
-3.2
-3.8
-4.4
-5.1
-5.7
-6.4

Plant Upgrade Cost

0.06
0.13
0.19
0.25
0.32
0.38
0.45
0.51
0.58
0.64

Net Costa

-0.5
-1.1
-1.7
-2.3
-2.8
-3.4
-4.0
-4.6
-5.1
-5.7

a. Negative values indicate a cost savings.
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fission product inventory is negligible and falls within the uncertainties
of PRA risk estimates. In addition, other safety limits, such as DNB, and
operational limits, such as turbine design, would limit the amount of
margin reduction permitted under the revised rule.

There are also safety benefits derivable from alternative fuel
management schemes that could be utilized when the rule is implemented. An
important safety benefit could be realized if restrictions on core power
peaking were less stringent. High neutron leakages at the core outer
boundary are used in PWRs to flatten the radial core power profile. This
inefficient fuel management procedure is needed to maintain peaking within
tight limits. In addition, the resultant high neutron leakage (flux) can
increase the embrittlement of the vessel, which would result in pressurized
thermal shock concerns. Higher power peaking factors could be used to
reduce neutron flux at the vessel.

The proposed rule offers the possibility of other design and
operational changes as a result of more realistic calculations. ECCS
equipment numbers, sizes or surveillance requirements might be reduced and
still meet the ECCS design criteria (if not required to meet other
licensing requirements). The diesel/generator start time duration could be
increased from the current technical specification limit of 10 seconds,
typical for BWRs, to up to 70 seconds (Reference 8-32). These two
potential modifications could result in offsetting effects on risk. On one
hand, elimination of an ECC system would tend to increase risk due to loss
of redundancy (single failure criteria still required); however, increasing
the time for diesel/generator start-up may result in improved operational
flexibility and diesel reliability could result from decreased stress, wear
and possibly test frequency, during surveillance testing, as well as the
effect of the relaxed design requirement (70 versus 10 second start-up).

In summary; the effect of the proposed rule on safety would have both
potential positive and negative aspects. The potential for reduction of
ECC system requirements in existing or new plants is present. However,
several safety benefits will also be realized under the proposed rule. The
net effect on risk is believed to be plant specific. However, a limited
generic analysis on the effect on safety is presented in Section 7.

8.2.3 Conclusions

It is believed that no significant negative impact in terms of
economics or safety would result from the proposed rule change. The
potential positive benefits are difficult to estimate because they will be
plant specific and because it is difficult to estimate how each utility
would respond to the proposed rule change. However, it is thought that the
potential for significant benefits to economics and safety exists if the
rule were revised as proposed.
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8.3 Proposed Rule Based on Research

8.3.1 Rationale For Choice of Proposed Revision

As discussed in-the previous section, research has shown that current
evaluation models based on Appendix K are conservative and that this
conservatism is larger than can be justified by the uncertainty in our
current understanding of ECCS.performance during a LOCA. Furthermore, the
operation of plants may be limited by the conservative evaluation model
results, and these limits to operation are not necessary to protect the
health and safety of the public. It is therefore appropriate to consider
revision of the ECCS rule in order not to overregulate the nuclear
industry. Two approaches to revision of the ECCS rule were considered:
(1) revise the peak cladding temperature criteria and other limits of
paragraph 50.46(b) of 10 CFR Part 50 to reduce the limits to cover
uncertainties in the evaluation model calculations or (2) revise the
features of evaluation models required by Appendix K to make them more
realistic.

After much discussion, the NRC staff decided to recommend the latter
approach. As discussed in Section 8.1, the criteria of paragraph 50.46(b)
are believed to be appropriate criteria. These criteria provide a margin
between the calculated conditions and the point at which significant core
damage is expected to occur, but this margin is not believed to be
excessive. Furthermore, conservatism in the criteria does not reduce some
additional concerns that arise when excessive conservatism is included in
the calculational methods. The conservatism contained in existing
evaluation models is often so large that, although conservative, there is
serious doubt about the results of the calculation. Calculations so
conservative that they are unrealistic are not useful to develop operator
guidelines or to determine the true effect of changes to plant safety
systems or operating procedures. The NRC staff believes that plant
transient calculations are most beneficial to safety when more realistic
results are provided. The staff therefore decided to recommend revision of
the ECCS rule in a manner that would improve the realism of the
calculations while retaining an appropriate level of safety.

The staff first considered simply revising Appendix K to remove some
of the known large conservatisms such as the conservatism in the decay heat
calculation. This would have been a relatively simple method of reducing
the conservatism in evaluation models. The problem with this approach is
that it would have allowed removal of much of the conservatism without
requiring overall improvements in the calculations. In addition, as
discussed in the previous section, existing evaluation models may not have
retained sufficient conservatism to cover the uncertainty in the
calculation. The staff decided that the approach that would best ensure
the health and safety of the public without providing unnecessary
regulation was an evaluation model that provided realistic calculations
with a single conservatism that was consistent with the uncertainty in that
calculation. Since the uncertainty in any evaluation model is dependent on
both the model and the application of the model, it was decided that a

8-33



fixed conservatism was also inappropriate. Rather, tne required
conservatism should vary depending on the uncertainty of the particular
calculation.

Such an approach had already been proposed and accepted by the NRC
staff within the framework of Appendix K as discussed in SECY-83-472
(Reference 8-33). This approach requires two calculations. The first
calculation is the evaluation model that contains only those conservative
features required by Appendix K. No other conservative features are
required by the staff to cover uncertainties in other code features. This
evaluation model is acceptable to the staff only if the evaluation model
calculation is less than the criteria of paragraph 50.46(b) but is greater
than the results of a second calculation with a value added. This second
calculation is a best-estimate or realistic calculation. The value added
to the second calculation is an uncertainty limit determined through a
detailed evaluation of the uncertainty in the best-estimate calculation.
The staff will accept the evaluation model with no conservatism beyond that
required by Appendix K because comparison with the second calculation and
uncertainty adder indicates that the conservatism required by Appendix K is
sufficient to cover all the uncertainty in the calculation.

The staff decfded to base the recommended rule revision on the second
calculation required by the SECY-83-472 approach for several reasons.
First,-the best-estimate calculation combined with an uncertainty
evaluation is the real safety requirement under this approach, and the
evaluation model calculation is simply a legal requirement of Appendix K.
Second, the staff believed that the best-estimate calculation with an
uncertainty evaluation provides adequate conservatism while providing the
added benefit of realistic calculations for other purposes (e.g., operating
guidelines evaluation). Last, the staff decided that any rule change
should be consistent with the SECY-83-472 approach because of the
significant resources already invested in this approach both by the
industry and by the NRC staff.

8.3.2 Proposed ECCS Rule Revision

A proposed rule on "Emergency Core Cooling Systems; Revisions to
Acceptance Criteria," was published for public comment in the Federal
Register (52 FR6334) on March 3, 1987.

The proposed rule revision would modify paragraph 50.46(a) by deleting
the requirement to use the features of Appendix K. The rule would require
that "... the evaluation model must include sufficient supporting
justification to show that the analytical technique realistically describes
the behavior of the reactor system during a loss-of-coolant accident." and
that "Comparisons to applicable experimental data must be made and'
uncertainties in the analysis method and inputs must be identified and
assessed so that the uncertainty in the calculated results can be estimated."

The rule would also require that this uncertainty be included when
comparisons are made to the criteria of paragraph 50.46(b) so that
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"...there is a high level of probability that the criteria would not be
exceeded." The criteria of paragraph 50.46(b) would not be changed.
Furthermore, 50.46 would allow continued use of the features of Appendix K
as an option to performing the uncertainty evaluation required with a
realistic model.

8.3.3 Regulatory Guide

A regulatory guide will accompany the rule to provide guidance as to
what constitutes an acceptable realistic calculation, how to perform an
uncertainty evaluation, and the level of uncertainty that meets the
requirement of "a high probability." The regulatory guide will include
some specific models, model evaluation criteria and data that are
considered acceptable for best-estimate calculations. However, the overall
requirement for a model will be that the model has been compared with
applicable experiment data and that the overall results of the calculations
have been compared with integral experiments simulating LOCAs. These
comparisons with experiment data would be used to show that the model is
realistic and to aid in the evaluation of the uncertainty of the overall
calculation. The regulatory guide would also indicate that a probability
of 95% would meet the requirement of showing that the criteria would not be
exceeded by "a high probability."

Some of the models and data referred to in the regulatory guide are
further discussed in this compendium. Critical flow (6.1), Post CHF heat
transfer (6.2), ECC bypass (6.3), Uncovered bundle heat transfer and level
swell (6.9), Decay heat (6.12), and Metal-water reactions (6.13) are
subjects of the regulatory guide.
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